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Pain is the psychical adjunct
ofa protective reflex.

C.S. Sherrington (1900)

Pain remains a biological enigma -

so much of it useless, a mere curse!

C.S. Sherrington (1940)
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This submission for the degree of D.Sc. comprises 67 papers published
over the period 1976-1991. All of these papers deal with research into the
neurophysiological mechanisms of somatic and visceral pain but they can be
divided into three general categories:

i) Dorsal horn mechanisms of somatic sensation and the role of the
superficial dorsal horn in nociception and pain. These are 20 research papers

dealing with the input properties and central modulation of neurones in the
dorsal horn of the spinal cord. Particular attention was paid to cells driven by
nociceptive cutaneous afferents and to the electrophysiological properties of
superficial dorsal horn neurones. These papers include the first descriptions of
the cutaneous inputs to and spinal modulation of neurones in the Marginal
Zone and Substantia Gelatinosa of the spinal cord. There are also papers

dealing with the encoding of nociceptive stimuli by dorsal horn cells and with
the supraspinal control of the transmission of nociceptive messages through
the spinal cord. These studies led to the formulation of a new proposal about
pain mechanisms which is discussed in the last publication of this group.

ii) The neurotoxic actions of capsaicin on somatic and visceral
nociceptive mechanisms. This is a group of 11 papers published between
1981 and 1991. The main aim of these studies was to analyse the
reorganisation of somatosensory systems in the rat dorsal horn that occurs

following the neonatal destruction of most afferent C-fibres with the neurotoxin
capsaicin. These papers describe the neurological deficits induced by the lack
of afferent C-fibres and the compensatory changes in central inhibitory
mechanisms that occur in the spinal cord. These studies led to the proposal
that CNS inhibitory systems develop as a direct response to the presence of
powerful excitatory drives from the periphery, particularly those mediated by
afferent C-fibres.

Hi) Peripheral and spinal mechanisms of visceral sensation and the role
of the superficial dorsal horn in visceral pain. This is a group of 36 papers
which reflect my main research interest over the last 12 years. These papers
deal with the peripheral and central mechanisms of visceral pain and include
studies on visceral nociceptors, on the spinal cord systems that integrate
viscero-somatic information, on the immunohistochemistry of visceral afferent
fibres and on normal and abnormal visceral sensations from the distal gut of
normal human subjects and of incontinent patients.
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NOCICEPTOR-DRIVEN DORSAL HORN NEURONES
IN THE LUMBAR SPINAL CORD OF THE CAT

FERNANDO CERVERO *, AINSLEY IGGO and HISASHI OGAWA

SRC Somatosensory Research Group, Department of Physiology, Faculty of Veterinary
Medicine, University of Edinburgh, Edinburgh EH9 1QH (Great Britain)

(Accepted October 9th, 1975)

SUMMARY

Single dorsal horn neurones have been recorded extracellularly in the
lumbar spinal cord of cats anaesthetized with chloralose. Cold block at L,
was used to provide reversible spinalization. The location of the units in the
dorsal horn was marked by the electrophoretic deposition of pontamine sky
blue from the recording microelectrode. There was a clear somatotopic
representation of the ventrolateral surface of the foot in the L6 segment.
Thirty-five of the 46 units recorded in the marginal zone of the L6 dorsal
horn (lamina I) could only be excited by volleys in small afferent fibres and
by noxious stimulation of the skin in the foot regions and were termed class
3 cells. The remaining 11 units could, in addition, be excited by sensitive
cutaneous mechanosensitive afferent units — they were class 2 units. The
'specific' nociceptor-driven neurones could be divided into 2 subclasses on
the basis of their excitability by afferent fibres. Class 3 (a) were excited only
by A5 cutaneous afferents and class 3 (b) by both A5 and C cutaneous affer-
ents. Some of the latter were also excited by A5 and C afferent fibres in the
lateral gastrocnemius nerve. When tested by natural stimulation all class 3
cells were excited by noxious mechanical stimuli, but only the 3 (b) units
were effectively excited by heating the skin. This discharge in 3 (b) units
could be suppressed by electrical stimulation of large (group II) cutaneous
myelinated afferent fibres and a similar effect could be produced in responses
evoked by A5 and C afferent volleys. Additional inhibition was accomplished
by electrical stimulation of the slower myelinated cutaneous (A5 or group
III) afferent fibres. The excitability of the class 3 cells was greater in spinal
preparations but the tonic descending inhibition was weaker than the appar-

* Wellcome Research Fellow.
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ently similar descending tonic inhibition of class 2 cells. The results are dis¬
cussed with reference to pain mechanisms.

INTRODUCTION

Neurones in the superficial dorsal horn (laminae I—IV of Rexed [39]) are
known to be excited either monosynaptically or polysynaptically by cutane¬
ous and muscle afferent fibres [12,19—21,25,28,36,47,49], Several categories

"of neurone can be recognised in spinal preparations of cats on the basis of
their excitability by different kinds of afferent unit [21,28], These are: class
1, excited by sensitive cutaneous mechanoreceptors; class 2, excited by both
sensitive mechanoreceptors and nociceptors; and class 3, excited only by noci¬
ceptors. In a recent paper, Handwerker et al. [21] reported that the excit¬
ability of the class 2 cells could be altered selectively by both segmental and
supraspinal mechanisms, with a preferential suppression of responses to nox¬
ious or 'painful' inputs. In particular, the inhibition could be evoked by
impulses in the largest cutaneous afferent fibres originating in sensitive
mechanoreceptors. This kind of effect and other characteristics of the cells
leads to the conclusion that the class 2 cells may correspond to the T cells of
the 'gate hypothesis' of Melzack and Wall [33], although the discharge of the
class 2 cells did not always depend, as the hypothesis requires, on the relative
balance of input activity in large and small afferent fibres.

The report by Christensen and Perl [12] that some neurones (possibly
Waldeyer's marginal cells [48]) in the marginal layer of the dorsal horn
(lamina I of Rexed [39]) were exclusively excited by an input from nocicep¬
tors raised the possibility that there may be a spinal mechanism more specifi¬
cally associated with pain than that proposed by the 'gate hypothesis'. It has
subsequently been established that at least some of these neurones (lamina I
or class 3) project directly to the thalamus via anterolateral pathways in the
spinal cord [22,30,44,46,53], that is, they contribute to the spinothalamic
tract in the monkey, although there are several reports of failure to find cells
of origin of the spinothalamic tract in lamina I in the cat [45], However, in
the cat some of the lamina I cells projected into the crossed anterolateral
quadrant of the cervical spinal cord [15,30] and to the thalamus [43].

The inhibition of nociceptor-evoked responses in the class 2 cells by sensi¬
tive mechanoreceptors (and by electrical stimulation of their afferent fibres)
is of considerable interest for its potential use in the relief of pain [21]. The
ready and sustained excitation of the class 2 nerve cells by light mechanical
stimulation of the skin [21], together with the projection of some of them
into the spino-cervico-lemnisco-thalamic tract [22], raises serious doubts as
to their direct involvement in 'pain', although Mayer et al. [32] have recently
claimed that, in man, ascending axons in the anterolateral quadrants, from
cells of this kind, can cause pain when they are stimulated electrically. The
class 3 cells, on the other hand, with their exclusive excitation by nocicep-
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tors and their projection into the spinothalamic tracts are more attractive
candidates as 'pain' mediators. Their sensibility to inhibition by either seg¬
mental or supraspinal mechanisms has not, however, been investigated syste¬
matically. Willis etal. [53] were unable to inhibit this kind of cell in monkeys
anaesthetized with chloralose and small supplemental doses of sodium pento¬
barbitone, although other cells excited by hair or skin movement and some¬
times by noxious inputs (thus corresponding to class 2 cells) could be inhib¬
ited. It was recently briefly reported by Iggo [28] that class 3 (nociceptor-
driven) cells could be inhibited by an input in large myelinated afferent fibres
from the sensitive cutaneous mechanoreceptors. In the present investigation
this latter report is confirmed and studied systematically. An important
methodological aspect of the experiments is that the excitability of dorsal
horn cells is strongly influenced by tonic supraspinal mechanisms which
selectively depress the excitatory action of nociceptors [4,6,16,21], Previous
experiments [4,21] have established that many class 2 neurones respond
only to mechanoreceptor input in the intact state of the cord, but are power¬
fully excited by nociceptors when the cord is blocked. We have, therefore,
used preparations in which the supraspinal influences could be removed
temporarily, by reversible cold block of the spinal cord, during continuous
recording of the activity of a given single unit. In the present paper, we report
an investigation of the properties of class 3 neurones in the dorsal horn of
the lumbar spinal cord of the cat, with particular reference to their somato-
topic relations, their excitability by cutaneous and muscle afferent fibres,
the strength of supraspinal and segmental inhibition, the kinds of afferent
fibres generating this inhibition and its time course. Both natural and nerve
stimulation techniques have been used, in combination with reversible spinal
block and differential peripheral nerve block. Preliminary reports have been
published [11,29],

METHODS

Twelve cats of both sexes, weighing 1.9—3.4 kg, anaesthetized initially
with nitrous oxide/oxygen/halothane and then with a-chloralose (80 mg/kg)
were used. The trachea was cannulated and end-tidal C02 maintained at 3.5—
4.5%. The femoral arterial pressure was recorded continuously and the
diastolic pressure maintained above 60—70 mm Hg. An experiment was
terminated if the arterial pressure fell and remained below this level. On
completion of the surgical preparation the animal was mounted in the animal
frame [13], paralysed with gallamine triethiodide (6 mg/kg, with supplemen¬
tal doses when necessary) and ventilated by a positive pressure pump. Anaes¬
thesia was controlled by allowing periodic recovery from paralysis, by obser¬
vation of pupillary diameter and by monitoring arterial blood pressure to
detect sudden surges to high values. Rectal temperature was monitored with
a thermistor probe and maintained at 37—38° C by feedback control of a
heating blanket. Lumbosacral cord temperature was controlled by heating
coils immersed in the paraffin pool that covered the exposed spinal cord.

9
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Surgical preparation (Fig. 1)
The lumbar spinal cord was exposed by a laminectomy extending from Lq

to S[ and a metal thermode placed on the dorsal hemisphere of the cord at
Lq . Good thermal contact of the thermode with the cord, and thermal insula¬
tion from the liquid paraffin of the pool, was obtained by sealing the ther¬
mode to the cord with agar or with silicone grease. A refrigerant at about
—5°C circulated through this thermode caused cold block of the spinal cord
in less than two minutes. A useful indicator of cord block was a fall in arterial

pressure by about 10 mm Hg, with return to the pre-block level when warm
fluid at 38°C was circulated through the thermode.

The left hindfoot was fastened by its dorsal surface to a wooden platform
attached to the animal-holding frame and the tibial, sural and (in some exper¬
iments) the lateral gastrocnemius nerves were exposed. The cutaneous nerves
were left in continuity and Ag/AgCl wire electrodes placed around them for
bipolar electrical stimulation or recording as required. A metal thermode was

placed beneath the tibial nerve and used to provide cold block of the myelin¬
ated afferent fibres when required. The lateral gastrocnemius nerve was cut
distally and bipolar stimulating electrodes placed on the central cut end. The
saphenous and common peroneal nerves were cut to limit afferent inflow
during natural stimulation to the tibial and sural nerves.

Electrical recording
Extracellular unit recordings were made at the L6/L7 level of the spinal

COLD BLOCK

Fig. 1. Diagram of the experimental arrangement showing the sites of electrical and
'natural' stimulation, of recording electrodes on tibial nerve and on and in the spinal cord,
and of thermodes for local cooling of the tibial nerve and the spinal cord. The lateral gas¬
trocnemius nerve was also used in 4 experiments, but is not illustrated. Further explana¬
tion in the text.
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cord using glass micropipettes filled with 4% pontamine sky blue in 0.5 M
sodium acetate (impedance at 1000 Hz was 5—20 Mf2). Cord dorsum poten¬
tials were recorded by a silver ball electrode on the spinal cord caudal to the
microelectrode, and the region of cord explored by the latter was that giving
maximal surface N-waves following stimulation of the tibial nerve. Compound
action potentials were also recorded in the peripheral nerves, following elec¬
trical stimulation of the appropriate nerve more distally, to establish the
relative threshold stimulus intensities for excitation of the major categories
of cutaneous afferent fibres (group II, III (A5) and IV (C)) and muscle
afferent fibres (I, III (A5) and IV (C)). This information was required to
establish the kinds of excitatory input to the dorsal horn cells, and to enable
rapid testing of inhibitory inputs.

Recordings were made on an FM instrumentation tape-recorder and could
be analysed both 'on-line' and 'off-line' using a PDP 12 computer, aided by
a spike-recognition device [38] when difficulties were experienced with small
unit potentials.

Stimulation procedures
The principal objective was to examine the characteristics of nociceptor-

driven dorsal horn cells and therefore noxious or potentially damaging stimuli
had to be used. In order to minimise the risks of causing persistent damage
to the nociceptors, as a sequel to inflammatory reactions in the skin or modi¬
fication of responses due to repeated noxious stimulation [3,27], the search
stimulus during exploration of the dorsal horn was electrical stimulation of
the peripheral nerve at intensities supramaximal for the myelinated afferent
fibres. Stimulus repetition rates were 0.5/sec, except when C volleys were
used, when the rate was reduced to 0.25 or 0.2/sec. The 'natural' stimuli
used included (a) mechanical, either innoxious by stroking or lightly brushing
the hairs or skin surface or applying steady light pressure to the skin or
noxious, by firmly squeezing the skin with forceps, using both smooth and
serrated tips or by pressing on the skin with sharp pins, using a force suffi¬
cient to penetrate the epidermis and (b) thermal, either from a quartz-halogen
lamp focused on the skin (heated area 1 sq. cm) and controlled to give skin
temperatures in the range 40—55° C or fluids at different temperatures poured
over the skin (the skin surface temperature was registered with a calibrated
thermistor bead).

Synaptic delays
The latency of dorsal horn neurone responses to peripheral nerve stimula¬

tion was measured from the peripheral stimulus and allowance had therefore
to be made for conduction time in the peripheral nerve. Since our interest
centred on the cells excited by the slower afferent fibres we were not able to
make precise measurements of central latency because conduction times
were relatively long compared to synaptic delays.

Histological methods
Electrophoretic deposition of pontamine sky blue [24] at the recording
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site was used as a marking procedure; usually 10 pA was passed through the
microelectrode for 5 min. Successful marking was obtained for 22 of our

sample of 35 class 3 neurones (Fig. 2). The locations of the remainder were
established by the less accurate method of reconstructing the tracks from
dye-marks made for other units, or by depth of the microelectrode tip below
the surface of the cord, but were all in the same superficial part of the dorsal
horn. The spinal cord was removed from the anaesthetized animal immediately
after the circulation had stopped at the end of the experiment, frozen imme¬
diately and the location of the dye spots established subsequently in 40 pm
frozen sections counterstained with haematoxylin-eosin. The map in Fig. 2
was prepared by superimposing the marked spots from 10 animals onto a
section at L6 level of the cord. The lamination of Rexed was used, as estab¬
lished for a particular section, and the position of each spot entered with
particular reference to the dorsal border of lamina I. This was necessary be¬
cause of the variability of this boundary with respect to distance from the
dorsal surface of the white matter. The locations shown are therefore accurate

in reference to lamina I, which is important since Christensen and Perl [12]
also referred their marked cells to this lamina.

RESULTS

Location of unit responses

Twenty-two units were examined and their locations marked in a total
sample of 35 class 3 units. They were clustered along the dorsal border of
the grey matter of the dorsal horn at L6-7 (Fig. 2). As Fig. 2 shows, class 2
cells were also present in this region and we recorded a total of 46 cells, 35
of which were class 3 and the remainder were class 2. The recording technique
was extracellular, so the recording sites marked do not necessarily indicate
the locations of the cell bodies. However, when searching for units in the
superficial dorsal horn it was our experience that the vertical depth over
which an individual unit's response could be followed was usually less than
100 pm, and attempts to impale cell bodies by repeated penetrations on a
grid with 50 or 100 pm spacings gave unit responses from adjacent tracks
only. We conclude that the unit responses were from cell bodies or their
proximal dendrites. The majority (18) were either in the marginal layer or
very close to it, and 4 other marked sites were in the substantia gelatinosa in
lamina II. In our histological material the large marginal cells of Waldeyer
[48] were present at this boundary, but were not densely packed as a thin
sheet of cells overlying the substantia gelatinosa. In the lower lumbar seg¬
ments they form a diffuse layer, often separated from the substantia by inter¬
vening axons of the white matter. While searching for units it was common
for large extracellular spikes to be recorded from myelinated afferent fibres
coursing through the lamina I region. These could readily be distinguished
from the dorsal horn cells by the configuration of their action potentials and
their ability to follow high frequency (>500 Hz) electrical stimulation of
peripheral nerves.

12
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Fig. 2. Location of marked units obtained by superimposition of the dye dots from frozen
sections (ten cats). Open circles: class 2 cells marked in the superficial laminae of the
horn. Filled circles: class 3 cells having only C and/or AS inputs. Cross hatched circles:
class 3 cells having also a very weak group II input but not excited by non-noxious cuta¬
neous stimulation. Lamination of the dorsal horn according to Rexed [39].

As Fig. 2 shows all the unit responses were either in, or superficial to, the
substantia gelatinosa. This dorsoventral distribution arises in part from our
deliberate attempt to seek cells in this region. Previous work in monkeys
[22,30,53], cat [12,15,30] and rat [19] have established that class 3 (noci-
ceptor-driven) cells are present at this level of the cord, whereas large neu¬
rones with an excitatory input from both mechanoreceptors and nociceptors
(class 2 cells) are abundant in laminae IV and V.

Somatotopic relations
Class 3 cells were found across the full width of lamina I of the dorsal

horn (Fig. 2) and there was a clear somatotopic representation of the ventro¬
lateral surface of the foot, with the digits lying medially and the hind part of
the foot laterally placed (Fig. 3). The relatively small sizes of the excitatory
receptive fields of the individual units (Fig. 3) allowed the somatotopic orga¬
nisation to be seen clearly. There was an orderly progression of representation
of the lateral side of the foot along its length. Fig. 3 takes into account the
longitudinal as well as the mediolateral distribution of the representation.
This result is in general agreement with earlier reports on the somatotopic
organisation of spinocervical tract cells [7,8] and other interneurones in the
dorsal horn. Christensen and Perl [12], on the other hand, indicated a concen¬
tration of class 3 (lamina I) units at the cornu of the dorsal horn at coccyg-
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Fig. 3. Receptive fields and somatotopic organization of the class 3 neurones. A: receptive
fields of six class 3 neurones. All the receptive fields in our sample were in the lateral part
of the sole of the foot (the superficial peroneal and saphenous nerves were cut). B: soma¬

totopic arrangement of class 3 neurones. The sole of the foot has been drawn superimposed
on a coronal projection of the lumbar dorsal horn corresponding to L6 segment. Three
main divisions have been considered in the skin of the foot and in the dorsal horn. The
number of units in each division of the horn in which the receptive fields lay is shown at
the right of the diagram.

eal levels of the spinal cord and they do not comment on any somatotopic
relation of their units nor do they illustrate any units of the kind that are
'scattered throughout the entire mediolateral dimension of lamina I' [12].
The illustrated location of their units in the dorsal horn probably results
from their use of the tail as the source of afferent input, although it may also
arise from the more circumscribed distribution of Waldeyer's marginal cells
in the sacral and coccygeal spinal cord [39].

Classes of cell in lamina I
Although class 3 cells were the major concern of the present work, the

presence of other classes of dorsal horn cells were also noted. As Fig. 2
shows, both class 2 and class 3 cells were present, and intermingled in the
marginal layer of the dorsal horn. In general the spike responses from class 2
cells were larger than class 3, suggesting that the former were larger cells, al¬
though we have no direct evidence to support this impression. The relative
proportions of the two kinds of unit that we report here (11 class 2 and 35
class 3) are biased to the class 3, even though they had smaller action potentials
and were more difficult to find. The two classes of cell were distinguished by
the ready excitation of the former by light mechanical stimulation of the
hairs or pads of the lower leg or foot, and by their relatively low excitability
by noxious stimuli when the spinal cord was intact. The smaller size of the
spike discharges from the class 3 units may account for the absence of such
units in the earlier report by Handwerker et al. [21], although in that investi¬
gation 5 of 39 units were in laminae I and II. They were class 1 (mechano-
receptor) and class 2 (mechano- and nociceptor-driven) units. It is clear there-
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fore that the neurones in lamina I, that can be excited from the skin, do not
form a homogeneous population of cells in the cat. Instead, examples of all
classes of dorsal horn neurones are present, although the class 3 cells may be
most numerous.

Functional characteristics of class 3 cells
The class 3 cells are defined [28] as those dorsal horn neurones that can

be excited by afferent impulses from nociceptors, and which are not excited
by sensitive mechanoreceptors. The effects of an input in the sensitive ther¬
moreceptors is not clear-cut, although in the present investigation using cats
"none of the units in the class 3 category was excited by skin temperatures
(about 25°C) at which the sensitive cold receptors would be maximally
active [26]. The nociceptor-driven dorsal horn cells are of at least two kinds,
judged by the effective afferent fibres — those excited only by noxious me¬
chanical stimuli mediated by receptors with A5 (and in a few cases by slow
group II axons) axons and those excited, in addition, by noxious thermal
stimuli and also by afferent C-fibres.

(a) Cells with A8 nociceptor inputs (class 3(a)). Nine of our total sample
of 35 units were of this kind and an example of the responses to electrical
stimulation of the tibial and sural nerves is shown in Fig. 4A. No responses
were elicited in this unit until A5 axons in the peripheral nerves were excited.
A suprathreshold volley elicited a short burst of spikes from the cell. This
relatively brief discharge was a characteristic and consistent feature of the
response to a single A5 volley and could not be greatly extended by a short
train of afferent volleys. A more sustained discharge could, however, be
evoked by natural stimulation within the excitatory receptive field. The
brevity of the discharge on electrical stimulation of the peripheral nerve may
have been caused by inhibition of the cell, as indicated by the reduction of
the 'background' discharge following an A5 afferent volley in Fig. 6A.

Convergence of afferent inputs was always found, indicated either by
addition of more impulses to the response to tibial or sural nerve stimulation
when the nerve stimulus intensity was increased above threshold for a re¬
sponse, or as illustrated in Fig. 4A, by excitation from separate peripheral
nerves. None of the 4 cells tested could be excited by A5 or C volleys in the
lateral gastrocnemius nerve. This kind of class 3 cell could not be excited by
afferent volleys in non-myelinated fibres (Fig. 4A), either to single volleys,
a short train or repetition at low rates sufficient to cause 'windup' [34] in
other dorsal horn neurones.

Electrical stimulation of peripheral nerves is insufficient for accurate iden¬
tification of these cells, since at the stimulus intensities used there would
inevitably be excitation of a mixed bag of afferent fibres [5,10], and natural
stimulation was also used. Strong mechanical stimuli, such as pinching or
squeezing the skin were effective excitants, whereas gently stroking of the
hair or skin did not excite the cells. This test excludes the type D hair follicle
mechanoreceptors, which have A5 afferent fibres [5], from contributing an
excitatory input. Radiant heating of the skin to temperatures above 45°C
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Fig. 4. Responses of class 3 neurones to electrical stimulation of peripheral nerves and to
'natural' stimulation with the spinal cord intact. Records from four units. A: unit having
only A5 input from both tibial and sural nerves. B: unit having, in addition, C input and
convergence from tibial, sural and lateral gastrocnemius nerves. C: responses to noxious
stimulation of the receptive fields of two class 3 neurones. Ti, tibial nerve; Su, sural nerve;
Gs, lateral gastrocnemius nerve. The electrical stimuli in A and B were delivered at the start
of the trace or 1 msec after the start of the trace (indicated by S).

also failed to cause a discharge in 70%, thus confirming the absence of re¬
sponse to C volleys, since the majority of afferent input on heating cat skin
is carried in C-fibres from thermal nociceptors [2,3,27]. The remaining 30%
of cells were weakly excited high skin temperatures, and the afferent input
was probably carried in A5 fibres excited by high skin temperatures [2,27],
These differential procedures establish that the cells are almost exclusively
excited by an input in the A5 nociceptors.

(b) Cells with mechanical and thermal nociceptor inputs (class 3(b)). The
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majority (26) of cells in our sample could be excited by A5 afferent volleys
(Fig. 4B), with responses similar to the 3(a) group, and, in addition, could
also be excited by afferent volleys in C fibres (Fig. 4B). The responses to C
volleys had a long latency consistent with conduction in the peripheral nerve
in C fibres. Because of the conduction distance the responses usually appeared
with a latency of about 200 msec, long after the discharge evoked by the A5
fibres had ceased, and even after any inhibition due to the A5 nociceptor
input had also subsided. In some experiments the conduction in myelinated
afferent fibres in the tibial nerve was blocked by cold [17] and the responses
to C volleys alone could then be tested. A similar response to that evoked
with the intact nerve was obtained, indicating that an antecedent input in
myelinated fibres was not essential for an excitatory action by C fibres.

The use of a variety of natural stimuli confirmed the very different input
characteristics of these class 3(b) nociceptor-driven cells. Light mechanical
stimuli were ineffective as before, but these cells could now be excited to
discharge at rates of 10—20/sec by both high-intensity mechanical and ther¬
mal stimuli (Fig. 4C). The thresholds for excitation by radiant heating were
40° C and above, and a sustained discharge could be aroused when skin tem¬
peratures were 45—50°C (Fig. 5).

The cells received a convergent input from cutaneous afferent fibres, in a
manner similar to the class 3(a) cells. In addition, some of them (5 of 7
tested) in contrast to class 3(a) cells, could also be excited by afferent volleys
in small myelinated (A5) and non-myelinated (C) muscle afferent fibres. The
usual test situation is illustrated in Fig. 4B, with input volleys in the tibial
(mixed nerve), sural (cutaneous nerve) and lateral gastrocnemius (muscle
nerve) all causing a discharge of the same class 3(b) cell when tested sepa¬
rately. In general the muscle nerve C volley input was less effective than C
volleys in either of the cutaneous nerves. Simultaneous input volleys in two
or three of the peripheral nerves were not additive, but showed occlusion.
When nerve stimulation did not cause a discharge from the cell (one unit
only), nerve volleys in the Aa fibres of the nerve caused inhibition, as will
be described later in the paper.

Supraspinal modulation
Descending inhibitory mechanisms can powerfully influence the excit¬

ability of dorsal horn neurones [4,6,14,16,21,41] and may act selectively to
suppress the responses of dorsal horn neurones to noxious cutaneous stimuli.
The results so far described were recorded in preparations with the spinal
cord intact, and establish that the class 3 cells can be aroused to activity in
the intact cord, in contrast to class 2 cells which frequently had their respon¬
ses to noxious stimuli completely suppressed in similar conditions [21].

Nine units were tested by either blocking or unblocking the spinal cord at
Lj, while continuously monitoring their responses. In general, the class 3(a)
units did not carry a background discharge in either state of the cord, in con¬
trast to the class 3(b) units which were more likely to be active when the
cord was blocked. The responses to afferent nerve volleys as well as natural
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stimuli were always more vigorous with the cord blocked, indicating some
degree of supraspinal inhibition although this was insufficient to suppress
excitatory responses completely.

Before dealing with these supraspinal mechanisms it is necessary to de¬
scribe segmental inhibitory actions, which were normally tested with the cord

.blocked. Segmental inhibition of dorsal horn neurones is well established
[4,21,25,31,35,50] and in all reports the inhibitory pathway has been at least
disynaptic, so that a direct excitatory action is revealed by cell discharge
before the inhibition becomes effective [25], The class 2 cells normally show
this pattern, excitation followed by inhibition, when the fast cutaneous
axons from sensitive mechanoreceptors are active [21], and, in addition
show powerful inhibition of nociceptor-induced responses by these same

large (group II) cutaneous afferent fibres [21], The class 3 neurones have
therefore been tested for similar inhibitory actions even though they are not
directly excited by the sensitive cutaneous or muscle mechanoreceptors.

Segmental inhibition by group II afferent fibres
A sustained discharge in class 3(b) cells produced by heating the skin

could be inhibited in both spinal preparations and intact cord (Fig. 5) prepa¬
rations by repetitive stimulation of the tibial nerve at stimulus intensities
sufficient to excite only the large (group II) myelinated afferent fibres. The
inhibitory afferent volley would include impulses in axons of both the rapidly
and the slowly adapting cutaneous mechanoreceptors with large afferent
fibres (>6 pm diameter) [5,10]. The inhibition had a short latency of action
and did not persist after the nerve volleys were stopped (Fig. 5). Afferent
volleys in the large muscle afferent fibres (1.4 Threshold stimulus intensity)
did not cause inhibition. A more detailed analysis of the latency and time
course of the inhibition, and a test for its presence in class 3(a) cells was
possible when nerve-volley evoked activity was examined.

Skin heating >45 C

0 60 120s

Fig. 5. Effect of tibial nerve stimulation on response of a class 3(a) neurone to prolonged
radiant heating of its cutaneous receptive field, recorded in the intact state of the spinal
cord. The long bar above the histogram indicates the duration of the heat stimulus. As
indicated by the short bars in the diagram the tibial nerve was stimulated electrically at
2.6T and 1.4T, 20 Hz. Note the suppression of the heat response produced by stimulation
of the cutaneous group II fibres (2.6T) and the lack of effect on stimulation of the group
I muscle afferent fibres (1.4T).
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'Spontaneous' activity
Continuous background, or 'spontaneous', activity was uncommon in the

class 3(a) units, whether the cord was blocked or intact. When it was present
the rate of firing was low and the impulses were irregular and sometimes in
bursts. The class 3(b) cells were more likely to carry background activity. It
could not be decided whether this latter activity was due to continuous input
from nociceptors that were active because of surgical trauma (sustained firing
in muscle C-nociceptors may be present in tissues exposed during surgical
preparation — unpublished observations). The background firing in class 3(b)
cells could be enhanced by the C volleys used for testing purposes. During

• continuous recording, while testing with C volleys that were repeated at 4 sec
intervals, there was a progressive increase in background activity, which sub¬
sided within 15—30 sec of the end of C volley testing. The class 3 cells are,
therefore, quite different from class 2 cells, which frequently show tonic
background activity in spinal preparations [21],

Inhibition of background discharge
Fig. 6A gives an indication of the time course of inhibition of background

discharge following a single volley in myelinated afferent fibres. The Aa—5
volley itself caused a discharge since the A5 impulses excited the class 3(b)
cell, but this excitation was followed by a complete suppression of the back¬
ground discharge lasting about 100 msec, with subsequent recovery followed
by a vigorous response to the C volley.

Inhibition of evoked discharge
The inhibition of evoked responses of both class 3(a) and (b) cells is illus¬

trated in Figs. 7 and 6. Fig. 6 illustrates the responses of a class 3(b) cell. With
the cord blocked, a single volley in sural A5 and C fibres caused a vigorous
response of the unit (Fig. 6B). A short train of conditioning volleys in Aa
fibres in the tibial nerve, timed to arrive at the spinal cord 10 msec before
the C-evoked discharge began, inhibited the later part of the discharge, but
did not alter the early part of the discharge. The A5-evoked discharge of
class 3(a) cells (Fig. 7C) could also be inhibited by a group II volley. These
results thus confirm the effects observed using natural stimuli and taken to¬
gether the results establish clearly that the class 3 (nociceptor-driven) cells
can be inhibited at the segmental level by an afferent input from sensitive
mechanoreceptors. This inhibition is, therefore, similar to that reported [21]
for class 2 dorsal horn neurones in anaesthetized spinal cats.

Inhibition by slowly conducting fibres
The mechanism of inhibition, pre- or post-synaptic, has not yet been estab¬

lished but there is some evidence to indicate that both pre- [52] and post¬
synaptic [18,25] mechanisms may be active. In view of the report that
primary afferent depolarisation (PAD) is only generated in nociceptive
afferent fibres by afferent input in other nociceptive fibres [52], an attempt
was made to test inhibition due to A5 afferent fibres. Fig. 6C shows the

19



18

Cord blocked

4.3T

T\lll l.lLuin.
500 1000

Cord intact

Cord blocked

■jIIiL.
200 400 ms

Fig. 6. Inhibition of the discharges of class 3(b) neurones. All the histograms are averaged
post-stimules histograms of 4—6 trials. The test C volley in sural nerve was delivered at
the origin of the histogram. A: inhibition of background discharge by the A5 volley. B:
inhibition of the late part of the C volley by a preceding train (3) of conditioning group II
volleys in the tibial nerve. C: further inhibition of the early C discharge by conditioning
Ad volleys (4 pulses in the train). Note that the cell is excited to discharge by the condi¬
tioning Aa—5 stimulus. D: descending inhibition. The response to C volley in the sural
nerve is much greater when the spinal cord is blocked at Li (i.e., spinal state of the prep¬
aration).

effect of A5 input volleys on the C-evoked discharge of a class 3(b) cell.
There is a potent inhibition that effectively removes the early part of the C-
evoked response. The cell tested was excited by the A5 volleys and a compar¬
ison with Fig. 6A indicates that the inhibition had a time-course similar to
that acting on the background discharge. The later part of the control C-
evoked discharge was present following this initial inhibition.

A similar effect was observed for the class 3(a) cells. There was a stronger
(Fig. 7D) inhibition than was caused by input volley from the sensitive me-
chanoreceptors alone (Fig. 7C), but to what extent this inhibition is attrib¬
utable to discharge of the cells by the conditioning A5 volley and how
much is due to active inhibition is not certain. The class 3 cells can certainly
give a sustained discharge, with inter-impulse intervals of about 20 msec, so
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Fig. 7. Inhibition of the discharge of a class 3(a) neurone. All the histograms are averaged
post-stimulus histograms (5 trials in each case) from the same cell. The test A5 volley in
sural nerve was applied 30 msec after the origin of the histogram. A: discharge in the in¬
tact state of the cord. B: discharge in the spinal state of the preparation. C: general reduc¬
tion of the discharge by preceding group II stimulation of the tibial nerve. D: further inhi¬
bition caused by increasing the intensity of the stimulus to the AS strength (the cell was
excited by the conditioning stimulus).

that it is likely that the inhibition lasting >30 msec was due to interneuronal
inhibitory mechanisms.

DISCUSSION

The results reported in this paper confirm the existence in the superficial
dorsal horn of the cat of neurones that are excited in a highly specific way
by damaging or potentially damaging intensities of natural stimulation. The
afferent units, on several criteria — nature of adequate stimulus, excitability
of axons in the peripheral nerves, latency of central responses — can only be
nociceptors or 'pain' receptors now familiar from many studies of their prop¬
erties [1—3,10,27,54]. For this reason it would seem to be a reasonable
hypothesis that the nociceptor afferent units and the class 3 dorsal horn cells
on which they converge, are essential elements of any 'pain' system. This re-
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affirmation of the existence of a 'specific' pain system raises in acute form
questions of the sensory role of the class 2 neurones, which although they
can be powerfully excited by nociceptor inputs in spinal animals, normally
are under tonic and selective descending inhibition that very effectively
suppresses such responses in intact animals while leaving open the pathways
from the sensitive mechanoreceptors [21]. There are several other relevant
features of the responses of the two classes of dorsal horn neurones. The
class 3 cells, although converged upon from several peripheral nerves, have
relatively small receptive fields on the foot, which are however much larger
than the receptive fields of individual nociceptive afferent units. They do not,
however, display much background or spontaneous activity although they

"

can easily be aroused by localised stimuli such as squeezing a small fold of
skin, or inserting a single sharp point into the skin of the receptive field. This
was true for both sub-classes of the nociceptor-driven class 3 cells. The class
3(b) cells, which are effectively excited by both A5 and C afferent fibres, can,
in many instances, be excited from both skin and muscle nociceptors, which
is an unexpected finding in view of the usual statement that the more super¬
ficial levels of the dorsal horn receive an input only from the skin although
Wall [51] has suggested that cells in lamina I may have an input from skin,
muscle and joints. There is, however, a somatotopic organisation of these
nociceptor-driven neurones of the same kind that is already known for the
larger cells of laminae IV and V, and it can be concluded that there is a
similar somatotopic organisation of the various sensory systems within the
dorsal horn, even though there may be an extensive distribution of fine
afferent fibres and a high degree of convergence of them onto individual
dorsal horn neurones in lamina I. There does not appear to be any high
degree of segregation of the different kinds of dorsal horn neurone in the
superficial dorsal horn; in our experiments we find class 1, 2 and 3 cells at
laminae I and II in agreement with other reports [21,22], In laminae IV and
V there are several reports dealing with the large neurones, vigorously excited
by both mechanical and nociceptive inputs [21,34,37,47,49,53], but fewer
reports of the class 3 neurones [12,22,53], This may be a real segregation,
but it could only reflect the greater difficulty of recording from the, pre¬
sumably smaller, class 3 cells. The use of antidromic techniques by Willis
et al. [53] has revealed cells with the characteristics of our class 3 in both
laminae I and IV—VI in the monkey, so the possibility of their presence at
deeper levels (IV—V) in the cat must be left open. Similar cells may also be
present at still deeper levels (VI—VIII) in the cat, at the origin of many spino¬
thalamic tract units [46],

In general the class 3 cells were silent in the unstimulated state, in both
the spinal and intact cord cats, and if any background activity was present it
was nearly always in the class 3(b) cells, those excited by both A5 and C
afferent fibres. This is in contrast to the other class of dorsal horn neurones

that can be excited by C nociceptors — the class 2 cells, which often carried
a high level of background activity in spinal preparations [21]. This latter
activity was due to a release phenomenon since these cells are normally under
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tonic descending inhibition [4,21,42]. The nociceptor-driven cells are also
under some descending constraint, but it is less powerful than for the class 2
cells, since we found that all the class 3 cells could be made to discharge by
nociceptor input in intact cord preparations. For this reason these latter cells
would normally be called into activity by noxious or 'pain-producing' stimuli,
whereas the tonic selective suppression of the class 2 cells would prevent
them from responding.

This significant difference in responsiveness of the classes 2 and 3 assumes
greater importance if the class 3 neurones, or some of them, actually project
to higher levels of the nervous system. The projection was not tested in our
experiments, and previous electrophysiological work [46] failed to find any
cells in lamina I in the cat projecting to the thalamus. Recent work with
horseradish peroxidase [43] has now found such cells, supporting other
evidence that some class 3 cells project to the cervical cord [15,30]. How¬
ever, lamina I cells in the monkey are known to project via a contralateral
anterolateral pathway [22] to the thalamus [44,53], and it is probable that
they do the same in the cat. For this reason, their ready and specific activa¬
tion by afferent input from cutaneous (and muscle) nociceptors gives them
an important, and possibly central role in pain. Although the class 2 cells
may in some respects correspond to the T cells of the 'gate theory' it is clear
that the class 3 cells do not. If as we suggest, the class 3 cells are directly in¬
volved in 'pain mechanisms', our conclusions do not provide any support for
the 'gate theory'. The two classes of dorsal horn neurones may find a parallel
in epicritic and protopathic system of Head et al. [23], with class 2 being the
counterpart of the epicritic and class 3 of the protopathic.

The nociceptor-driven dorsal horn neurones (class 3) can be strongly in¬
hibited by segmental mechanisms and we have examined the effect of an
input from sensitive mechanoreceptor afferent units and from the noci¬
ceptors. The large cutaneous mechanoreceptor afferents can cause a powerful
inhibition of response in both spinal and intact cord preparations, which
may completely suppress the response to an excitatory input from C-thermal
nociceptors (Fig. 5). This effect was similar to that previously reported [21,
42] for the class 2 dorsal horn cells. When tested in nerve volley experiments,
the inhibition of sensitive mechanoreceptor origin did not totally suppress
either A5 and C volley discharges (Figs. 6 and 7). Afferent volleys in mye¬
linated axons from both mechanoreceptors and nociceptors (obtained by
electrical excitation of all the myelinated fibres) caused a more powerful in¬
hibition. The greater potency of this inhibition may have been due to the
recruitment of a different inhibitory system. Several inhibitory mechanisms
are involved. Game and Lodge [18] report that at least two inhibitory sys¬
tems, one mediated by glycine as an inhibitory transmitter, and the other by
GABA or a structural analogue, are active during inhibition of dorsal horn
neurones, although they could not distinguish pre-synaptic and post-synaptic
actions. The other evidence for multiple inhibitory pathways comes from
Whitehorn and Burgess [52] who report that primary afferent depolarisation
(as measured by excitability testing) could only be induced in the central
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terminals of myelinated nociceptor afferent fibres by an afferent input from
cutaneous nociceptors, although Burke et al. [9] reported more interaction
among modalities. Mechanoreceptors, although effectively inducing PAD in
other mechanoreceptor afferents, did not alter the excitability of the central
terminals of the myelinated nociceptors. On the assumption that these effects
would be operating in our experiments, it can be concluded that the inhibi¬
tion of nociceptor-induced discharge in class 3 cells by the sensitive mechano¬
receptors is not due to PAD in nociceptor afferent terminals in the spinal
cord, and so presumably this inhibition is due to post-synaptic mechanisms,
involving an uncertain number of interneurones. The additional inhibition

.caused by A 5 afferent fibres could, however, be mediated in part by a pre¬
synaptic mechanism.
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SUMMARY

1. Activity of single spinocervical tract neurones has been recorded in
the lumbar spinal cord of chloralose anaesthetized or decerebrated cats.
Reversible spinalization was produced by cold block at L3. Sensitivity
of these neurones to noxious stimulation was studied by heating their
cutaneous receptive fields above 40-45° C.

2. Most of the units were located in lamina IV of the dorsal horn and
had their receptive fields in the ipsilateral foot. All but one of the studied
neurones were excited by moving hairs or by gentle mechanical stimulation
of the skin.

3. Eighty-four % of the units were affected by noxious stimuli and three
kinds of response were obtained: (i) 61 % were excited (E-cells) by noxious
heat; (ii) 19 % were inhibited (I-cells); and (iii) 19 % gave a mixed response
reversing from excitatory to inhibitory (El-cells).

4. E-cells had axons with a wider range of conduction velocities than
the rest and also received the strongest descending inhibition from
supraspinal structures.

5. The recording sites of El-cells were located in the medial third of the
dorsal horn whereas E- and I-cells were distributed over the full width of
the dorsal horn.

6. The possible role of the spinocervical tract in nociception is discussed.

INTRODUCTION

The spinocervical tract is one of the major ascending somatosensory
pathways in the spinal cord of the cat, its anatomical presence and functional
relevance in other mammals have, however, been questioned (for a detailed
review see Brown, 1973). In the cat the spinocervical tract arises from

* Wellcome Research Fellow.
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cells in the dorsal horn (Bryan, Trevino, Coulter & Willis, 1973; Brown,
House, Rose & Snow, 1976) and projects to the lateral cervical nucleus
via the ipsilateral dorso-lateral funiculus (Morin, 1955; Lundberg &
Oscarsson, 1961; Taub & Bishop, 1965). According to carefully
controlled experiments the main source of excitatory inputs to the
spinocervical tract cells arises from receptors located in the hair
follicles; however a proportion of spinocervical tract neurones can be
fired in addition by strong pressure, pinch, heat above about 45° C and
by intense cold below about 20° C (Brown & Franz, 1969). These stimuli
are known to excite nociceptors in the skin (Iggo, 1959; Burgess & Perl,
1967, 1973; Iggo & Young, 1975) and it can thus be concluded that a

proportion of spinocervical tract neurones receives excitatory inputs from
both sensitive hair follicle mechanoreceptors and nociceptors. Using
electrical stimulation of peripheral nerve fibres, Brown, Hamann &
Martin (1975) reported that almost 70% of the spinocervical tract
neurones receive a mixed excitatory input from both A and C cutaneous
afferent fibres and that C fibres either excite spinocervical tract neurones
or have no effect on transmission through the spinocervical tract.

The pathway for the conduction of nociceptive information to the
brain has, however, been classically attributed to the crossed spino¬
thalamic tract (for review see Kerr, 1975), (the ' Vorderseitenstrange'
(anterior tract) of Edinger, 1889), which is present in practically all the
vertebrates (Neiuwenhuys, 1964) including the cat (Trevino, Maunz,
Bryan & Willis, 1972; Trevino & Carstens, 1975). A comprehensive
account of the responses of spinothalamic tract neurones to natural
cutaneous stimulation is not available for the cat, but it is already known
that many Waldeyer's marginal cells (Waldeyer, 1889) in the lumbar
spinal cord of the cat are selectively excited by nociceptors (Christensen
& Perl, 1970; Cervero, Iggo & Ogawa, 19766) and project to the thalamus
(Trevino & Carstens, 1975), via the crossed ventro-lateral quadrant
(Kumazawa, Perl, Burgess & Whitehorn, 1975). These results support
the idea of direct involvement of the spinothalamic tract in nociceptive
mechanisms in the cat. The existence of this pathway as well as other
possible nociceptive mechanisms such as the 'dorsal column post-synaptic
system' (Angaut-Petit, 1975a,b), and the presence of a great deal of
dorsal horn neurones excited by nociceptors (Wall, 1960, 1964), makes
systematic study of the extent and functional relevance of the spino¬
cervical tract in nociception necessary.

In the present paper we report an investigation on the responses of the
spinocervical tract neurones to noxious stimuli applied to the skin.
Identified spinocervical tract neurones have been recorded in the lumbar
spinal cord of the cat and their responses to noxious stimuli were tested by
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heating the skin with radiant heat. The strong descending inhibitory
influences that alter the responsiveness of dorsal horn neurones and
flexor reflexes to noxious stimuli (Eccles & Lundberg, 1959; Wall, 1967;
Brown & Franz, 1969; Brown, 1971; Brown, Kirk & Martin, 1973;
Handwerker, Iggo & Zimmermann, 1975) have been examined using a
reversible spinalization technique. A preliminary report has been published
(Cervero, Iggo & Molony, 1976a).

METHODS

Thirteen cats weighing 1-5-3-3 kg have been employed. Four cats were decere¬
brated at mid-collicular level under halothane anaesthesia which was discontinued
thereafter and nine were anaesthetized with chloralose (60 mg.kg-1), after induction
with nitrous oxide/oxygen/halothane, plus additional doses of chloralose when
necessary. The femoral blood pressure was recorded continuously and the diastolic
pressure was maintained above 80 mmHg. The trachea was cannulated and end-
tidal C02 maintained at 3-5-4-5%. Injections of 1-5-2 ml. 1 m sodium bicarbonate
were administered every 4, hr after the beginning of each experiment to compensate
for changes in blood pH which are not always reflected in the end-tidal C02 (D. S.
McQueen, personal communication). Rectal temperature was monitored by means of
a thermistor probe and maintained at 37-38° C by feed-back control of a heating
blanket. On completion of the surgical preparation the animal was mounted in a
frame (Clark & Ramsey, 1975), paralysed with gallamine triethiodide and artificially
ventilated with room air. Two laminectomies were performed; one in the upper
cervical and one in the lower lumbar regions. Pools made with skin flaps were filled
with warm liquid paraffin (B.P.). Lumbosacral cord temperature was maintained at
38-5° C by feed-back control of heating coils immersed in the pool. A metal thermode
was placed on the dorsal surface of the L3 segment of the cord to allow reversible
cold spinalization of the cat (details of this technique have been published, Cervero
et al. 19766). Both hind limbs were shaved and both feet fastened to wooden plat¬
forms attached to the animal frame.

Electrophysiological recording and stimulating techniques. Extracellular and occa¬
sionally intracellular recordings of spinocervical tract neurones were made at the L7
segment of the spinal cord using glass micro-electrodes filled with 4% pontamine
sky blue in 0-5 M sodium acetate. The most rostral L7 rootlet was mounted on
Ag/AgCl electrodes to permit electrical stimulation of the afferent fibres and another
pair of electrodes was placed centrally on the same rootlet to record compound
action potentials evoked by the former stimulation. The spinal cord entry of this
rootlet was used as a landmark in an attempt to standardize the recording locations
from different animals. Distances between electrodes and between them and the
micro-electrode were measured. The latency of the response of each spinocervical
tract neurone to electrical stimulation of the rootlet was measured. This provided an
estimate of the monosynaptic connectivity of afferents to the spinocervical tract
neurones. Recordings were made on magnetic tape and 'on-line' and 'off-line'
analysis of data was carried out using a PDP-12 computer.

Natural stimulation of the skin. Mechanical stimuli were either innocuous, such as
brushing the skin surface or the hairs or applying steady light pressure with von
Frey's calibrated hairs, or noxious squeezing of the skin with smooth and serrated-tip
forceps. The thermal noxious stimulation was provided by a quartz-halogen lamp
focused on the skin and controlled to raise the skin temperature up to 60° C. The
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temperature of the skin surface was continuously monitored with a calibrated
thermistor bead.

Identification of the spinocervical tract cells. The technique for identification of
spinocervical tract cells was similar to that described by Brown & Franz (1969).
After sectioning the dorsal columns at C5 level, pairs of silver electrodes were
placed on the ipsilateral dorsolateral funiculus at CI and C3 spinal cord segments.
As the recording micro-electrode was lowered into the lumbar cord, electrical stimuli
were delivered to the dorsolateral funiculus at C3 until an antidromic action potential
was recorded. Evidence that the action potential was being conducted antidromi-
cally was confirmed by the registration of a response at a constant latency from the
stimulus and by the ability of the unit to follow a train of stimuli at 300 Hz or more.
Units were assigned to the spinocervical tract if there was no antidromic response
from CI, if the conduction velocity of the axon between CI and C3 was 50% or less
than the velocity between C3 and the recording site, or if the threshold for anti¬
dromic excitation of the unit from CI was ten times or more than the threshold
to excite the unit from C3. Collisions between the antidromic spike and orthodromic
action potentials evoked by natural stimulation of the receptive field of each
neurone were considered as further evidence that the orthodromic discharges
observed belonged to the spinocervical tract unit being tested.

Histological methods. The recording micro-electrode was inserted on a grid with a
spacing of 200-250 /im between the parallel tracks in the L7 segment of each cat,
starting at the dorsal rootlet entry of the stimulated dorsal rootlet. Superficial blood
vessels were avoided. The depth of each spinocervical tract unit from the surface of
the spinal cord was measured using the micromanipulator and at the end of the
experiment a scale was made in the last track by electrophoretic deposition of
pontamine sky blue (Hellon, 1971) at 2000 and 1000 /im. The spinal cord was removed,
frozen immediately and the locations of the marked spots established from 40 jura
frozen sections counterstained with hematoxylin-eosin. The locations of the recorded
spinocervical tract units were calculated according to the grid made during the
experiment using the marked spots as a scale. This system helps to eliminate errors
which occur when locating units on the basis of micromanipulator meter readings
alone.

RESULTS

Location and conduction velocities of spinocervical tract neurones

Results obtained from sixty units are presented in this paper. The
locations of the recording sites of fifty-seven of these units were obtained
and have been superimposed on a 'standard' transverse section of the
L7 segment of the spinal cord (Fig. 1^4) in which the laminae of Rexed
(1954) are indicated. Thirty-seven (65%) of the recording sites were
located in lamina IV, nine (16%) in laminae I—III and eleven (19%) in
laminae V-VI.

The conduction velocities of the axons of the SCT neurones were

calculated from the latencies of the antidromic spikes and the measured
conduction distances. The conduction velocities ranged between 12 and
92 m/sec, with a mean of 45-18 m/sec (Fig. 1B).
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Receptive fields
Peripheral receptive fields were determined for fifty-one neurones.

Of these, fifty were excited by hair movement or light stroking of the
skin. No attempt was made to determine which particular kinds of
hair were effectively being stimulated. No units were found which were
excited by light mechanical stimulation of the foot-pads.

£
3

Z

n = 57
7= 45-18±1S-95 (S.D.)

n
20 40 60 80

Conduction velocity of axons (m/sec)
100

Fig. 1. A, location of fifty-seven spinocervical tract neurones obtained by
superimposition of recording sites on a transverse section of the L7 segment
of the spinal cord. Lamination according to Rexed (1954). B, histogram of
the conduction velocities of spinocervical tract axons. The mean and
s.d. of the observation are shown.
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It was not possible to find a receptive field in the anaesthetized state of
the preparation for the remaining unit but after blocking the spinal cord
a well-defined receptive field was found from which the neurone could be
excited by pinching or squeezing the skin or by heating the skin above
45° C.

All our recordings were made within a small area of the L7 and 6
segments of the spinal cord. From the entry point of the most rostral
L7 dorsal rootlet, recordings were made covering the whole width of the
dorsal horn and rostrally for up to a maximum distance of 2 mm (Fig. 2).
Most of the receptive fields were located in or around the toes, or in the
distal part of the limb, either on the ventral or dorsal aspects. Exceptions
were a few units located in the lateral part of the dorsal horn whose
receptive fields were on the thigh (Fig. 2). No bilateral or contralateral
excitatory receptive fields were found.

Responses of spinocervical tract neurones to electrical stimulation of
the afferent fibres

Fifty-two neurones were tested by electrical stimulation of the L7
dorsal rootlet. Of these twelve were not excited and eight of them have
been indicated with circles in Fig. 2. They were intermingled in the dorsal
horn with others which were excited by electrical stimulation of the
rootlet and their receptive fields were similar to those of the rest of the
sample. The forty units responding to electrical stimulation had thresholds
corresponding to excitation of group II afferent fibres. Twenty of them
also showed a late discharge when the intensity of stimulation reached the
threshold for C-fibres as indicated by the appearance of the C-fibre wave
in the compound action potential recorded from the dorsal rootlet.

Only seven units showed latencies to electrical stimulation (> 3 msec)
of the dorsal rootlet outside the estimate for a monosynaptic connexion.
These emits (encircled with dashed lines in Fig. 2) were either in the most
lateral part of the dorsal horn or medially in a zone distant from the
entry point of the stimulated rootlet. Units with suspected monosynaptic
connexions were, however, also found close to these regions.

Background activity
All the neurones studied showed spontaneous activity in the spinalized

state of the preparation and thirty-eight (81 %) showed background
activity in the anaesthetized or decerebrated states. The mean frequency
of this spontaneous activity varied between units and was dependent
upon the type of preparation (see below). Spontaneous activity usually
consisted of occasional spikes and high frequency bursts with irregular
presentation and was enhanced after noxious stimulation of the receptive
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Rostral

Fig. 2. A schematic plan view of parts of the left L7, 6 segments of the
spinal cord with outline drawings superimposed to show the location ofunits
and their receptive fields. Those enclosed by dashed lines were driven poly-
synaptically by electrical stimulation of the most rostral L7 dorsal rootlet
(indicated by the large arrow in the bottom left corner) while the others
were driven monosynaptically. Small circles indicate the location of units
not driven by electrical stimulation of this dorsal rootlet. These units had
receptive fields which were similar to units nearby. Data have been pooled
from several experiments.
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field or after repetitive electrical excitation of the non-myelinated afferent
fibres.

Responses of spinocervical tract neurones to noxious stimuli
Thirty-seven units were tested thoroughly enough to be classified.

Tests included both non-noxious and noxious stimulation. These were

applied to the centre of the receptive field from which the neurone could be
excited by moving hairs (its excitatory receptive field). No studies were
made of ipsilateral or contralateral inhibitory receptive fields. The
following responses were distinguished.

Neurones activated only by light mechanical stimuli
Five neurones (13-5%) responded only to hair movement or to gentle

stroking of hairy skin. No responses were obtained by squeezing or
pinching the skin and no excitatory responses were obtained by heating
the skin above 45° C.

Neurones activated only by noxious stimuli
Only one neurone belonged to this group. As described above no recep¬

tive field could be found for this unit in the anaesthetized state of the

preparation but, after blocking the spinal cord at L3, a receptive field
was found from which the neurone could be excited by pinching, squeezing
or by heating the skin above 45° C. When the spinal cord block was
removed the neurone returned to its previously unresponsive state.

Neurones activated by light mechanical stimulation and affected by noxious
stimuli

The majority of neurones studied (thirty-one units, 84%) showed
responsiveness to gentle mechanical stimulation of the skin as well as
responses, of a different kind, to noxious heating of the same receptive
fields. Three different kinds of responses to noxious heating of the skin
have been obtained from neurones in this group.

Excitatory responses. Nineteen units (50% of the total sample and
61 % of the units affected by noxious stimuli) responded with an increase
in their rate of firing when skin temperature was increased above 40-45° C
(Fig. 2>A). Neurones of this class were considered to be excited by skin
nociceptors (E-cells). They responded in a consistent way to repeated
noxious stimuli, but the time course of their responses varied according to
the type of preparation, i.e. spinal, intact cord, etc. Fig. 4 A and B shows
continuous records of the mean frequency of discharge of one E-cell in
both the anaesthetized (Fig. 4A) and spinalized (Fig. 4B) states of the
cat. This neurone responded to hair movement, noxious pinching and
noxious heating in both states. Noxious heating in the anaesthetized
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state produced a transient increase in the rate of firing that did not follow
the time course of changes in superficial skin temperature (Fig. 4^4),
whereas after blocking the spinal cord at L3 the same neurone responded
with increases in its rate of discharge that followed closely the time course
of changes in skin temperature (Fig. 4B). These differences in responsivenes
of spinalized and intact preparations (Fig. 5 C and D) were not, however,
a constant feature of the E-cells. Some showed activity which followed
more closely the time course of the noxious heating in both states (Fig.

Cord unblocked

Cord blocked

1 min

Fig. 4. Responses obtained from the same E-cell in both: A, the anaesthe¬
tized state of the animal; and B, after blocking the spinal cord. Responses
to hair movement (H) pin-prick (P) and noxious heat are shown.
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5 A and B). Most of these that did not were recorded in decerebrated
preparations.

Inhibitory responses. Six neurones (16% of the total sample and 19%
of the units affected by noxious stimuli) were inhibited (I-cells) by heating
the skin to noxious levels (Fig. 3J5). Either spontaneous activity (as in
Fig. 6 B) or activity evoked by moving hairs within the receptive fields
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Fig. 5. Responses of two E-cells to noxious heating of their receptive
fields. A and B, one unit shows the same time course to the increase in skin
temperature in the intact state and after spinalization. C and D, the other
unit shows a transient increase when the cord is unblocked and a continuous

response after blocking the cord. Open circles in B and D = cord blocked;
filled circles = cord unblocked.

of the units (as in Fig. 6/1) were inhibited and inhibition occurred in both
blocked (Fig. 6A upper) and unblocked (Fig. 6/1 lower) states of the spinal
cord. A constant feature of these neurones was the range of skin temper¬
atures which produced inhibition. Reduction in spontaneous or evoked
activity was seen when the skin temperature reached 40-45° C but at
temperatures above 55-60° C there was a return of the activity to pre-test
levels (Fig. 6C).

Mixed responses. Six neurones (16 % of the total sample and 19 % of the
units affected by noxious stimuli) showed a more complex response when
noxious heating was applied repeatedly to their excitatory receptive
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fields. As illustrated in Fig. 3 C these neurones showed an increase in
spontaneous activity when the skin temperature reached noxious levels
but when this stimulus was discontinued activity remained at a high
frequency. During subsequent noxious stimuli, which closely followed this
first stimulus, a decrease in the rate of firing occurred and removal of
these subsequent stimuli was accompanied by a further surge of intense
activity. It seems therefore that the responses of these neurones to

Fig. 6. Responses of two I-cells to noxious heating of their receptive fields.
A, inhibition of activity produced by hair movement (H) is shown in the
same spinocervical tract neurone both before (top) and after blocking the
spinal cord (below). Inhibition of spontaneous activity in another unit is
shown in B. The relationship between skin temperature and frequency of
discharge is shown in C: open circles = spinal state with hair movement;
filled circles = intact state with hair movements; filled squares = intact
state with spontaneous activity.

afferent inputs from nociceptors reversed from excitation to inhibition
(El-cells). In other El-cells this effect appeared in a different form; there
was either an increase or no effect in the rate of spontaneous firing of the
neurone during repeated noxious heating of the skin but increased
activity after removing the heat source. This reversing type of behaviour
was not affected by blocking the spinal cord. In units with the most
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clearly shown reversed responses (as the one shown in Fig. 7A) the
threshold for excitatory effects was always higher than that for inhibitory
effects (Fig. IB).

100

so

u 65

27 L

Cord unblocked

1 min
I l

40 r

20

40 50

Skin temperature (° C)

Fig. 7. Responses of one El-cell to noxious heating of its receptive field.
This unit is excited by hair movement {H), by the first heat stimulus and
inhibited by subsequent heat stimulations. In B it is shown that the
threshold for the excitatory response to heat (open triangles) of the unit
shown in A is higher than the threshold for the inhibitory response (filled
triangles).

The reversal or responses of the El-cells was present and reproducible
in both the spinalized and the unblocked state of the cord. This contrasts
■with the unique and constant inhibitory response obtained from I-cells
and rules out the possibility that I-cells were in fact El-cells reacting to
a previous stimulus.
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Differences between E-,1- and EI-cells
In addition to their different responses to noxious stimulation of their

receptive fields some further differences between the three populations of
neurones were found.

Fig. 8. Descending inhibition. The figure shows changes in the spontaneous
activity of: A, an E-cell; B, an I-cell and C, an El-cell; which occur when
blocking the spinal cord by cooling. Note the marked increase in spontan¬
eous activity of the E-cell, the small increase of the I-cell and the transient
increase of the El-cell.

Spontaneous activity
E-cells showed the lowest rate of spontaneous activity (0-5 Hz) in both

anaesthetized and decerebrate preparations; the El-cells were slightly
higher (5-20 Hz); I-cells exhibited the highest level of background activity
(30-40 Hz).

Descending inhibition
The degree of descending inhibition was assessed by cooling the spinal

cord and recording changes in spontaneous activity of the spinocervical
tract neurones (Eig. 8). E-cells were under the strongest descending
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inhibitory control, their rate of spontaneous firing being eight to twenty-
times higher in the spinalized state (Fig. 8.4). In contrast I-cells and
El-cells showed only small or transient increases in spontaneous activity,
(Fig. 8B and C). Taking into account the spontaneous activity of these
neurones (see above) it was seen that units with a low rate of resting
discharge are subject to the most powerful descending inhibition (E-cells)
whereas units with higher rates of background activity receive a less
powerful descending inhibition (I and El-cells).

Location in the dorsal horn

Fig. 9 shows the recording sites of E, I and El-cells superimposed on
transverse sections of the spinal cord (Fig. 9A) and on a plan view of the
dorsal horn (Fig. 9B). The only difference was that the El-cell recording
sites were mainly in the more medial part of the dorsal horn.

Conduction velocities

The E-eells had axons with conduction velocities similar in range to
that of the whole sample (Fig. 9 C) whereas the axons of I- and El-cells
had conduction velocities within a much narrower range.

Receptive fields and non-noxious responses

No differences were found between the receptive fields of the different
kinds of neurones, they were similar in both shape and size. All the three
kinds of neurone were excited by moving hairs within their receptive
fields. However, no attempt has been made to distinguish between
different kinds of hairs and we are therefore unable to say whether
particular kinds of hairs excite E-, I- or El-cells.

Variability between cats
No differences were found in the number and kind of neurones recorded

from different animals in different conditions (i.e. spinalized, anaesthetized,
decerebrated).

DISCUSSION

The novel results reported in this paper establish that spinocervical
tract neurones can respond in different ways to noxious stimulation of
the skin. As far as the general characteristics of spinocervical tract
neurones are concerned we have found no differences between our sample
and those obtained in previous studies. The conduction velocities obtained
are comparable with those published by Brown & Franz (1969) and Bryan
et al. (1973) and the distribution of our recording sites in the spinal cord is
coincident with that of Bryan et al. (1973) and with the distribution of the
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extracellularly recorded spinocervical tract neurones of Brown et al. (1976).
The location of spinocervical tract neuronal bodies, as determined by intra¬
cellular staining (Brown et al. 1976), is, however, restricted to a narrower

region around lamina IV. This suggests that extracellular recordings pick
up unit activity some distance away from the cell bodies, or that only the
biggest spinocervical tract neurones are concentrated in this region. The
kinds of receptive fields found in our sample of spinocervical tract neurones
and their topographical representation in the spinal cord are in agreement
with the somatotopic mapping of dorsal horn neurones in the lumbosacral
Spinal cord of the cat (Brown & Fuchs, 1975).

In contrast to the report of Brown et al. (1975) that 70 % of spinocervical
tract neurones receive A-C fibre excitation, only 50 % of our sample showed
a clear discharge when C-fibres were stimulated in the dorsal root. It is,
however, known that a discharge evoked by C-fibres stimulation can be
inhibited by a previous conditioning volley in the A fibres with the maximal
inhibition occurring at 30-50 msec after the A discharge (Brown et al. 1975).
We were stimulating dorsal roots and the time of arrival of the C-volley at
the spinocervical tract neurones was well within this period of inhibition and
it is therefore probable that some of our sample of neurones did not respond
to C-fibre stimulation because of this inhibition. This is supported by the
fact that some spinocervical tract neurones with no response to electrical
C-fibre stimulation did, however, show an excitatory discharge in response
to natural noxious stimulation of the skin when C-fibre nociceptors were
presumably excited.

Particular attention has been paid in the present work to the effect of
noxious cutaneous stimulation on transmission through the spinocervical
tract. The kind of stimulation employed (heating) is known to excite
nociceptors (Beck, Handwerker & Zimmermann, 1974) and according to
behavioural experiments (Zimmermann & Handwerker, 1974) the threshold
of the nocicensive escape movement in cats shows a good correlation with
the thermal threshold of the population of nociceptors. We therefore
assume that heating the skin surface above 40-45° C is a kind of stimula¬
tion that both excites nociceptors and evokes 'pain' reactions. The
question of whether heating the skin surface to such a high level produces
irreversible skin damage or alters the behaviour of other receptors is
still open to discussion. In the present experiments the heat pulses were
maintained for the shortest possible period and the responsiveness of the
neurones to gentle mechanical stimulation of the receptive fields, before
and after the noxious stimuli were applied, did not change.

Until now only excitatory responses to noxious stimuli have been
reported in spinocervical tract neurones (Brown & Franz, 1969) and then
only in 57 % of them. According to results from our sample, 86-5 % of
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the spinocervical tract neurones were affected in one or another way by
noxious stimuli. Most of the remaining 13-5 % of neurones which responded
only to light mechanical stimulation were obtained in the first few experi¬
ments. In these experiments only excitatory responses to noxious stimuli
were expected. When inhibitory and reversed responses were obtained a
more extended set of tests was developed and very few spinocervical tract
neurones were subsequently found to be unaffected by noxious stimuli.
Although we cannot rule out the existence of such nociceptor-unaffected
spinocervical tract neurones, we believe that the proportion of such

'

neurones in the tract may be even smaller than 13-5 %.
Recently Iggo (1974) has proposed a new classification of dorsal horn

neurones on the basis of their excitability from the skin. Three main
categories of neurones can be distinguished (classes 1, 2 and 3) of which
class 3 neurones are those selectively excited by nociceptors. One of the
aims of this investigation was to study the proportion of class 3 neurones
within the spinocervical tract. Only one neurone in our sample was of this
type and only showed its receptive field in the spinalized state of the cat
which points to strong descending inhibitory control of such neurones.
This small proportion of class 3 neurones projecting through the spino¬
cervical tract suggests that the spinocervical tract does not carry a major
share of specific nociceptive information.

Three different kinds of responses to noxious heating of the skin have
been described in this paper. Our nociceptor-excited cells (E-cells) corre¬
spond to those spinocervical tract neurones previously described by
Brown & Franz (1969). We found, however, that the frequency of discharge
of these neurones to noxious heat was higher than that reported by
Brown & Franz (1969), being as high as 50 Hz in the anaesthetized or
decerebrated preparations and 200 Hz or more in the spinalized state.
These neurones receive the strongest descending inhibitory influences,
show very little spontaneous activity and do not follow the time course of
the noxious heat in the intact animal, whereas a marked increase in all
their excitatory responses occurs after spinalization. Functionally these
neurones behave as typical class 2 cells of Iggo (1974) and Handwerker
et al. (1975). Most of our samples of E-cells from decerebrated animals
did not follow the time course of the noxious heat in the unblocked state

of the cord. This agrees with the recent description by Le Bars, Menetrey &
Besson (1976) of an enhancement of descending inhibition of those lamina
V cells responding to noxious stimuli in decerebrate cats. Of particular
interest are the nociceptor-inhibited spinocervical tract neurones (I-cells)
whose spontaneous activity, as well as non-noxious evoked activity, can
be inhibited by skin nociceptors and that are subject to weak and phasic
descending inhibition. In some way they are the counterpart of the class
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3 cellsof the lamina Iwhich are selectively excited by nociceptors, show weak
descending inhibition and are inhibited by sensitive mechano-receptors
(Cervero et al. 1976&). The existence of I-cells in the spinocervical tract
brings into question the statement that cutaneous C-fibres either excite a

spinocervical tract neurone or have no other action (Brown etal. 1975).There
appear to be two explanations. Firstly, Brown etal. (1975) used electrically
evoked C-volleys, a technique that in synchronously exciting an unknown
number of fibres from different receptive fields can produce mixed effects
in the dorsal horn. The second possible explanation is that our I-cells are
inhibited by nociceptors which show a clear response to heating above
40-45° C but whose axons conduct in the AS range (Beck et al. 1974).
In any case the inhibitory effects reported in this paper might be produced
by interactions of primary afferents by means of primary afferent depolari¬
zation. This would support one of the current hypotheses, namely that
C-fibres produce primary afferent depolarization and thus cause pre¬
synaptic inhibition in A-fibres (Franz & Iggo, 1969; Janig & Zimmermann,
1971). It is also possible that some of the inhibiting effects might be
produced by decreased activity of sensitive mechanoreceptors when heated,
as for example reported by Beck et al. (1974) for the pad slowly-adapting
mechanoreceptors in the cat.

The group of cells with reversed responses to noxious heating (El-cells)
are interesting because no responses of this kind have previously been
reported in dorsal horn cells and because Gordon & Manson (1967)
described cells in the nucleus ventralis posterolateralis of the thalamus
of the cat with similar characteristics. This nucleus receives the main

output of the dorsal column nuclei. A direct projection from the spinal
cord to the nucleus ventralis posterolateralis has, however, been denied
in the cat (Boivie, 1971). The similarity between our El-cells and the
thalamic cells reported by Gordon & Manson (1967) leads us to postu¬
late that an indirect pathway via the lateral cervical nucleus is responsible
for the transmission of El-responses to the nucleus ventralis postero¬
lateralis. Further studies in the lateral cervical nucleus will be required in
order to confirm such a postulate.

Recently Price & Browe (1975) have described some neurones pro¬
jecting through the ipsilateral dorsolateral columns which exhibited
responses to non-noxious changes in skin temperature, and concluded
that they were excited by warm receptors and might possibly be spino¬
cervical tract neurones. In contrast with these results and in agreement
with Brown (1973) we have found no spinocervical tract cells which were
sensitive to changes in skin temperature below 40° C. The cells reported by
Price & Browe (1975) may belong to pathways other than the spino¬
cervical tract which also project through the ipsilateral dorsolateral
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funiculus but on the present evidence were unlikely to be spinocervical
tract cells.

Several points of note can be made on the role of the spinocervical
tract in nociception. First is the high proportion of spinocervical tract
neurones that are affected in one way or another by a noxious input from
the skin (more than 86% in our sample). The proportion of spinocervical
tract neurones exclusively excited by nociceptors appears, however, to be
extremely low and under strong descending inhibition. The majority of the
cells are excited by sensitive hair follicle mechanoreceptors as well as

being affected by nociceptors. Nevertheless spinocervical tract neurones
are affected when noxious stimuli are applied to the skin and a possible
function of these responses might be to provide signals that help in the
recognition, discrimination or simply the existence and peripheral localiza¬
tion of potentially damaging stimuli. Information about the specified
quality would need to be mediated by other pathways with a higher
proportion of class 3 cells. The existence of different responses within the
spinocervical tract, namely excitation, inhibition or mixed responses
support this interpretation of the role of the spinocervical tract as a
pathway indirectly involved in nociception, and stresses the fact that it is
not possible to attribute to a single anatomical pathway a sensory-
modality function.
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Numerous aspects of the mechanisms of sensory transmission through the dorsal
horn have been studied in detail. Many laboratories have recorded and analyzed the
responses of dorsal horn neurones to cutaneous stimuli (for review see ref. 23) and the
transmission of this cutaneous information through ascending sensory pathways in
several animal species (for reviews see refs. 1 and 2). The small neurones of the sub¬
stantia gelatinosa Rolandi (SG) have, however, resisted electrophysiological analysis
and their functional role has been an open field of speculation23. An outstanding ex¬

ample of such speculation is the 'gate control theory'13, which considers the SG
neurones as a pool of homogeneously responding cells that are excited by large afferent
fibres and inhibited by small ones. The 'gate theory' has been severely criticized (for
review see ref. 14), and the role of the SG neurones in modulating sensory inputs
remains a mystery due to the fact that no published data is available about their
electrophysiological characteristics. It is generally assumed that SG neurones play
a role in modulating the sensory messages at their first relay and several reports support
this interpretation8'21. It seems then that it is timely to try to solve the problem of re¬

cording from these small cells.
The histological organisation of the SG has been the major obstacle in preventing

recording from SG neurones. The neurones lying in this area are the smallest in the
spinal cord (10-15 ,t<m)16'19'20; primary afferent fibres pass through the SG10'19 or
end in it18-20; axons from larger and deeper dorsal horn neurones course through the
SG3 and dendrites from these larger cells also climb to this area16-18'19. There are.
therefore, a number of neuronal elements in the SG so that all the electrical activity
recorded there cannot necessarily be attributed to the small SG neurones.

This report presents preliminary results obtained by recording from what we
consider are SG neurones, using our criteria1 to identify them and account for our

experimental approach to the problem.
Experiments have been performed on cats anaesthetized with chloralose (60-70

mg kg) and paralyzed w ith gallamine. Care was taken to minimize deterioration of the
animals during the experiments. Blood pressure was monitored, end-tidal CCC was
maintained between 3.5-4.5 % and rectal and spinal cord temperatures were kept within

49



566

Fig. 1. A: experimental arrangement. The diagram shows the position of the stimulating macro-
electrodes in L3 and L4 and of the recording microelectrode in L6-L7. Lissauer's tract has been draw n
as a band running along the surface of the spinal cord. Note the position of the transverse incisions
made in the dorsal columns and in the dorsolateral funiculus. Pieces of photographic film of appropriate
size and shape were inserted as markers in the cuts performed. B: reconstruction of the lesions made in
the spinal cord. The left figure shows a spinal cord in which a small part of the dorsolateral funiculus
was left. The diagram on the right shows a case in which the medial part of the Lissauer's tract (L.T.)
was also destroyed.

physiological limits. Preparations that showed satisfactory general states, with a steady
mean arterial pressure over 100 mm Hg were the only ones that yielded successful
results. No plasma substitutes were administered in order to maintain the blood
pressure. It was found that slight deteriorations of the animals resulted in a loss of
activity from the small SG cells which were very sensitive to such changes.

A technique for restricted stimulation of Lissauer's tract was developed in order
to establish a standard search stimulus that activated antidromically some of the SG
neurones, as well as the fine myelinated and unmyelinated primary afferents running
in the tract9'18; Fig. 1A shows the experimental arrangement. Small transverse in¬
cisions were made in the dorsal columns and in the dorsolateral funiculus at the junction
of the segments L4 and L5 in order to isolate Lissauer's tract connecting the stimulating
points rostral to L4 and the recording points in L6 and 7. That area was selected because
Lissauer's tract is a well-defined bundle of fibres in these segments, whereas it becomes
a less well-defined band of intermingled fibres in lower lumbar segments16-17. Histo¬
logical work was carried out to assess the extent of the lesions (Fig. IB). It was found that.
even with the most carefully produced lesions, it was impossible to cut all the dorsal
column afferents and dorsolateral funiculus axons, and that if the incisions were made
too close to each other, part of the Lissauer's tract was also cut (Fig. IB). We assume.
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cutaneous receptive field was found. Fig. 2 shows examples of the recordings selected
on the basis of our criteria. In the case of extracellularly recorded neurones, inflexions
should be present in the rising phase of the biphasic spikes (Fig. 2A). We assume that
we were recording somadendritic spikes10. Also units that gave this sort of spike could
be recorded over a distance of less than 20^m during advance of the electrode, indicating
that they were generated by very small neuronal elements. With intracellular penetra¬
tions it was found that units that did not have inflexions in their spikes when recorded
extracellularly, also failed to show postsynaptic potentials. Stable intracellular re¬

cordings were made from 4 cells in the SG, all of which showed conspicuous post¬
synaptic potentials (Fig. 2B). These cells had responses to cutaneous stimulation that
differed from the well-known responses of larger deeper neurones1-22-23. Therefore,
the possibility that the intracellular records were from large dendrites penetrating the
SG could be ruled out.

When stimulating Lissauer's tract it was necessary that the neurones should be
excited antidromically and/or postsynaptically with latencies corresponding to con¬
duction in small myelinated or unmyelinated fibres. Five of 31 neurones responded
with an antidromic spike (conduction velocities range 4-16 m/sec), corresponding to
conduction in small myelinated axons. Since many of the SG neurones probably have
unmyelinated axons16-19-20 it is possible that only SG cells with A <3 axons project more
than 2 segments, that is from L4 to L6. All the SG neurones of our sample showed
postsynaptic activation with latencies indicating that the excitation was mediated by
small Ad fibres and/or C fibres. In one intracellular^ recorded SG cell an EPSP was

evoked at a constant latency by Lissauer's tract stimulation, suggesting monosynaptic
connections11-15 (Fig. 2C). This agrees with the published morphological data on the
organisation of the SG and Lissauer's tract (for review see ref. 12).

As a final criterion, for neurones meeting all the above requirements, it was

necessary that they should also have responses to cutaneous stimulation different from
those previously described for other larger dorsal horn cells1-22-23. We are aware that
this final criterion restricted out sample to 'new' dorsal horn neurones, but we wanted
to make sure that we were not recording from dendrites or displaced somata of other
deeper neurones or from the nociceptor-driven neurones of the lamina I6-".

It is still premature to conclude that the functional responses to cutaneous stim¬
ulation ofall the SG neurones are limited to those exhibited by our small sample of them.
Three main characteristics have, however, been found so far: all the neurones showed
a conspicuous continuous background discharge (range 5-40 Hz); most of them ex¬
hibited very strong inhibition by cutaneous stimulation and some gave rise to long-
lasting discharges after a short period of stimulation. Fig. 2D shows an example of
the responses of one of the SG neurones to a variety of stimuli applied to its cutaneous
receptive field.

Having established that it is possible to record unit activity from SG neurones
we are now engaged in a systematic analysis of the SG in order to study in detail the
responses of these neurones to natural cutaneous stimulation and the way they affect
sensory transmission through the dorsal horn. Preliminary results have been reported
to the Physiological Society4.
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summary

1. Intersegmental dorsal root potentials (d.r.p.s) have been recorded in the lumbar
spinal cord of spinalized cats under Na pentobarbitone anaesthesia, to investigate
the spinal cord structures involved in the intersegmental transmission of d.r.p.s.

2. A technique has been developed for restricted surgical isolation of Lissauer's
tract between the segments •with subsequent histological verification of the extent
of the isolation.

3. Section of the ipsilateral dorsal column resulted in an increase in the latency of
the intersegmental d.r.p. and a significant reduction in its amplitude. A further
reduction in amplitude was achieved by section of the ipsilateral dorso-lateral funi¬
culus.

4. Neither section of Lissauer's tract after the above lesions were performed nor
restricted Lissauer's tractotomies abolished intersegmental d.r.p.s; only a small
reduction in the amplitude of the d.r.p. was obtained.

5. It is proposed that intersegmental d.r.p.s are produced by the activation of a
propriospinal system projecting through pathways other than Lissauer's tract and
that primary afferent collaterals from the dorsal columns make a major contribution
to their generation. The contribution made by Lissauer's tract is probably small.

introduction

The tract of Lissauer is a small bundle of fine fibres running longitudinally and
lying between the dorso-lateral edge of the dorsal horn and the surface of the spinal
cord (Lissauer, 1885; Ramon y Cajal, 1909; Kerr, 1975). Small myelinated (A5) and
unmyelinated (C) primary afferent fibres enter the tract of Lissauei (Ramon y Cajal,
1909; Ranson, 1913, 1914) and divide into ascending and descending branches. They
run for one to two segments, before penetrating and ending in the substantia gelati-
nosa Rolandi (SG) of the dorsal horn (Rethelyi, 1977; LaMotte, 1977). It has been
estimated that the primary afferent component of Lissauer's tract constitutes from
25 % (Earle, 1952) to 50% (LaMotte, 1977) of its total number of fibres. The rest of
the fibres are intrinsic axons from substantia gelatinosa (SG) neurones and may run
in the tract for several segments (Szentagothai, 1964).

As part of a study of functional properties of SG neurones, we developed a tech¬
nique for surgical isolation of Lissauer's tract (Cervero, Ensor, Iggo & Molony,
1977a; Cervero, Molony and Iggo, 1977c), which has permitted antidromic stimula¬
tion of some of the SG neurones as well as the fine primary afferent fibres running in
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the tract. This technique also made possible the study of some of the intersegmental
effects mediated by Lissauer's tract.

Wall (1962) reported that section of Lissauer's tract completely abolishes inter¬
segmental dorsal root potentials (d.r.p.s) in a deafferented segment of the spinal cord.
As d.r.p.s are believed to be an expression of presynaptic inhibition at the first
synapse of dorsal root afferent fibres (Eccles, 1961; Eccles, Eecles & Magni, 1961),
the elimination of intersegmental d.r.p.s by section of Lissauer's tract has been
claimed as evidence that SG neurones mediate presynaptic inhibition in the spinal
cord (Wall, 1962; Melzack & Wall, 1965; Wall, 1973). The present experiments were
designed to establish the role of Lissauer's tract in the intersegmental transmission
of d.r.p.s by following Wall's (1962) original observations, using our technique of
surgical isolation of Lissauer's tract. It has been found, however, that most of the
neurones responsible for the generation of intersegmental d.r.p.s do not project
through Lissauer's tract.

METHODS

Results have been obtained from five cats anaesthetized with Xa pentobarbitone (40 mg/kg),
and paralysed with gallamine triethiodide. Additional Xa pentobarbitone was administered
during the experiment to maintain the level of anaesthesia. The cats were spinalized by complete
transection of the spinal cord at LI. The methods used for surgical exposure of the lumbosacral
enlargement of the spinal cord and the monitoring and maintenance of the physiological state of
the animals have been reported previously (Cervero, Iggo & Ogawa, 1976; Cervero, Iggo &
Molony, 1977 6).

Electrophysiological recording and stimulating techniques. The conventional methods (Schmidt
1971) of recording d.r.p.s were used. D.r.p.s were recorded from large filaments of the Lo or L6
dorsal roots which were dissected out under microscopic control. The rootlets were cut immedi¬
ately proximal to the spinal ganglia and placed on bipolar Ag/AgCl hook electrodes. One of the
hooks was placed close to, but not touching, the spinal cord and the other was at the distal end
of the cut rootlet. Recordings were made through AC amplifiers with a time constant of 1 sec.
In order to improve the signal to noise ratio, thirty-two responses were averaged using a Biomac
500 computer and were plotted on an X-F recorder. D.r.p.s were evoked by electrical stimula¬
tion of the dorsal root of the segment immediately rostral to the one from which the potentials
were being recorded (i.e. either L4 or L5 roots). The stimulated dorsal root was dissected out,
cut peripherally and placed on a pair of Ag/AgCl stimulating electrodes. Another pair of
electrodes was placed more proximally on the root to monitor the afferent volleys evoked by
the stimulation. Single shocks were delivered once every 2 sec at an intensity subthreshold for
AS fibres. At this intensity dorsal root reflexes (d.r.r.s) were often present and a further reduction
in stimulus amplitude was sometimes made in order to minimize interference of d.r.r.s with
d.r.p.s. A pair of ball-tipped Ag/AgCl stimulating electrodes placed on the ipsilateral dorsal
column at the level of the recording segment was used to test the effectiveness of surgical
section of axons conducting the afferent volley evoked in the stimulated root. A monopolar ball-
tipped Ag/AgCl electrode was placed on the cord surface to record cord dorsum potentials
simultaneously with the d.r.p.s. Fig. 1 shows a diagram of the experimental arrangement.

Techniquefor surgical isolation of Lissauer's tract. At the L4-L5 and L5-L6 junctions Lissauer's
tract is a well defined bundle of small fibres located between the dorsal columns and the dorso¬
lateral funiculus, just lateral to the line of the dorsal root entry. In order to isolate Lissauer's
tract, lesions were made in the adjacent dorsal columns and the dorso-lateral funiculus. Under
microscopic control ( x 32) the pia was carefully removed from the cord surface and a place was
found where a few superficial blood vessels were running parallel to the main axis of the spinal
cord. With the aid of fine watchmaker's forceps, transverse lesions of about 200 //m width were
produced by picking out white matter from the dorsal columns and from the dorso-lateral
funiculus. Particular care was taken to avoid damage to the main blood vessels in the area. The
depth and shape of the lesions was finally determined by the insertion of triangular pieces of
photographic film, the size and shape of which were designed to help produce the desired lesions.
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After inserting these markers the lesions were extended to adjust the shape of the lesion to that
of the pieces of film. After d.r.p.s had been recorded in this state of the preparation the remaining
small superficial bridge of white matter containing Lissauer's tract and lying between the markers
was also cut by crushing and tearing in order to transect the tract. In those cases in which a

large vessel was running superficially on this bridge, the vessel was lifted carefully and the white
matter beneath it was crushed and cut with no damage of the circulation.

Fig. 1. Experimental arrangement. The diagram shows spinalization at LI and the
system for recording of intersegmental d.r.p.s between L4 and Lo. A similar arrangement
was used when d.r.p.s were evoked in Lo and recorded in L6. The afferent volley evoked
by the dorsal root stimulation was also recorded, as were the cord dorsum potentials.
The electrodes used for stimulation of the dorsal columns are shown in the diagram.
Lissauer's tract is indicated as a line running along the surface of the spinal cord. The
transverse lines between segments L4 and L5 indicate the sections performed in the
dorsal column and dorso-lateral funiculus.

On other occasions section was restricted as closely as possible to that part of the spinal cord
in which Lissauer's tract runs. This was achieved by making a small transverse cut in line with
the point of the dorsal root entry and between the spinal cord segments being used.

Histological methods. At the end of the experiment the spinal cord containing the lesions and
the markers was removed and fixed in 10% formol-saline for 48-72 h. The markers were then
removed and the block was embedded in paraffin wax, 10 //m sections were cut and stained with
Page's modification of Palmgren's silver method (Page, 1971). The maximum extent of the
lesions was reconstructed from projections of the serial sections.
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RESULTS

Types and extent of the lesions performed. Reconstructions of examples of the differ¬
ent types of lesions performed are illustrated in Fig. 2. In six cases the sections
performed were similar to the one presented in Fig. 2 A. The ipsilateral dorsal column
and dorso-lateral funiculus were transected first, followed by a final cut through
Lissauer's tract. In these experiments attempts were made to assess the anatomical

a r

Fig. 2. Reconstruction of the lesions. A : lesions from one experiment in which the dorsal
column, dorso-lateral funiculus and Lissauer's tract were cut. B: assumption of the
anatomical situation existing in A before cutting Lissauer's tract. Further explanation
in the text. C and D: lesions performed in two experiments in which selective Lissauer's
tractotomies were attempted. The extent of Lissauer's tract (LT) has been indicated in
the intact side of each diagram.

situation existing in the spinal cord before Lissauer's tract was cut, by super¬
imposing an outline of a section of intact cord immediately rostral to the lesions
upon the outlines of the lesions. Because of the triangular shape of the cuts it was
assumed that the situation before cutting Lissauer's tract was that obtained by
prolonging the internal borders of the lesions to the surface of the cord in a straight
line (Fig. 2 B). By these means it was concluded that small parts of the dorsal column
and dorso-lateral funiculus around Lissauer's tract remained in continuity.

On seven occasions attempts were made to section only Lissauer's tract. Two
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examples of the lesions made are shown in Fig. 2 C and D. Although the lesions were
restricted they also included part of the adjacent dorsal column and dorso-lateral
funiculus.

Changes in the d.r.p.s after section of the dorsal column and the dorso-lateral funiculus.
Intersegmental d.r.p.s (evoked in L4 and recorded in L5 or evoked in L5 and re¬
corded in L6) were analysed before and after making the cuts at the junctions
between the segments. Three major changes were observed after sectioning the ipsi-
lateral dorsal column: (i) the size of the d.r.p. was reduced to about one-third of the

Fig. 3. Effects of dorsal column section on intersegmental d.r.p.s. In each pair of records
the top trace is the d.r.p. and the bottom trace the cord-dorsum potential. The Figures
show potentials before (A and C) and after (B and D) transection of the ipsilateral
dorsal column. A and B show the full time course of the potentials and C and D the
first 30 msec. The amplitude marks in A and C also apply to B and D.

20 msec

i I
5 msec

control d.r.p. size (Fig. 3 A and B); (ii) early potential changes were abolished
(Fig. 3 C and D); and (iii) the time of onset of the negative d.r.p. (the d.r.p.v of
Lloyd & Mclntyre, 1949) was increased by about 3 msec (Fig. 3C and D). It is
generally accepted that the early potential changes arise from activity produced by
the incoming afferent volley and the resulting synaptic activity (Lloyd & Mclntyre,
1949; Wall, 1958) so its disappearance after the cuts were made is an indication of
the effectiveness of the de-afferentation. Further evidence of the completeness of the
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de-afferentation was the disappearance of the N-waves of the cord dorsum potential
(Fig. 3). These waves are field potentials produced by the afferent volley and the
interneuronal activity evoked by the volley (Bernhard, 1953; Koketsu, 1956).

A second lesion, this time made in the dorso-lateral funiculus, resulted in a further
reduction in the amplitude of the intersegmental d.r.p. (Fig. 4 A). No evident further
changes in the latency of the DRP were, however, caused by this second lesion
(Fig. 4A).

20 msec

Fig. 4. Effects of Lissauer's tract section on intersegmental d.r.p.s. In each pair of
records the top trace is the d.r.p. and the bottom trace the cord-dorsum potential.
A : traces were recorded as follows (from top to bottom): intact spinal cord, after section
of the dorsal column, after section of the dorsal column and dorso-lateral funiculus,
and after section of dorsal column, dorso-lateral funiculus and Lissauer's tract. B (from
another experiment): records in the intact spinal cord (top) and after section ofLissauer's
tract (bottom). The amplitude marks in A and B apply to all subsequent records.

Changes in the d.r.p. after section of Lissauer's tract. The experiments reported in
the previous section left a preparation in which a bridge of white matter containing
Lissauer's tract remained intact and in which d.r.p.s could still be evoked. The
bridge of surviving tissue was now cut and intersegmental d.r.p.s were again tested.
Under these circumstances d.r.p.s could still be recorded, with only a very small
further reduction in their already much reduced overall size (Fig. 4A). In addition

60



LISSAUER'S TRACT AND DRP 301

a positive early wave in the cord dorsum potential was prominent in these prepara¬
tions (Fig. 4A).

The amplitude of the intersegmental d.r.p. recorded after section of the ipsilateral
dorsal-column, dorso-lateral funiculus and Lissauer's tract was greatly reduced in
relation to the d.r.p. recorded when the spinal cord was intact (compare the traces
in Fig. 4A). Although the most drastic reductions occurred after section of the dorsal
column and dorso-lateral funiculus there was an apparent small reduction when
Lissauer's tract was interrupted. An attempt was therefore made to study the relative
importance of Lissauer's tract in the over-all reduction. On seven occasions inter¬
segmental d.r.p.s were recorded before and after a small transverse incision was made

60 -

Fig. 5. Relationships between the reductions in intersegmental d.r.p.s and surgical
lesions made. The diagram has been constructed by pooling data from thirteen cases.
Each bar represents the mean percentual reduction of the control d.r.p. after making the
lesions indicated in the diagrams below the bars. The standard deviations are indicated
by the vertical lines.

in the area in which Lissauer's tract lies. As described above, these lesions also
included small parts of the surrounding structures (Fig. 2 C and D). Fig. 4B shows an
example of such an experiment. The lesions resulted in a reduction of the inter¬
segmental d.r.p.; on average the size of the d.r.p. recorded after section of Lissauer's
tract region of the spinal cord was about 50% that of the control. The N-waves of
the cord dorsum potential were also reduced (Fig. 4 B) indicating that some of the
dorsal column afferent collaterals had also been severed. No other changes in latency
or general configuration of the potentials were noticed.

Variability of the results. The pattern followed by intersegmental d.r.p.s in relation
to the different surgical lesions made in the spinal cord was similar in the thirteen
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cases examined. There was, however, a certain degree of variability for the same
lesions in different animals, or in different segments of the same animal. This vari¬
ability was expected due to the impossibility of exactly reproducing surgical lesions.
Fig. 5 shows the amount of variability, expressed as the standard deviation of the
mean, in each case. The reductions in the d.r.p.s have been analysed by measuring
the area under the negative d.r.p. (the d.r.p.v of Lloyd & Mclntyre, 1949). All the
values obtained have been normalized in respect to the control d.r.p. recorded in
each case. As shown in the Figure the pattern of changes followed by the d.r.p.s was
as previously described: big reductions after section of the dorsal column and dorso¬
lateral funiculus; very small further reductions when Lissauer's tract was also cut
and a reduction of about 50% when only the area containing Lissauer's tract was
sectioned.

DISCUSSION

The results presented in this paper establish that Lissauer's tract is not the only
pathway involved in the intersegmental spread of d.r.p.s and that although section
of it results in a reduction of these potentials it does not abolish them. Two main
criticisms can be made of our experimental approach. On the one hand the techniques
used for the isolation of Lissauer's tract, or for its restricted section, were not entirely
selective, i.e. fibres in the dorsal column and dorso-lateral funiculus remained intact in
the first case or were also cut in the second. We will discuss later the functional

implications of this fact. On the other hand all our studies have been based on

d.r.p.s generated by the activation of large m3relinated afferent fibres of unknown
origin and recorded from a non-homogeneous pool of dorsal root afferents. This is
particularly relevant in view of the fact that d.r.p.s and primary afferent depolar¬
izations (p.a.d.s) are produced by the activation of highly organized systems
(Schmidt et al. 1967; Janig, Schmidt & Zimmermann, 1968 a, b; Whitehorn & Burgess,
1973). In consequence we can explain our results only in general terms of a balance
between excitatory and inhibitory influences mediated by the anatomical structures
interfered with in the spinal cord.

The fact that intersegmental d.r.p.s in our experiments remain after section of
the dorsal column between segments demonstrates, in confirmation of Wall (1962),
that the larger myelinated afferent fibres are not exclusively responsible for the
generation of d.r.p.s in other segments. Two important changes were, however,
noticed in the d.r.p. after sectioning the dorsal column: (1) an increase in the latency
of the d.r.p. and (2) a marked reduction in its amplitude. We, therefore, conclude
that primary afferent fibres contribute indirectly to the intersegmental d.r.p. by
exciting in neighbouring segments the systems underlying its generation. The further
reduction observed after sectioning the dorso-lateral funiculus suggests that pro-
priospinal neurones projecting through that funiculus were also involved in the
generation of intersegmental d.r.p.s.

It is also reported in the present paper that intersegmental d.r.p.s survive both the
de-afferentation and Lissauer's tract section, thus establishing that Lissauer's tract
is not the main, and certainly not the exclusive, pathway for the intersegmental
transmission of d.r.p.s in de-afferented preparations. The size of the d.r.p. did, how¬
ever, decrease after sectioning Lissauer's tract, suggesting that this removed some
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excitatory influences acting upon systems generating the d.r.p. Whether this was
due to the interruption of the remaining few large afferent fibre collaterals around
Lissauer's tract, or to the section of the tract itself, cannot be decided on the present
evidence. The fact that the reductions in the amplitude of the d.r.p. were relatively
small when Lissauer's tract was sectioned and that the N-waves of the cord dorsum

potentials were also reduced when attempts were made to section only Lissauer's
tract strongly suggest that the primary afferent fibres running around Lissauer's
tract were, in fact, responsible for these reductions. As described above our tech¬
niques did not permit complete isolation of Lissauer's tract. However, it is not possible
to attribute the effects observed to the numerous AS and C primary afferent fibres
coursing in Lissauer's tract (Ranson, 1913, 1914; Earle, 1953; LaMotte, 1977),
because special care was taken to stimulate only the large A-fibres in the dorsal root
to evoke d.r.p.s.

The experiments reported in this paper confirm that intersegmental d.r.p.s are
produced when primary afferent fibres entering one segment of the cord trigger a
propriospinal system that in its turn generates p.a.d.s and d.r.p.s in the afferents of
the neighbouring segments. Three features of this system are: (i) the primary
afferents entering in one segment of the cord and running along the dorsal column
contribute significantly to the excitation of the d.r.p.-generating system in other
segments, (ii) the neuronal system triggered in one segment and producing d.r.p.s
two or three segments away consists largely of neurones that project by pathways
other than through Lissauer's tract, and (iii) the propriospinal neurones contributing
to the generation of intersegmental d.r.p. mainly project through the dorso-lateral
funiculus of the central grey matter of the dorsal horn.

One consequence of the above conclusions is to question whether all SG neurones
participate in the generation of d.r.p.s. We have not been able to confirm the de¬
pendence of the intersegmental d.r.p. on Lissauer's tract which contains an extrinsic
intersegmental pathway for SG neurones. Furthermore, a proportion of SG neurones
project intersegmentally through the fasciculus proprius of the dorsal horn (Ramon y
Cajal, 1909; Szentagothai, 1964), which lies in the dorso-lateral funiculus of the cord
and was cut in our experiments (see Fig. 2A). It can, therefore, be concluded that
both major extrinsic intersegmental pathways of SG neurones can be cut without
abolishing intersegmental d.r.p.s. One possible explanation for the discrepancy
between these results and those of Wall (1962) may be that our lesions were intended
to spare the grey matter. Wall's conclusions about Lissauer's tract have to be under¬
stood in the context that all other possible pathways had already been sectioned
(see his Methods) although this is not explicitly stated in his Results. It is known
that some SG neurones project through the SG itself. The axons of individual cells
of this kind have, however, been shown by Szentagothai (1964) to run for only 2-
3 mm, and transmission for any distance along such neurones would require a chain
of them and would be slow in comparison to activity travelling along longer axons
in the tracts and also with the latency of intersegmental d.r.p.s in our experiments.

In short it seems probable that the neurones generating intersegmental d.r.p.s
are not exclusively SG neurones projecting through Lissauer's tract and may well
include either or both SG and non-SG propriospinal neurones projecting through
other pathways such as the grey matter.
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Summary. Single unit activity has been recorded from nociceptor-driven
Lamina I neurones in the lumbar spinal cord of chloralose anaesthetized and
gallamine paralysed cats. Ninety-four nociceptor-driven Lamina I neurones
were identified by their superficial location in the dorsal horn and their
ability to respond only to noxius stimulation of their cutaneous receptive
fields. One-third of the Lamina I neurones responded only to noxious
mechanical stimulation of the skin (Class 3a) und two-thirds responded to
both mechanical and thermal noxious stimulation (Class 3b). Lissauer's tract
was stimulated electrically two and three segments rostral to the recording
sites. Ninety percent of the neurones tested showed a post-synaptic
excitation mediated by fibres conducting at a mean velocity of 5.2 m/s (range
0.9—13.3 m/s). It is concluded that AS and C afferent fibres running in
Lissauer's tract excite nociceptor-driven Lamina I neurones. Ninety-six
percent of the neurones tested showed a long period of inhibition (100-200
ms) following stimulation of large afferent fibres in the dorsal column. This
inhibition was increased when the intensity of stimulation recruited
Lissauer's tract fibres. Fifteen percent of the neurones tested were
antidromically activated by Lissauer's tract stimulation from up to 3
segments rostal to their origin. A further 18.5% were antidromically excited
by stimulation of deeper tracts. The mean conduction velocity of the axons of
these projecting neurones was 8.6 m/s (range 3.8—16.5 m/s) and thus are
small myelinated axons. The Class 3b neurones exhibited a significantly
lower conduction velocity' (7.5 ± 2.8 (S.D.) m/s) than the Class 3a neurones
(10.7 ± 3.7 (S.D.) m/s).

It is concluded that at least two-thirds of the population of noci¬
ceptor-driven Lamina I neurones are segmental interneurones.
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The most superficial part of the dorsal horn consists of a "gelatinous substance"
(Rolando, 1824) which presents a different aspect from that of the rest of the
grey matter. Clarke (1859) analysed the cellular contents of this "gelatinous
substance" and described two types of cells: (i) small cells great in number and
present all over this region and (ii) large cells, scattered around the superficial
border of the grey matter. These latter neurones were studied in detail by
Waldever (1888) who divided the region into two zones: the marginal zone
("die Zonaischicht"), a thin layer of grey matter which contains the large
marginal cells ("Marginalzellen") and stands as the border between the dorsal
columns and the grey matter; and the "substantia gelatinosa" proper (SG).
These two layers were subsequently named Lamina I and Lamina II by Rexed
(1952).

The morphological characteristics of the marginal neurones are well
documented (Ramon y Cajal, 1891, 1909; Earle, 1952; Pearson, 1952;
Szentagothai, 1964; Ralston, 1965; Scheibel and Scheibel, 1968; Kerr, 1975;
Narotzkv and Kerr, 1978). In transverse sections they appear as flat and
elongated neurones whose thick dendritic expansions extend over the superficial
aspect of the SG. Longitudinally, the dendritic tree is as extensive as in the
transverse plane. They tend to be found in irregularly distributed clusters. The
fine axons of these neurones have ben traced into the fasciculus proprius of the
dorsal horn (Ramon y Cajal, 1891, 1909), into the dorso-lateral funiculus in
general (Pearson, 1952) or into the tract of Lissauer (Earle, 1952; Szentagothai.
1964).

In 1970 Christensen and Perl in electrophysiological experiments described
neurones located superfically in the dorsal horn of the sacral spinal cord of the
cat which were excited exclusively by noxious stimulation of the skin.
Subsequently a number of reports have been published on the characteristics of
these specific nociceptor-driven Lamina I neurones in several animal species
(Willis et ah, 1974; Handwerker et ah. 1975: Kumazawa et ah. 1975; Cervero et
ah, 1976; Kumazawa and Perl, 1976; Menetrey et ah, 1977; Mitchell and
Hellon, 1977; Kumazawa and Perl. 1978; Necker and Hellon, 1978).
Convergence of high threshold muscle afferents and cutaneous nociceptors on
these neurones has also been described (Cervero et ah 1976). Christensen and
Perl (1970) suggested, on indirect evidence, that these nociceptor-driven
neurones were the marginal cells of Waldeyer (1888). This gave further support
to earlier speculation on the role of the marginal zone of the dorsal horn in
nociception. Kuru (1949) had correlated retrograde chromatolytic reactions of
the marginal cells with sensory changes in patients with antero-lateral
cordotomy for pain relief. More recently, marginal neurones have been shown
to project to the thalamus via the spino-thalamic tract (STT), the traditional
"pain pathway" (Trevino et ah, 1973; Trevino and Carstens. 1975).

Anatomical studies had. however, shown at least some marginal cells to be
propriospinal neurones (Szentagothai, 1964) and some of them possess
descending axons (Burton and Loewy, 1976). Such evidence suggests that the
population of marginal neurones is not functionally homogeneous.

As part of the series of studies on intersegmental spinal cord mechanisms
mediated via Lissauer's tract we have examined the proportion of noci-
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ceptor-driven Lamina I neurones which project rostrally for more than two
segments. The present paper gives an account of the proportion of noci¬
ceptor-driven neurones that project and particular emphasis is given to the
projection through Lissauer's tract. A preliminary report has been published
(Cervero et al., 1977a).

Methods

Experiments were performed on 33 adult cats weighing 2.0 to 3.5 kg. Anaesthesia was induced by
halothane in a mixture of oxygen and nitrous oxide and maintained with chloralose (60 mg/kg). The
methods used for surgical exposure of the lumbosacral enlargement of the spinal cord and the
monitoring and maintenance of the physiological state of the animals have been reported previously
(Cervero et ah, 1976, 1977b).

Electrophysiological Recording and Stimulating Techniques

Extracellular and intracellular recordings were made using glass microelectrodes usually filled with
3\1 KCI (impedance at 1 KHz ranged from 100-160 M2). Recordings were confined to a small area
of the cord at the junction of the L6 and L7 segments. To stimulate Lissauer's tract two pairs of
Ag/AgCl ball-tipped electrodes were placed in contact with the surface of the cord ipsilateral to the
recording microelectrode. They were positioned on Lissauer's tract, one at the level of entry of the
L4 dorsal rootlets and the other in a similar location one segment rostrally (Fig. 1A).

Stimulation of Lissauer's Tract

One of the aims of this study was to determine whether Lissauer's tract contains axons from the
specific nociceptor-driven neurones of Lamina I. Three types of preparation were used (Fig. IB). In
13 cats the spinal cord remained intact between the stimulating electrodes and the recording
microelectrode. In 17 cats lesions were made in the ipsilateral dorsal column and dorso-lateral
funiculus in order to isolate Lissauer's tract between the stimulating and the recording points.
Finally, in three animals Lissauer's tract was sectioned after cutting the ipsilateral dorsal column and
dorso-lateral funiculus (see Cervero et ah, 1978 for further details). Each nociceptor-driven Lamina
I neurone found in the L6-7 region was tested for projection by delivering stimuli (0.2 ms duration)
through the caudal stimulating electrode at progressively increasing intensities. Responses were
considered to be antidromic if they had a fixed latency and followed short trains of pulses at 300 Hz
or more. In some cases collisions with orthodromic spikes were also used as a criterion for
antidromic activation. The same kind of stimulation was subsequently applied through the rostral
electrode. As the intensity of the stimulus was progressively increased it was necessary to know at
which intensity all axons in the spinal cord were being stimulated. A control experiment was carried
out in which a ring of electrodes was placed around the L4 segment of the cord and recordings were
made from dorsal column afferent fibres and Lamina I neurones in the L6-7 segment. Afferent
fibres and axons antidromicaily stimulated from the ipsilateral dorsal column at L4 usually required
a 4-to-5-fold increase in the intensity of stimulation to reach thereshold for excitation from
electrodes on the contralateral ventrolateral quadrant at L4. It was assumed that an intensity of
stimulation ten-times higher than that necessary to stimulate the smallest myelinated fibres in
Lissauer's tract from the superficial spinal cord electrodes would be sufficient to stimulate most of
the fibres running in the spinal cord at that particular level. Neurones in L6-7 that did not show an
antidromic response at this intensity of stimulus when applied at L4 were considered to be
non-projecting neurones. For the group that showed an antidromic response it was necessary to set
up criteria to help establish more exactly the path of projection. When the conduction velocities of
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Fig. 1A. Diagram of the arrangement of stimulating and recording electrodes in the spinal cord. The
former are placed on the surface of the cord over Lissauer's tract which has been drawn as a band
running along the spinal cord. B diagrams of the state of the spinal cord between the stimulating and
recording electrodes in the three types of preparation employed. From top to bottom: intact cord:
section of part of the dorsal column and dorso-lateral funiculus ipsilateral to the recording side:
section of the dorsal column dorso-lateral funiculus and Lissauer's tract. Lissauer's tract has been
blackened in all the diagrams. C lack of correlation between the electrical thresholds of the
antidromically activated axons of Lamina 1 neurones and their conduction velocity. Axons activated
by low intensities of stimulation (< 1 volt) were for reasons given in the text assumed to project
through Lissauer's tract

axons were plotted against the threshold for antidromic excitation, no correlation existed between
the two (Fig. 1C). Furthermore, a clear distinction could be established between a group of neurones
with a wide range of conduction velocities, responding antidromically at low intensities (2 to 10
times threshold for dorsal column afferent fibres) and another group that required a much higher
intensity of stimulation (20 to 100 times threshold for dorsal column afferent fibres) for antidromic
activation (Fig. 1C). It was assumed that neurones of the first group had axons projecting through
Lissauer's tract and that the axons of the latter group were more deeply placed in the cord. High
intensity stimulation also spreads along the rostro-caudal axis of the cord: the use of two sets of
stimulating electrodes along this axis and the analysis of thresholds and latencies helped to exclude
neurones excited in such a way.

In the three preparations in which Lissauer's tract had been cut no units were found responding
with an antidromic spike to low intensity superficial stimulation of the cord, whereas antidromic
responses were still obtained at higher intensities. This is further support for our distinction between
the Lissauer's tract and other tract axons.

Identification of Nociceptor-driven Lamina I Seurones

Single unit activity, evoked by electrical stimulation of Lissauer's tract and/or natural stimulation of
the skin, and recorded in the superficial dorsal horn was attributed, as in earlier studies (Cervero et
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al., 1976) to nociceptor-driven Lamina I neurones if the recording sites were located in. or around,
the Lamina I and if only noxious stimulation of the cutaneous receptive field was able to evoke
activity in these neurones. The stimuli included squeezing the skin with smooth-tipped and/or
serrated forceps, pin-prick, pinch and raising the skin temperature above 45° C with radiant heat.An
example of a typical response of a nociceptor-driven Lamina 1 neurone is shown in Fig. 2A.

Histological Methods

A grid of parallel tracks was made during the experiment and the depth of the recording site of each
neurone was noted. A scale was made in the last track by electrophoretic deposition of pontamine
sky blue at regular intervals. After locating the spots in frozen sections, counter-stained with
haematoxylineosin. the locations of the recorded neurones were calculated by the depth
measurements, using the marked spots as a scale. Details of this method of locating recording sites
have been previously published (Cervero et al., 1977b). In those preparations in which lesions were
made in the spinal cord, histological examination was carried out to assess the extent of the damage
(for further details see Cervero et al., 1978).

Results

Classification of Nociceptor-driven Lamina I Neurones

The more general term "Class 3 neurones" has been proposed for the noci¬
ceptor-driven Lamina I neurones, (Iggo, 1974) and two subgroups have been
defined by Cervero et al. (1976): (i) Neurones responding only to noxious
mechanical stimuli applied to their receptive fields (Class 3a) and (ii) Neurones
responding to both mechanical and thermal noxious stimuli (Class 3b) (Fig. 2A).

In the present experiments a sample of 94 Class 3 neurones was examined;
responses to noxious stimulation of the skin were fully analysed in 84 of them:
29 were Class 3a (34.5%) and 55 were Class 3b (65.5%). The remaining 10
neurones were lost before a complete set of tests was applied to their receptive
fields.

Location of Recording Sites

Figure 2B shows the locations of the recording sites of 61 Class 3 neurones. The
recording sites were mainly in the Lamina I, although recordings were also taken
in the adjacent white matter or in deeper parts of the SG (Lamina II). No
correlation was found between the functional type of Class 3 neurones (i.e., 3a
or 3b) and their location in the dorsal horn. Seven intracellular recordings were
made from Class 3 neurones. Six recording sites were established and all were in
the Lamina I (Fig. 2).

The recording sites of 9 Class 3 neurones projecting through Lissauer's tract
and of 10 Class 3 neurones projecting through other pathways were also
analysed. Figure 2C and 2D shows that no correlation could be established
between functional types of Class 3 neurones and pathways of projection. It was
also clear that the distribution of the group of neurones that projected was
similar to that of the total sample of neurones (Fig. 2B, C, and D).
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Squeezing
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Others

Fig. 2A. Characteristic responses of a Class 3b neurone in Lamina I. Note the absence of
background activity and the vigorous responses to squeezing the cutaneous receptive field with
serrated forceps and to heating above 45° C. B locations of the recording sites of 61 Class 3
neurones. C locations of the recording sites of 9 Class 3 neurones projecting through Lissauer's tract.
D locations of the recording sites of 10 Class 3 neurones projecting through other pathways. The
outlines of the substantia gelatinosa have been drawn in all the diagrams. Key to the symbols: open
symbols = extracellular recordings: filled symbols = intracellular recordings; O = Class 3a: A =
Class 3b: 3 = sub-class not established

1mm

Background Activity and Receptive Fields

Eighty-seven of the 94 Class 3 neurones did not show spontaneous or
background activity in the absence of cutaneous stimulation The remaining 7
neurones exhibited a low level of background activity of less than 3Hz. Most of
the recordings were made in the L6-7 junction and therefore the majority of the
receptive fields were confined to the ipsilateral toes. Neurones with receptive
fields on the leg or on the upper thigh were found in the most lateral part of the
Lamina I at the L6—7 junction. The receptive fields of the foot were confined to
one or two toes or to an area not larger than one square cm whereas on the leg
and thigh they were larger, but only exceptionally exceeded an area of about
5 cm:.
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Responses of Nociceptor-driven Lamina I Neurones to Electrical Stimulation of
Lissauer's Tract

Three kinds of responses were observed when the part of the spinal cord
containing Lissauer's tract was stimulated: orthodromic excitation, inhibition
and antidromic excitation. Ninety percent of 70 Class 3 neurones fully tested for
orthodromic excitation showed an orthodromic excitatory response to Lissauer's
tract stimulation (Fig. 4A), usually consisting of a train of spikes and sometimes
of a single action potential, that did not follow high (100 Hz) frequencies of
stimulation (Fig. 4A). Assuming monosynaptic connections between the Class 3
neurones and the fibres stimulated in Lissauer's tract the mean conduction

velocity of the latter was estimated at 5.2 m/s (range 0.9—13.3 m/s), corre¬
sponding to small A6 and C fibres.

Nearly all (53 of 55) Class 3 neurones tested responded with a period of
inhibition after the initial excitation. This inhibition was mediated by the large
dorsal column afferent collaterals since it appeared at intensities of stimulation
just above threshold for them (Fig. 3). This inhibition lasted for 100—200 ms. A
further increase in the intensity of stimulation resulted in an extension of the
period of inhibition (Fig. 3), suggesting that the fibres of Lissauer's tract may
also have contributed to the inhibitory effect.

Antidromic Activation of Nociceptor-driven Lamina I Neurones

All the neurones were tested for antidromic projections and as described in the
Methods section, two kinds of antidromic activation of Class 3 neurones were
observed. Fourteen neurones showed antidromic responses that appeared at the
same intensity of stimulation (2 to 10 times threshold for dorsal column afferent
fibres) as the post-synaptic activation (Fig. 4B). The low conduction velocities of
the axons and the intensity of stimulation required for the activation of the
neurones suggested that the responses were due to stimulation of Lissauer's
tract. In contrast 17 Class 3 neurones showed only a post-synaptic excitation at
intensities of stimulation which on the basis of latency measurements were
sufficient to activate Lissauer's tract (Fig. 4, C-l), and required an intensity of
the stimulus sufficient to stimulate deeper spinal cord tracts before an
antidromic spike was evoked (Fig. 4, C—2).Thus on the basis of these results 31
of 94 Class 3 neurones tested (33%) were antidromicallv activated when the
cord was stimulated two segments rostrally; 45% from Lissauer's tract and 55%
from deeper tracts. Most of the antidromicallv excited neurones also showed an
orthodromic excitation when Lissauer's tract was stimulated; exceptions were 3
neurones projecting through Lissauer's tract and one projecting through deeper
tracts which only showed antidromic responses.

Figure 5 A shows the distribution of the conduction velocities of the axons of
the total sample of Class 3 neurones projecting more than two segments
rostrally. The mean conduction velocity was 8.6 m/s (range 3.8-16.5 m/s)
corresponding to a group of small myelinated axons, and there were no
differences between the conduction velocities of the axons of these neurones

73



142 F. Cervero et al.

A

!| I

T

mi I

B

i n in JiiikJlui h iiiiiQi

-i5

J0

3T

ulll my

30T

I llll JiiiiLjiliiiljJliiijJ
Impulses

/bin

i.mm i ii i ii luJilk

60T

H LULl _1_IL Luukiiii

200 ms 200 ms

Fig. 3A and B. Inhibition, by superficially placed spinal cord electrodes, of the responses evoked in a
Class 3 neurone by continuous squeezing of its receptive field. The same records are shown as the
ten superimposed responses in A and as post-stimulus time histograms of ten responses in B. The
time of application of the electrical stimulus to the surface of the spinal cord is marked by an S.
Numbers in the centre of the figure indicate the stimulus intensity in multiples of the threshold (T)
for the large dorsal column afferent fibres (T = 50 mV). This unit was orthodromically excited by
Lissauer's tract stimulation (see histograms)

that projected through Lissauer's (8.5 ± 3.5 m/s (mean ± SD)) and those that
were activated from deeper structures (8.7 ± 3.6 m/s (mean ± SD)) (Fig. 5A).
A difference was, however, found when the conduction velocities of the axons of
Class 3a and Class 3b neurones were compared regardless of their pathway of
projection. The 16 projecting Class 3b neurones exhibited significant lower (2%
level, Student's f-test) conduction velocities (7.5 ± 2.8 m/s (mean ± SD)) than
the 12 projecting Class 3a neurones (10.7 ± 3.7 m/s (mean ± SD)) (Fig. 5B and
C). No differences were found in the conduction velocities of the axons of
neurones projecting through Lissauer's tract or through deeper parts of the cord
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Fig. 4A-C. Responses of different types of Class 3 neurones to electrical stimulation by electrodes
placed on Lissauer's tract. A post-synaptic activation in a non-projecting neurone. B antidromic
activation in an intracellularly recorded neurone appearing at the same threshold of stimulation as
the post-synaptic activation. C neurone showing only post-synaptic activation at intensities of
stimulation (IV) that activated Lissauer's tract (CI), but exhibiting antidromic spikes (arrows) at
higher intensities of stimulation (3V) (C2). The time of application of the electrical stimulus to the
surface of the spinal cord is marked by an S
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Conduction velocity (m/s)

Fig. 5A-C. Distribution of the conduction velocities of the axons of the projecting Class 3 neurones.
In each histogram the continuous line represents the whole observation and the hatched histogram
the distribution of the conduction velocities of the axons of Class 3 neurones projecting through
Lissauer's tract. A total sample of Class 3 neurones projecting more than two segments rostralK.
B projecting Class 3a neurones. C projecting Class 3b neurones. The number of neurones mean
conduction velocity and standard deviation of the observations have been presented in each
histogram

within each group (Fig. 5B and C). Regardless of the path of projection it is
clear that Class 3b neurones have thinner axons than Class 3a neurones.

Twenty-eight of 31 projecting neurones were antidromicaily activated from
the two sets of electrodes placed 2 and 3 segments rostrally. The three remaining
neurones could be stimulated only from the caudal electrode showing that they
were propriospinal neurones. It is not possible to decide whether the other 28
were propriospinal or tract neurones since stimulating electrodes were not
placed more rostrally.

Relationships Between the Proportion of Projecting Neurones and the Type of
Preparation Used

Considering the whole sample of 94 Class 3 neurones the proportions of
projecting and non-projecting neurones were as follows: 63 neurones (67%) did
not project; 14 neurones (14.99f) projected through Lissauer's tract and 17
neurones (18.1 %) projected through deeper parts of the cord.
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Fig. 6. Proportions of Class 3 neurones projecting through Lissauer's tract (LT), other pathways
(Other) or non-projecting (NP). in relation to the type of preparation used. The histogram at the left
shows the proportions for the total sample. The other histograms show the proportions in each kind
of preparation used, which are schematized below each histogram. From left to right: (i) intact
preparations; (ii) section of the ipsilateral dorsal column and dorso-lateral funiculus and (iii) section
of the ipsilateral dorsal column, dorso-lateral funiculus and Lissauer's tract. The numbers of
neurones recorded in each kind of preparation are indicated

Three different preparations described in more detail by Cervero et al.
(1978) have, however, been used in these experiments. The proportions of
neurones projecting through various pathways were considered in relation to the
type of preparation in an attempt to establish possible pathways of projection.
The results are presented in Fig. 6.

Section of the dorsal column and dorso-lateral funiculus did not change the
total number of projecting neurones. In intact preparations 31.5 % of the sample
of Class 3 neurones projected compared with 37.3% in preparations with the
dorsal column and dorso-lateral funiculus severed.

As might be expected, no neurones were found showing characteristics of
Lissauer's tract projection (relatively low threshold and low conduction
velocity) in preparations with Lissauer's tract sectioned. The proportion of
neurones projecting through deeper parts of the cord in these preparations was
the same as in the total sample and in preparations with lesions not involving
Lissauer's tract (see Fig. 6).

It is, therefore, possible to state that the type of preparation employed did
not interfere significantly with the proportions of Lamina I Class 3 neurones
projecting into different pathways. The only difference observed was an increase
in the proportion of neurones projecting through Lissauer's tract in intact
preparations. This increase was made at the expense of a decrease in the
proportion of neurones projecting through deeper parts of the cord (Fig. 6).
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Discussion

The main conclusion that can be drawn from the present experiments is that
two-thirds of nociceptor-driven (Class 3) neurones in Lamina I do not send their
axons rostrally for more than two segments. Furthermore, a few Class 3
neurones which projected more than two segments were intersegmental
propriospinal neurones. The proportion of Class 3 neurones joining ascending
tracts is thus less than one-third of the total population.

The functional characteristics of the present sample of Class 3 neurones are
the same as those previously reported by our group (Cervero et al., 1976) and
by other laboratories (Christensen and Perl, 1970; Willis et al., 1974;
Handwerker et al., 1975; Kumazawa et al., 1975; Kumazawa and Perl, 1976;
Menetrey et al., 1977; Mitchell and Hellon, 1977; Kumazawa and Perl, 1978;
Necker and Hellon, 1978). A picture emerges from these studies of a
homogeneous population of neurones, superficially located in the dorsal horn,
showing little or no background activity, a distinct somatotopic organization,
relatively small receptive fields and responding exclusively to noxious
stimulation of their cutaneous fields and of deeper tissues. Yet, as this paper
stresses, lack of uniformity exists so far as the destinations of their axons are
concerned.

The assumption that all Class 3 neurones are Waldeyer's "Marginalzellen"
can therefore be re-examined in the light of the present evidence. This
assumption was initially suggested by Christensen and Perl (1970) on the basis
of extracellular dye marking and was subsequently supported by intracellular
staining of some marginal cells showing Class 3 properties and projecting
through the spino-thalamic tract in the monkey (Trevino et al., 1973). On this
evidence it has been assumed that most superficial Class 3 neurones were
marginal cells projecting to the brain via the spino-thalamic tract. In fact,
marginal cells have been described as the origin of the spino-thalamic tract in
the cat (Dilly et al., 1968; Trevino and Carstens, 1975), the rat (Giesler et al.,
1976), the monkey (Trevino et al., 1973), and the man (Kuru, 1949). On the
other hand. Kumazawa et al. (1975) in the cat and monkey and Handwerker et
al. (1975) in the monkey reported that only one-third of the nociceptor-driven
marginal cells could be antidromically activated from the cervical spinal cord.
The results reported in the present paper are in agreement with these last
reports and it therefore can be concluded either that not all marginal cells
project, or that not all Class 3 neurones are marginal cells even though in our
experiments all the recordings were made in the superficial grey matter.

Both possibilities can be considered in the light of the available evidence.
Szentagothai (1964) has described marginal cells sending their axons to
Lissauer's tract for no more than 2 segments in either direction. In this sense,
some marginal cells might well be propriospinal neurones. On the other hand, it
is known that the flat and relatively large marginal cells are not the only cellular
elements in the Lamina I. Ramon y Cajal (1891, 1909) described neurones
showing intermediate morphological characteristics between the marginal cells
and the small SG neurones. These intermediate cellular elements have later
been confirmed (Pearson, 1952; Scheibel and Scheibel, 1968) and could be the
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neurones sharing Class 3 responses with marginal cells and propriospinal
projections with small SG neurones. In this context Kumazawa and Perl (1978)
have described electrical recordings taken in the sacral SG from neurones
excited exclusively by C fibres. It could be that Lamina I Class 3 neurones
consist of two groups, the large marginal cells that project to supraspinal levels
and the intermediate SG neurones that do not.

Several comments can be made on the responses of our sample of Class 3
neurones to electrical stimulation of Lissauer's tract. First, a large proportion of
them showed post-synaptic excitation mediated by small A6 and/or C fibres.
This result agrees with the available information on the composition of
Lissauer's tract (for review see Kerr, 1975). The conclusion is that the small
afferent fibres coursing in Lissauer's tract excite superficial SG neurones
possibly in a monosynaptic fashion. This kind of organization has recently been
shown to exist in the cat's marginal zone (Narotzky and Kerr, 1978). In
addition, a long-lasting inhibition has also been reported in this paper. We
conclude that it was mediated by dorsal column afferent fibres which agrees with
previously reported inhibitory effects on Class 3 neurones mediated by large
myelinated afferents (Cervero et al., 1976; Foreman et al., 1976). The further
increase in inhibition seen at higher intensities of stimulation could be due to the
excitation of the afferent fibres running in Lissauer's tract, or of the axons of the
small SG neurones. It has been proposed that both sets of neuronal elements
mediate inhibitory effects on Class 3 neurones (Cervero et al., 1976; Narotzky
and Kerr, 1978).

Although it has been shown in this paper that some Class 3 neurones project
rostrally, we cannot decide on the present evidence whether they were long
propriospinal neurones or tract neurones. The different kinds of preparation
used seemed not to interfere with the proportions of neurones projecting
through different pathways. The increase in the number of neurones projecting
through Lissauer's tract in intact preparations, made at the expense of a
reduction in the number of Class 3 cells projecting through the other pathways,
can be attributed to the projection of some axons adjacent to, but not through
Lissauer's tract. In any case the present paper produces good evidence for a
projection of some Lamina I Class 3 neurones through Lissauer's tract. Whether
these neurones use this propriospinal path as a route on their way to join the
spino-thalamic tract or are simply propriospinal neurones cannot be decided on
the present results.
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Single unit neuronal activity has been recorded in the Substantia Gelatinosa Rolandi
(SG) of the lumbar spinal cord of chloralose anaesthetized and gallamine paralysed cats.
High impedance, fine tipped glass microelectrodes were used to record from the neurones
of the SG. A set of five criteria was laid down to differentiate activity generated by SG
neurones from activity produced by other neuronal elements. One hundred and ten
neurones satisfied all the criteria and the sample consisted of 78 extracellularly and 32
intracellular^ recorded SG neurones. The responses of these neurones to natural
stimulation of the skin have been analysed. The majority (86%) showed a conspicuous
and persistent background activity in the absence of intentional stimulation and a
cutaneous receptive field from which they could be inhibited. These SG neurones have
been called 'inverse' neurones because their response characteristics were the mirror
image of larger neurones in Laminae I, IV and V of the dorsal horn. The background
activity of the 'inverse' SG neurones was post-synaptically generated; different in pattern
from that of larger and deeper dorsal horn neurones and dependent on the afferent drive
to the SG neurones. Three main groups of 'inverse' SG neurones could be distinguished
according to the kind of natural stimulation that produced inhibition: (i) Class 'inverse'
1 (T), inhibited only by non-noxious stimulation of the skin, (ii) Class 'inverse' 2, (2)
inhibited by both noxious and non-noxious stimulation and (iii) Class 'inverse' 3 (3),
inhibited only by noxious stimulation. Class I SG neurones were excited by noxious
stimulation of their receptive fields and Class 3 SG neurones were activated by non-
noxious stimulation of theirs.

It is proposed that SG neurones control the transmission of all sensory messages
through the spinal cord by tonically inhibiting the larger dorsal horn neurones in the
absence of stimulation and by selectively releasing this inhibition during periods of
stimulation.

The Substantia Gelatinosa (SG) was the first cytoarchitectonic region to be
described in the grey matter of the spinal cord [Rolando, 1824]. The SG is
densely packed with the smallest neurones of the spinal cord (6-15 pm cell body
size) [Ramon y Cajal. 1890; Scheibel and Scheibel. 1968]. These small cells are

mainly distributed over the SG proper (Lamina II of Rexed [1952]), although
some SG neurones can be found in more superficial (Lamina I) or deeper
(Lamina III) parts of the dorsal horn. Because of its structural organization (a

•Present address: Department of Physiology, Medical School. University of Edinburgh, Teviot
Place. Edinburgh EH8 9AG.
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propriospinal structure receiving unmyelinated afferent fibres [Ramon y Cajal.
1909]) the SG was considered the first relay in the transmission of pain signals
to the brain [Ranson and Billingsley, 1916: Pearson, 1952]. This idea was based
on the assumption that the unmyelinated afferent fibres came exclusively from
nociceptors and was implemented in the 'gate control theory' of pain me¬
chanisms [Melzack and Wall. 1965] which proposed that SG neurones act as
controllers or modulators in the transmission of nociceptive information
through the spinal cord. The sensory nature of the SG seems well established
by the morphological studies, but the functions attributed to its neurones are

largely hypothetical since direct electrophysiological recordings from them have
rarely been reported. This lack of evidence is partly due to the small size of the
SG neurones and partly to the anatomical complexity of this area.

A large number of neuronal elements of extrinsic origin are intermingled in
the SG with the small intrinsic neurones. These extrinsic neuronal elements
include the endings of large and small afferent fibres [Ramon y Cajal. 1909;
Scheibel and Scheibel, 1968; Retheiyi and Szentagothai, 1973; Beal and Fox,
1976: Proshansky and Egger, 1977; Retheiyi. 1977; LaMotte, 1977], the
marginal cells of Lamina I [Waldeyer. 1888; Ramon y Cajal, 1891; Narotzky
and Kerr, 1978], all kinds of afferent fibres passing through the SG in bundles
[Ramon y Cajal, 1909; Scheibel and Scheibel, 1968], dendrites of larger and
deeper neurones'[Ramon y Cajal, 1909; Szentagothai. 1964; Scheibel and
Scheibel. 1968; Retheiyi and Szentagothai, 1969] and axons of deeper neurones

passing through the SG on their way to join the dorso-lateral funiculus [Brown,
House. Rose and Snow. 1976: Brown, Rose and Snow, 1977a],

In this paper, we report the results of an attempt to obtain reliable electrical
recordings from SG neurones. A set of criteria was established to separate
activity generated by SG neurones from that produced by other neuronal
elements. We describe here the responses of SG neurones to natural stimulation
of their cutaneous receptive fields. Preliminary results have been published
[Cervero. Molony and Iggo. 1977b; Cervero, Iggo and Molony, 1978a],

Methods

Forty-five adult cats of both sexes, weighing 2T—1-3 kg were used. All animals
were anaesthetized with chloralose (60mg.kg~') after induction with nitrous
oxide oxygen halothane. plus additional doses of chloralose when necessary.
The femoral blood pressure, end-tidal CO,, rectal temperature and spinal cord
temperature were recorded continuously. Preparations that showed satisfactory
general states, with a steady mean arterial pressure over lOOmmHg were the
only ones that yielded successful results. No attempts were made to restore the
blood pressure by administration of plasma substitutes if it fell below a mean
value of 100 mm Hg. End-tidal CO, was kept at 3-5-4-5 "Q and rectal and spinal
cord temperatures were maintained at 37-38 C by feed-back control of heating
devices. Since slight deterioration of the animals resulted in a loss of electrical
activity from the SG neurones, care was taken to minimize the surgical trauma
during the experiments.

84



SUBSTANTIA GELATINOSA NEURONES 299

The lumbosacral enlargement of the spinal cord was exposed by a laminec¬
tomy extending from LI to SI. On completion of the surgical preparation the
animal was mounted on a frame [Clark and Ramsey, 1975], paralysed with
gallamine triethiodide and ventilated with room air. Both hind limbs were
shaved and both feet fastened to wooden platforms attached to the animal
frame. In order to increase the stability of the spinal cord and reduce cardio¬
vascular and respiratory movements, a bilateral pneumothorax was performed
and the animal was fixed to the stereotaxic frame by the head-holder, three
vertebral clamps, three pairs of vertebral holders, one pair of hip pins and the
feet platforms. All these holders were adjusted to maintain the animal sus¬

pended above the stereotaxic table. The dura was opened, stretched and pinned to
the vertebral muscles in order to form a cradle supporting the spinal cord
above the bone.

Electrophysiological recording and stimulating techniques
All recordings were made in the L6 and L7 segments of the spinal cord.

Simultaneous DC and AC (bandwidth 25-7000 Hz) recordings were obtained.
Fine glass microelectrodes were used [Molony, 1978] and were most commonly
filled with KC1 with an impedance at 1 KHz of 100-150 MQ. Lissauer's tract
was stimulated two and three segments rostral to the recording point through
pairs of Ag/AgCl electrodes placed on the surface of the tract. In twenty
animals, attempts were made to isolate surgically Lissauer's tract between the
stimulating and recording electrodes [for details of Lissauer's tract stimulation
see next paper: Cervero, Iggo and Molony, 1979b], Recordings were made on
FM data tape and data analysis was carried out using a PDP-12 computer.

Natural stimulation of the skin. Mechanical stimuli were either innocuous,
such as brushing the skin surface or the hairs or applying steady light pressure
with a wooden rod or noxious squeezing of the skin with smooth and serrated-
tip forceps. The thermal noxious stimulation was provided by a quartz-
halogen lamp focused on the skin and calibrated to raise the skin temperature
above 45 C up to 55 C.

Histological methods
A grid of parallel tracks was made with the recording microelectrodes during

the experiment and the depth of each recorded unit was noted. The last track
was made with a low-impedance, pontamine-filled microelectrode which was
used to make a scale by electrophoretic deposition of dye at 500 and 1000//m.
The spinal cord was then removed, frozen and the locations of the spots
established from 40/un sections counterstained with haemotoxylin-eosin. The
locations of the recorded units were calculated according to the grid made
during the experiments using the marked spots as a scale. This method was
tested by estimating with the scale of marked spots the locations of sites also
marked with dye spots. The errors observed in six tests ranged from 25 to
100/;m [Molony. 1978].
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Results

Criteria for identification of SG neurones
In stable preparations and using fine-tipped electrodes several unit recordings

were made within the boundaries of the SG in a given track. Since SG neurones
are not the only neuronal elements in the SG (see Introduction) a set of criteria
was established to discriminate activity generated by SG neurones from activity
produced by other neuronal elements. All the following conditions had to be
met before any recorded activity was accepted as being generated by an SG
neurone:

(i) Location of the recording site in the SG. Recording sites were established
as described in the Methods section. Morphologically, the SG was defined
according to its classic description, that is, the area of the dorsal horn
corresponding to the marginal zone and the SG proper of Ramon y Cajal
[1909] (named Laminae I and II by Rexed [1952]) and macroscopically
distinguishable from the rest of the grey matter. Functionally, it was possible to
differentiate the SG as a zone of about 200 ^m thick subjacent to the border
between the dorsal column and the grey matter. This border was easily
recognizable in our experiments by the sudden disappearance of successive
intra-axonal recordings from primary afferent fibres. About 200 /im beneath this
border unit activity showing typical characteristics of neurones in Laminae IV
and V was recorded.

(ii) Configuration of the spikes. The second condition for extracellularly
recorded spikes was to show inflections in their rising phase (Fig. 1A). Lack of
inflections generally indicates axonal recordings. In the case of intracellular
penetrations it was necessary that the recordings showed conspicuous post¬
synaptic potentials and that the action potentials were superimposed on an
excitatory post-synaptic potential (e.p.s.p.) (Fig. IB). This indicates intracellular
penetrations in cell bodies or proximal dendrites.

(iii) Responses to Lissauer's tract stimulation. When Lissauer's tract was
stimulated it was necessary that the neurones should be excited antidromicallv
and/or post-synapticallv with latencies corresponding to conduction velocities
less than 30m/sec. i.e. to conduction in small myelinated or unmyelinated fibres
[see next paper: Cervero, et al. (1979b) for details on Lissauer's tract
stimulation],

(iv) Short dorso-ventral recording distance. As we were intending to record
from very small neurones it was decided that the activity from SG neurones
ought to be recorded for not more than 15-20 during the advance of the
electrode.

(v) Novel responses to cutaneous stimulation. As a final criterion neurones
meeting all the above requirements had to exhibit responses to cutaneous
stimulation different from those already known for non-SG neurones. This
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Fig. 1. Action potentials recorded extracellularly (A) and intracellularly (B) from two different SG
neurones. In A the spikes were evoked by electrical stimulation of Lissauer's tract(s). Note
the conspicuous inflexions in the rising phase of the spikes (somato-dendritic spikes). In B
the SG-neurone was firing "spontaneously". The membrane potential shows in addition to
the action potentials numerous oscillations due to post-synaptic potentials (intra-somatic
recording).

condition was set up in order to exclude the nociceptor-driven Lamina I
neurones (presumably marginal cells or limitrophe elements [Cervero, Iggo and
Molony, 1979a]) and possible displaced neurones from deeper laminae. It is
necessary to point out that apart from the marginal cells, very few neuronal
recordings were excluded on the basis of this final criterion only, that is, in our

sample most of the presumed SG neurones (as defined by criteria (i) to (iv) gave
novel responses to cutaneous stimulation.

Sample, locations and classification of SG neurones

Nearly 3000 single unit recordings were made in the present experiments
within the SG. Only 110 neurones met all the established requirements. The
majority of the rejected recordings were intracellular penetrations showing rapid
deterioration of the membrane potential. Recordings from afferent fibres, axons,
neurones for which no cutaneous receptive field was found, and marginal cells
were also discarded. The present sample of 110 SG neurones consists of 78
extracellularly recorded cells and 32 intracellular recordings. The locations of
103 SG neurones are plotted in Fig. 2A. The obvious bias towards recordings
made in the lateral half of the SG was intentional since it was found that

recordings in this area with an electrode angle of —20 were easier to obtain.
Neurones recorded in the medial half of the SG. although fewer in number did
not differ in their responses from the rest of the sample. The locations of the 32
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Fig. 2. Locations of the recording sites of SG neurones. The locations have been plotted on
diagrams of the dorsal horn of the L7 segment of the spinal cord. The lower border of the
SG (Lamina II of Rexed (1952)) is indicated by the solid line. A: Locations of 103 SG
neurones. B: Locations of the 32 SG neurones intracellularly recorded. C: Locations of 91
'inverse' SG neurones. D: Locations of 12 'other' SG neurones (see text). Key to symbols in
B. C and D: 0#=SG 'inverse" neurones: AA = SG 'other' neurones with small receptive
fields; =S.G. 'other' neurones responding only to noxious stimulation of the skin:A V
= SG 'other' neurones giving long-lasting responses to a single cutaneous stimulus: O ♦
= SG 'other' neurones showing habituation.

intracellularly recorded SG neurones (presumably cell bodies) (Fig. 2B) were
similar to those of the total sample.

Examining the responses of the SG neurones to cutaneous stimulation it was
observed that most (n = 95 86",,) neurones could be considered as belonging to
an homogeneous group (group 'inverse') whereas the minority (n = 15 14",,) of
the sample comprised a heterogeneous group of neurones (group 'others').
Figure 2 shows the locations of the neurones from the 'inverse' group (Fig. 2C)
and from the 'others' group (Fig. 2D). There were no obvious differences, or
preferential locations.

Functional characteristics of'inverse' SG neurones

Neurones of this group had two major common properties: a conspicuous
background activity and a cutaneous inhibitory receptive field.

Background activity: All SG neurones from the 'inverse' group had a
background activity with a modal rate of discharge of 5-10,sec and a range
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Fig. 3. Comparison between the background activities of an SG neurone and a Lamina IV Class
2 neurone. Both neurones discharged at similar rates (SG neurone = 6-5 imp/s; Lamina IV
neurone = 5-6imp.s). The different patterns of discharge (A and B) are clearly revealed by
the interspike interval histograms (C and D).

from 1-40/sec. This activity was continuous and persistent with long-term
fluctuations in the mean rate. Background activity is a common characteristic
of dorsal horn neurones in chloralose anaesthetized animals. The background
activity of the SG neurones was, however, notably different from that of the
better known neurones in deeper laminae. The 'spontaneous' discharges of
neurones in Lamina IV usually consist of high frequency bursts with irregular
presentation and occasional single spikes (Fig. 3B) which generates characteris¬
tic interspike-interval histograms (Fig. 3D). SG neurones, firing 'spontaneously'
at the same rate do not produce bursts of activity (Fig. 3A) resulting in the
absence of very short spike intervals (Fig. 3C). The background activity of the
SG neurones is more continuous and persistent than that of neurones in
Lamina IV although it is not totally regular (Fig. 3C). No differences in rate or
pattern of discharge were observed between SG neurones recorded in intact
preparations or in cats in which surgical isolation of Lissauer's tract was

attempted by section of the dorsal columns and dorso-lateral funiculus.
Intracellular recordings provided some insights into the mechanisms of

generation of the background activity. The 'spontaneous' intracellularly re¬
corded action potentials were always preceded by. and super-imposed on

e.p.s.ps (Fig. 4A). When the neurones were hyperpolarized as a consequence of
stimulation of the cutaneous inhibitory field the number of spikes was less and
for this reason e.p.s.ps were more conspicuous (Fig. 4B). The 'spontaneous'
activity was thus generated by synaptic activation of the SG neurones. The
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Fig. 4. A: Intracellular recordings from an SG neurone showing 'spontaneous' spikes preceded by,
and superimposed on. e.p.s.p.'s. B: Recording from the same neurone during incomplete
inhibition by cutaneous stimulation. The cell was hyperpolarized and post-synaptic
potentials are prominent. C: Dependence of the background activity of another SG
neurone on the stimulation of the surface of the spinal cord by electrodes placed on
Lissauer's tract. The background activity is enhanced by stimulation of the largest dorsal
column fibres (5 Hz. 2 times threshold) and inhibited by stimulation of higher threshold
fibres (5 Hz, 10T). At 5T the neurone is post-synaptically activated and responds with fixed
latency spikes to the electrical stimulation.

background discharge of SG neurones was also clearly dependent on the
afferent drive to the neurones. Units recorded for sufficient lengths of time
(> 15-20min) tended to decrease their level of firing when no afferent stimu¬
lation of any kind was applied to them, either electrically or naturally. The
units often showed fluctuations in their level of background activity depending
on the kind of stimulation previously applied to them. Repetitive electrical
stimulation of low threshold fibres in the dorsal columns increased the level of

background activity of the neurone shown in Fig. 4C, whereas direct repetitive
electrical stimulation of Lissauer's tract completely abolished its activity (Fie.
4C).

Cutaneous receptive fields. All neurones in the 'inverse' group could be
inhibited' by appropriate natural stimulation of the skin. Their receptive fields
were similar in distribution to those of larger dorsal horn neurones of the L6
and L7 segment [Brown and Fuchs, 1975], Sixty neurones had receptive fields
on or around the toes, 17 had their receptive fields on the foot or the ankle and
18 had fields on the leg. No contralateral or bilateral fields could be found. The
receptive fields varied in size from a few square mm on the toes to the whole
thigh, although most of them did not exceed an area of 2-3 square cm. All 95
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neurones of this group showed inhibition of their background activity to
different kinds of natural stimulation. A complete set of tests was applied to 78
SG neurones which permitted a classification of this group of neurones into
three major categories according to the kind of natural stimulus that produced
inhibition.

(i) Class Inverse-1 (I). Six neurones (8% of the classified 'inverse' SG
neurones) could be inhibited only by non-noxious stimulation of their receptive
fields, such as brushing hairs or stroking the skin (Fig. 5A). Any form of

Pin-prick Brushing

mi 111 ii i i .Mil ii ! in i Milium11 ii i tt——w

Heating Stroking Stroking

II illlilllllllilllllUBBII! Ill HI 1 mill illl II Hill llUllllllllll 111 II Mill); :!!!!! II!!!
i i

5 sec

Fig. 5. A: Responses of a Class "inverse' 1 SG neurone lo natural stimulation of its cutaneous
receptive field (illustrated in B|. C: Response of another Class T SG neurones to noxious
mechanical stimulation (squeezing with forceps) of its receptive field. The neurone is excited
by the stimulus and inhibited on application and on withdrawal of the forceps.

noxious stimulation of the same receptive field (Fig. 5B) produced an excitatory
response (Fig. 5A). These effects are clearly illustrated in Fig. 5C which shows
the excitatory response of another Class I SG neurone to noxious squeezing of
the skin, preceded by and terminating with short periods of inhibition probably
due to the excitation of low-threshold mechanoreceptors on application and on
withdrawal of the forceps.

(ii) Class Inverse-2 (2). Forty-six neurones (55 of the sample) were
inhibited by both noxious and non-noxious stimulation of their cutaneous
receptive fields (Fig. 6A). In six neurones (such as the one illustrated in Fig. 6B)
noxious heating of the receptive field produced excitation, although noxious
e

91



306 CERVERO. IGGO AND MOLONY

r\ Squeezing

iiiiBiiii; m i-
Heating

II I | HMHI MIIi imp
i • ill iiii |i I miki

i I 111! Ill'l II II" II '11 ""I Hi
i | llll ii >11 II nil |li >1 iii11 III

Stroking Brushing

mi hi >i — hi 11 m r
ii M I i 11 in In in*l i mil Lil mil 11 ii Ii iiiiIhII Ii Ii i i iii MINIml ilmi

B
5 sec

Brushing

Squeezing

Heating >45°C

Mil—
2 sec

Fig. 6. A: Responses of a Class 'inverse' 2 SG neurone to natural stimulation of its cutaneous
receptive field (also shown in the figure). B: Responses of another Class 2 SG neurone
which in this case was excited by noxious heating of the receptive field.

mechanical stimulation evoked inhibition. The majority of the neurones of this
group (40/46) were inhibited by both forms of noxious stimulation (Fig. 6A).

(iii) Class Jnverse-3 (3). Twenty-six neurones (33 of the classified "inverse"
SG neurones) were inhibited only by noxious stimulation of their receptive
fields (Fig. 7). Non-noxious stimulation, such as brushing the hairs of their
receptive fields (Fig. 7) caused excitation. This group of 26 neurones consisted
of 7 neurones inhibited only by noxious mechanical stimuli (Class Inverse 3a).
10 neurones inhibited by both mechanical and thermal noxious stimuli (Class
Inverse 3b) and 9 neurones which could not be completely tested for sub-
classification. The neurone shown in Fig. 7 is a 3a SG neurone.

Characteristics of the inhibitory responses

Figure 8 illustrates some properties of the inhibition of the 'inverse' SG
neurones. Neurones recorded intracellular^' exhibited hvperpolarizations and
inhibitory-post-synaptic potentials (i.p.s.p.s) when inhibited from the periphery,
demonstrating that the inhibition was post-synaptic (Fig. 8A). Inhibition in
'inverse' SG neurones not only abolished the background activity of the
neurones, but could also reduce or suppress concurrent synaptically evoked
excitation. Figure 8B illustrates the inhibition, by a single brush stroke of the
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Fig. 7. Responses of a Class 'inverse' 3a SG neurone to natural stimulation of its cutaneous
receptive field (also shown in the figure).
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Fig. 8. A: Hvperpolarization and inhibitory post-svnaptic potentials appearing in an intracellular^
recorded 'inverse' SG neurone on stimulation of its receptive field. B: Long-lasting
discharge given by an 'inverse' SG neurone to a single pin-prick applied to its receptive
field (top trace and histogram) and inhibition of the discharge by a single brush stroke
closelv following the initial pin-prick (bottom trace and histogram). C: Inhibition of the
excitatory responses to heating in a Class 1 SG neurone by squeezing (left) and brushing
(right) its receptive field.
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persistent discharge evoked by pin-prick of the skin in one Class I neurone.
Both brush and pin-prick were applied to the same place on the skin. Figure
8C shows the inhibition of the excitatory response to heating of a Class 1
neurone by squeezing and brushing the heated area of the skin. In all three
cases illustrated the inhibition was able to suppress vigorous excitatory
responses (Fig. 8B and C).

Responses to noxious heating of the skin
Although the responses of 'inverse' SG neurones to non-noxious and noxious

mechanical stimuli of the skin were relatively simple, the responses to noxious
heat showed a good deal of complexity. Some heating responses of inverse SG
neurones are presented in Fig. 9. The most common responses to noxious heat

lj iiliii nU ill i*i
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Fig. 9. Responses of four different SG neurones to noxious heating of their receptive fields (bars).
A: excitation and enhancement of the background activity; B: inhibition: C: inhibition by the
first heat pulse and excitation by successive stimulations; D: excitation and reduction of
the background activity.

were either a clear-cut excitation (Fig. 9A) or an inhibition (Fig. 9B) followed
by a period of enhanced activity lasting for as long as 2 minutes. Other
neurones responded in a more complex manner. Figure 9C shows the responses
of another Class 2 neurone to three successive applications of noxious heat. It
was inhibited by the first heat pulse and excited by subsequent stimuli that
closely followed the first. This response is the inverse of the El-responses to
noxious heat described in spino-cervical tract neurones by Cervero, Iggo and
Molony [1977a]. Finally, Fig. 9D illustrates another complex response to
noxious heat, this time in a Class I neurone. This neurone was initially
inhibited (possibly by the stimulation of warm thermoreceptors) and later
excited by the activation of thermal nociceptors. When the stimulus was
discontinued, the neurone ceased firing immediately and did not recover pre-
stimulation levels of background activity for more than 45 s. This is a very
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unusual response to noxious heat since most commonly, excitation of nocicep¬
tors produces after discharges rather than inhibition after stimulation.

Functional characteristics of the remaining SG neurones

Fifteen neurones (14 °0 of the total sample) satisfied all our SG criteria but
had responses to cutaneous stimulation that did not allow them to be included
in the 'inverse' group. Moreover, the responses of neurones of this group were

heterogeneous and no attempt to classify them has been made. Two neurones
showed marked habituation to either non-noxious (1 neurone) or noxious (1
neurone) stimulation of the skin. Six units had a persistent background activity
and a large receptive field (the whole foot or a large area in the leg) from which
they could only be excited by noxious stimulation (Fig. 10A). Six neurones had
no background activity and extremely small receptive fields in the thigh (< 0-5
square cm.) similar in size to receptive fields of cutaneous receptors, but from
which the neurones could be driven post-synaptically (Fig. 10B) by noxious
and/or non-noxious mechanical stimulation. None of these neurones could,
however, be excited by noxious heat. Finally, one neurone responded to a single
brush or single pin-prick of its receptive field with a long-lasting train of spikes
(> 10 s) after a latency of nearly one second (Fig. 10C). This latter neurone also
lacked background activity.

Heating >45°C
A

B

C

Fig. 10. Responses of three non-'inverse' SG neurones to natural stimulation of their receptive fields
(presented at the right of each recording). A: Neurone showing background activity, a large
receptive field and responses only to noxious stimulation. B: Intracellular recording from
another neurone having a small receptive field in the leg and responding with an action
potential or an e.p.s.p. to tapping. C: Neurone responding with a long-latency and
prolonged discharge to a single brush stroke applied as shown in the diagram at the right
of the recording.
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Discussion

Our approach to the problem of recording from the small neurones of the SG
was based on the use of fine-tipped glass microelectrodes and the application of
restrictive criteria to separate activity generated by SG neurones from other
neuronal activity. With the combination of both procedures electrical activity
recorded from very small neuronal elements and in the vicinity of their somata
has been obtained. Since the recordings were made in the SG it is reasonable to
accept that we were recording from the small SG neurones.

The fact remains, however, that our sample was biassed by the application of
the restrictive criterion that required novel responses of the neurones to
cutaneous stimulation. It could be argued that if some SG neurones are similar
in their responses to larger and frequently described dorsal horn cells [see Wall,
1973] we were excluding some SG neurones from our sample. It is, therefore,
quite possible that SG neurones of other types exist. An extensive search of the
whole dorsal horn using the fine-tipped microelectrodes employed in this study
was not carried out. Nevertheless, each track was ended when activity typical of
neurones in Laminae IV or V was recorded. No neurones showing 'inverse'
responses were ever recorded below the ventral border of the SG. The majority
of the SG neurones reported in this study could be included in a group of
neurones called 'inverse'. The reason for this denomination is that the three
'inverse' groups of SG neurones are the antithesis of the three main classes of
dorsal horn neurones proposed by Iggo [1974], The larger dorsal horn
neurones of the Laminae I, IV and V are classified, according to their excitatory
responses, into three major groups [Iggo. 1974; Cervero, Iggo and Ogawa.
1976]; Class 1: excited only by mechanoreceptors; Class 2: excited by both
mechano and nociceptors and Class 3: excited only by nociceptors. The three
groups of SG neurones described in this paper showed 'inverted" response
(inhibition instead of excitation) in relation to their larger counterparts.

All three groups of SG neurones (Class I. 2 and 3) exhibited a conspicuous
and distinctive background activity which differed in pattern from the back¬
ground activity of neurones in Lamina IV. The fact that the same kind of
activity was present in SG neurones recorded from intact preparations and SG
neurones recorded from preparations in which the dorso-lateral funiculus had
been partially cut in order to isolate Lissauer's tract [see Cervero. Iggo and
Molony. 1978b for details] proves that the continuous background activity was
not due to the interruption of possible descending inhibition mediated by
pathways coursing in the dorso-lateral funiculus [Basbaum. Harley. O'Keefe
and Clanton. 1977: Fields. Basbaum. Clanton and Anderson. 1977; Basbaum.
Clanton and Fields. 1978: Fields and Basbaum. 1978], The background activity
seemed to be more dependent on the afferent drive of the neurones, being
enhanced by the stimulation of the receptive fields regardless of whether this
stimulation evoked immediate and stimulus-locked excitation or inhibition on

the neurones. Since some Class 1 dorsal horn neurones have been shown to be
inhibited by nociceptors [Cervero ct ai. 1977a] and Class 3 Lamina I neurones
are inhibited by low threshold afferent fibres [Cervero et ai. 1976] it might
appear that Class 1 dorsal horn neurones and Class 3 SG neurones have

96



SUBSTANTIA GEEATINOSA NEURONES 311

indistinguishable functional characteristics as would Class 3 dorsal horn neu¬

rones and Class I SG neurones. Dorsal horn neurones have bursting back¬
ground activity (Class 1) or no background activity at all (Class 3) [Cervero
et al., 1976; 1977a; 1979a], and their inhibitory responses are relatively weak
compared with their vigorous excitatory discharges. SG neurones on the other
hand have persistent and continuous background activity and inhibition is their
most conspicuous response to cutaneous stimulation, producing in some cases a

complete arrest of their discharges.
In the sample of intracellularly recorded SG neurones no monosynaptically

evoked i.p.s.ps, have been observed in response to stimulation of Lissauer's tract
or dorsal column afferent fibres. It seems likely that the strong inhibition of SG
neurones was thus mediated by interneurones. These putative interneurones
would be required to have Class 1, 2, or 3 properties, therefore, it is not
possible to decide on the present evidence whether or not they also are SG
neurones. Some SG neurones from our 'heterogeneous' group would, however,
fit the role of interneurones in the proposed inhibitory pathway between
afferent fibres and SG 'inverse' neurones.

There is conflicting evidence on the distribution of primary afferent fibres
within the SG. Until recently it was believed that collaterals from both thin and
coarse afferent fibres ended on SG neurones [Ramon y Cajal, 1909.
Szentagothai, 1964; Scheibel and Scheibel. 1968; Rethelyi and Szentagothai.
1973]. Recent studies using intracellular staining of the thick myelinated afferent
fibre collaterals indicate that their endings rarely penetrate the SG proper
(Lamina II) [Brown, Rose and Snow, 1977b]. This latter study and similar
morphological observations [Light and Perl, 1977; Rethelyi, 1977; LaMotte.
1977] are consistent with the concept that the SG does not receive a major
input from coarse myelinated afferent fibres. However, Proshansky and Egger
[1977] using anterograde movement of horseradish peroxidase within severed
dorsal root fibres and Ralston and Ralston [1979] in an electron microscopy
study have reported that endings from large diameter collaterals are present in
the ventral half of the SG. It is not possible therefore to decide whether those
SG neurones excited by low intensity mechanical stimulation of the skin
received mono- or polysynaptic inputs from the large afferent fibres. On the
other hand, the variety of responses of our sample of SG neurones to noxious
heat (presumably exciting only C afferent fibres) is not consistent with the view
of the SG being a simple relay for unmyelinated fibres [Kumazawa and Perl,
1978],

Recent reports describe electrophysiological properties of SG neurones.
Kumazawa and Perl [1978] using conventional low impedance glass microelec-
trodes state that SG neurones in the sacral cord of the monkey could be
activated only by stimulation of receptors connected to C afferent fibres (either
nociceptors or mechanoceptors). These responses may have been recorded from
displaced marginal cells of limitrophe neuronal elements [Ramon y Cajal.
1909], since it seems very unlikely that their electrodes could record from the
smallest neurones of the SG. Also the proportion of marginal cells intermingled
in the SG is greater in the sacral segments of the cord, particularly in primates
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[Waldeyer, 1888]. Hentall [1977] has reported neurones in the SG of the cat
whose basic responses to cutaneous stimulation were inhibition and post-
excitation. In certain aspects these neurones resemble our 'inverse' SG neurones.
Wall. Merrill and Yaksh [1979] describe the characteristics of a large sample of
recordings taken within the SG of the cat. Some of their responses resemble
those of our 'heterogeneous' SG neurones, but the majority of them were typical
of Class 1, 2 and 3 dorsal horn neurones. Since their preparations and methods
were basically different from ours it is possible that different samples of SG
neurones were collected in the two investigations.

Several comments can be made on the potential functions of SG neurones.
Because of their short axons, SG neurones have traditionally been considered
inhibitory inter-neurones [see Kerr, 1975]. Their inhibitory effects have been
indirectly exposed in several studies. Denny-Brown, Kirk and Yanagisawa
[1973] showed modifications in the size of the dermatomes following Lissauer's
tract lesions. They proposed that SG neurones are tonically active and
modulate transmission of sensory information through the dorsal horn by
inhibiting the larger neurones in Laminae IV and V. Duggan. Hall and Headley
[1976] have shown that iontophoretic application of morphine and enkephalins
in the SG. which may mimic the actions of SG neurones [Atweh and Kuhar,
1977], results in inhibition of the responses of neurones in Laminae IV and V
to noxious stimuli, and Wall and Yaksh [1978] have recently reported that
selective micro-stimulation of SG axons within Lissauer's tract results in an

inhibition of the poly-synaptic ventral root reflexes. On the other hand,
morphological studies have shown axonal endings of SG neurones on larger
dorsal horn neurones [Narotzky and Kerr. 1978; Beal and Cooper, 1978] and
claims have been made of their inhibitory nature.

It is thus reasonable to postulate that the 'inverse' SG neurones are tonically
inhibiting their larger counterparts. In the absence of peripheral stimulation the
continuous background activity of the SG neurones provides tonic inhibition of
dorsal horn neurones. If, for example, a non-noxious stimulus is then applied to
the skin. SG neurones of the Class I and 2 would be inhibited and transmission

through mechanoreceptive sensory pathways would be opened. Simultaneously,
the same stimulus would excite Class 3 SG neurones which would result in
enhancement of the inhibition of the nociceptive pathways. This proposed
mechanism [Cervero and Iggo. 1978] is consistent with the postulates of
Denny-Brown et al. [1973]. The proposal that SG neurones take part in the
control and modulation of sensory messages at their first relay is in line with
the conceptual implications of the 'gate control theory' [Melzack and Wall.
1965]. Our results, however, do not provide support to the anatomical and
physiological arrangements proposed for the 'gating' mechanism.

Note added in proof. Light. Trevino and Perl have recently described functional
properties of a number of morphologicalv identified Marginal and SG neurones (J.
Comp. Neurol. 1919. 186, 151-172). Their data do not contradict substantially our
results although more emphasis has been given by them to excitatory than inhibitory
inputs to SG neurones.
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Single unit electrical activity has been recorded from neurones in the Substantia
Gelatinosa Rolandi (SG) of the lumbar spinal cord of chloralose anaesthetized and
gallamine paralysed cats. SG neurones were identified on the basis of five previously
defined criteria [Cervero, Iggo and Molony, 1979b], The surface of the spinal cord
containing Lissauer's tract was stimulated electrically in order to excite axons running
through Lissauer's tract. In about half of the animals studied Lissauer's tract was in
addition surgically isolated by sectioning the adjacent dorsal column and dorso-lateral
funiculus. The responses of 32 intracellular^ recorded and 78 extracellularly recorded
SG neurones to stimulation of Lissauer's tract and surrounding structures have been
analysed. Ten SG neurones had axons in Lissauer's tract that projected for distances
between 15 and 41 mm (two and three segments rostral to their origin). The majority of
the SG neurones studied did not project beyond their segments of origin. The mean
conduction velocity of the long projecting SG neurones was 10-3 m.s-1 (range 4-6-
18-3 m.s-1), corresponding to conduction in small myelinated fibres. All 110SG
neurones studied were excited post-synapticallv by stimulation of Lissauer's tract and
evidence is given to support the view that it was monosynaptically mediated. The
latencies and threshold of the post-synaptic activation indicated that it was mediated by
a group of Ab fibres within Lissauer's tract. All SG neurones studied showed a long
period of inhibition (200-500 ms) following the initial excitation. This inhibition was
mediated by large myelinated fibres since it appeared at stimulus intensities that were
threshold for excitation of the largest dorsal column or dorso-lateral funiculus fibres.
When axons in Lissauer's tract were recruited by electrical stimulation the period of
inhibition lasted as long as 1 s. The segmental somatotopic organization of the SG
neurones was found to be similar to the larger dorsal horn neurones of the same spinal
cord segments.

The histological organization of the neurones in the Substantia Gelatinosa
Rolandi (SG) of the spinal cord and the distribution of their axons have been
the subjects of conflicting reports despite extensive investigation. Ramon y Cajal
[1890. 1909] stated that the axons of the SG neurones, after their initial

'Present address: Department of Physiology. Medical School, University of Edinburgh. Teviot
Place. Edinburgh EH8 9 AG.

315

101



316 CERVERO, IGGO AND MOLONY

irregular course, join one of several propriospinal pathways. The majority go to
the fasciculus proprius of the dorsal horn ffaisceau de la corne posterieure');
others join the tract of Lissauer [Lissauer, 1886] and a few enter the dorsal
columns. The relationship between the tract of Lissauer and the SG was firmly
established by Ranson [1913, 1914] who studied the fibre composition of
Lissauer's tract in numerous animal species. Ranson [1914] concluded that
Lissauer's tract comprised small myelinated and unmyelinated fibres of both
exogenous (afferent fibres) and endogenous (SG axons) origin and that the
interchange of fibres between Lissauer's tract and the SG suggested the
possibility that the SG was the nucleus of reception of the afferent fibres of
Lissauer's tract. Szentagothai [1964] reported that the SG forms a self-
contained neuronal system all axons of which either remain in the SG or return
into it after an ascending or descending course. Two types of longitudinal
connexions were described [Szentagothai, 1964; Scheibel and Scheibel, 1968], a

long range connection extending for 5-6 segments via Lissauer's tract and the
fasciculus proprius and a short range longitudinal connexion inside the SG and
extending only for 2-3 mm.

On the other hand, much shorter longitudinal extensions of the Lissauer's
tract—SG complex, have been reported. In electrophysiological experiments
Wall and Yaksh [1978] have reported the most individual SG axons run in
Lissauer's tract for not more than 1 or 2 mm, although some may travel as far
as 15 mm. In contrast to these reports Sugiura [1975] and Beal and Cooper
[1978] reported a failure to observe the full extent of the axons of SG neurons
in Golgi studies even when attempts were made to reconstruct neurones from
serial sections taken up to 2 mm from the soma [Sugiura, 1975].

In this paper we report an electrophysiological study on the relations
between Lissauer's tract and the SG. SG neurones have been recorded and their

responses to electrical stimulation of Lissauer's tract have been analysed. Our
results confirm the existence of a proportion of SG neurones projecting for
several segments via Lissauer's tract as well as the existence of numerous short-
axoned SG neurones. Preliminary results have been published [Cervero, Ensor,
Iggo and Molony, 1977; Cervero, Molonv and Iggo, 1977],

Methods

The results reported in this paper were obtained during the experiments
described in the preceding report [Cervero, Iggo and Molony, 1979b]. The
general methods of surgical preparation and the recording techniques are thus
the same.

Lissauer's tract stimulation. To stimulate Lissauer's tract two pairs of
Ag AgCl ball-tipped electrodes were placed in contact with the surface of the
cord ipsilateral to the recording microelectrode and on Lissauer's tract. One
pair was at the level of entry of the L4 dorsal rootlets and the other in a similar
location one segment rostrally (Fig. 1A). At the L3-L5 segments Lissauer's tract
is a well-defined bundle of small fibres located superficially between the dorsal
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columns and the dorso-lateral funiculus just lateral to the line of the dorsal root
entry (Fig. 2A). In twenty animals, surgical isolation of Lissauer's tract was

attempted by cutting the adjacent dorsal columns and the dorso-lateral
funiculus. A detailed description of this technique has been published [Cervero,
Iggo and Molony, 1978]. Figure 1C shows the reconstruction of the maximum
extent of the lesions made in one animal and obtained from projections of serial
sections. One of the sections is presented in Figure 2B. In twentv-five cats the
cord remained intact between stimulating and recording electrodes.

Fig. 1. A: Experimental arrangement. The diagram shows the positions of the two pairs of
stimulating electrodes in the cord surface at the level of Lissauer's tract. B: Transverse
section of the spinal cord at the L4-L5 junction. Lissauer's tract (LT) is indicated. C:
Reconstruction of the lesions made in one experiment in which surgical isolation of
Lissauer's tract (LT) was attempted. The diagram shows the maximum extent of the lesions
reconstructed from projections of several sections. A photomicrograph of one of the
sections is presented in Fig. 2B.

Responses of SG neurones to Lissauer's tract stimulation evoked by deliver¬
ing stimuli (0-2ms duration) through the caudal electrode were considered to be
antidromic if they had a fixed latency, followed paired stimuli at a separation of
4 ms or less and/or showed collisions with orthodromic spikes. The thresholds
and latencies of the orthodromically or antidromically evoked spikes were used
as indications of effective stimulation of Lissauer's tract. [For a full discussion
see Cervero. Iggo and Molony, 1979a], The same kind of stimulation was
subsequently applied through the rostral electrode.
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In those preparations in which lesions were made in the spinal cord,
histological examination was carried out to assess the extent of the damage.
The spinal cord was removed and fixed in 10 °0 formol-saline for 48-72 h and
10/im sections were cut and stained with a silver method [Cervero. et al. 1978].

Results

Sample of SG neurones

The results reported in this paper are based on a sample of 110SG neurones
that satisfied the criteria previously enunciated [Cervero et al., 1979b]. Not all
SG neurones were throughly tested'for Lissauer's tract stimulation and sample
sizes for particular effects (i.e. antidromic activation, orthodromic excitation and
inhibition) are thus different from each other and smaller than the total sample.

Antidromic activation of SG neurones

All neurones recorded in these experiments were located in the L6 and L7
segments of the spinal cord. Stimulating electrodes were placed in contact with
the external surface of Lissauer's tract, usually at the L4 and L3 segments. In
consequence projections of neurones spanning between 2 and 4 segments have
been the only ones tested in our studies. The minimum distance between
stimulating and recording electrodes was 15 mm (range 15-24mm) and the
maximum 41 mm (range 25—41 mm) (see Fig. 3A).

Ten neurones (17-5 °„) out of 57 SG neurones tested responded with an
antidromic action potential to stimulation of the surface of the cord containing
Lissauer's tract. Seven were tested for more rostral projection and could be
activated from both sets of electrodes Fig. 3B). The remaining three were lost
before stimulation from the most rostral electrode could be tested. Their
estimated minimum conduction velocities, assuming straight axons, ranged
between 4-6 and 18-3m.s-1 (mean = 103+ 4-6 (S.D.) m.s-1) corresponding to
conduction in small myelinated fibres (Fig. 4A). When the conduction velocities
of the axons were plotted against their thresholds to electrical stimulation of the
cord surface no relation could be established (Fig. 4B). This observation has
been previously advanced as evidence that the activated axons were placed at
different depths from the surface of the cord [Cervero et al.. 1979a]. Four
antidromically excited SG neurones were recorded in experiments in which
Lissauer's tract had been surgically isolated between stimulating and recording
sites (see Methods). No differences were observed in conduction velocity,
threshold or length of projection between this group of neurones and the
remaining six SG neurones that were activated antidromically in experiments
in which the cord was intact.

Taking into account the functional responses of the antidromically excited
SG neurones, and using the classification of Cervero et al. [1979b] four were of
the 'inverse 3' group, one was an 'inverse 2'. one was an 'habituating neurone'
and four were not fully identified.
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Fig. 2. A: Transverse section (10^m) of the spinal cord at the L4-L5 junction. Lissauer's tract
(LT) appears as a dark bundle of fibres extending from the apex of the dorsal horn to the
cord surface. Palmgren's silver method. B: Transverse section (10/im) of the spinal cord at
the L4-L5 junction. In this animal surgical isolation of Lissauer's tract (LT) by section of
the dorsal column and dorso-lateral funiculus had been attempted. The full extent of the
lesions is presented in Fig. 1C. Palmgren's silver method.
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Fig. 3. Antidromic excitation of an SG neurone. A: Diagram of the experimental situation with
indications of the conduction distances. B: Superimposed recordings of the antidromic
responses of the SG neurone to stimulation of the L4 (left recordings) and L3 (right
recordings) cord surface. Note constant latency of the responses to paired stimuli. The
estimated conduction velocitv of the axon was 12 m.s"1.
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Fig. 4 A: Histogram of the distribution of the conduction velocities of the axons of the
antidromtcallv excited SG neurones. B: Lack of correlation between the electical thresholds
of the antidromicallv activated axons of SG neurones and their conduction velocitv.
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Orthodromic excitation of SG neurones

Post-synaptic excitation of SG neurones following stimulation of the surface
of the spinal cord through electrodes placed on Lissauer's tract was observed in
all 110SG neurones. The excitation consisted of a short train of spikes
(sometimes a single action potential) that appeared at intensities of stimulation
between 5 and 20-times threshold for the largest fibres in the column and did
not follow with consistency successive stimuli (Fig. 5A). Intracellular recordings

A

■

^ ■ —

2T

10T

10T

10 ms

B

4 ms

Fig. 5. Post-synaptic activation of SG neurones by stimulation of the spinal cord by electrodes
placed in Lissauer's tract. A: Extracellularlv recorded SG neurone showing no responses at
2-times threshold |2T) for the largest dorsal column fibres (upper record) and variable
latency responses at 10-times threshold (10T) (for a single trace in middle and super¬
imposed traces in lower record|. B: Intracellular recordings from another SG neurone
showing constant latency e.p.s.ps at 3T (upper records) and constant latency e.p.s.ps and
spikes at 20T. The times of application of the electrical stimuli to the surface of the spinal
cord are marked bv an S.

provided further information on the nature of the post-synaptic excitation of
SG neurones. When stable intracellular recordings were achieved excitatory
post-synaptic potentials (e.p.s.p.) appeared at a threshold and with latency
corresponding to the activation of small myelinated fibres (Fig. 5B). A further
increase in the intensity of stimulation led to the appearance of an action
potential superimposed on the e.p.s.p. (Fig. 5B). The constancy of the latencies
of the e.p.s.ps and action potentials 'Fig. 5B) is consistent with the effects of
being mediated monosvnaptically.

In 37 SG neurones a full study was made of thresholds and latencies of the
synaptic activation of the neurones following stimulation of Lissauer's tract
from the two pairs of electrodes (i.e. 2 and 3 segments rostrally to the recording
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site). Assuming monosynaptic connexions between the stimulated fibres and the
SG neurones the mean conduction velocity of the stimulated fibres was 6-7
+ 3-44 (S.D) m.s-1 (range 2-18-3 m.s-1) which corresponds to conduction in
small myelinated fibres (Fig. 6A). In two instances SG neurones could only be
activated from the most caudal electrode; the remainder (35) were excited from

Conduction velocity (m/sec)

Fig. 6. A: Histogram of the distribution of the conduction velocities of the fibres mediating the
post-synaptic activation of 37 fully-analysed SG neurones. B: Lack of correlation between
the electrical thresholds of the fibres mediating post-synaptic activation of SG neurones
and their conduction velocity.

both sets of electrodes. No relationship could be established between thresholds
for orthodromic excitation and conduction velocities (Fig. 6B) which is con¬
sistent with stimulation of fibres located at different depths from the surface of
the cord. Furthermore, most of the threshold values were between 5 and 10-
times the threshold for the most excitable dorsal column fibres, an observation
that indicates that the stimulated fibres were located in or near Lissauer's tract

[Cervero et al., 1979a].
No correlation could be established between different functional types of SG

neurones (i.e. 'inverse 1, 2 or 3') and the orthodromic activation by fibres
conducting at particular conduction velocities.

Inhibition of SG neurones

All SG neurones in the total sample exhibited a long period of inhibition to
stimulation of the spinal cord through electrodes placed on Lissauer's tract.
This inhibition was studied in detail in 55 SG neurones. As shown in Fig. 7 a

period of inhibition lasting about 400 ms (range 200-500 ms) appeared at

F
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intensities of stimulation, that excited only the largest dorsal column fibres.
Increasing the intensity of the stimulus to excite the small myelinated fibres
within Lissauer's tract resulted in the appearance of an early post-synaptic
excitation as described in the previous paragraph and in an extension of the
period of inhibition to about 600 ms (range 400-1000 ms) (Fig. 7).
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Fig. 7. Inhibition of a SG neurone by electrical stimulation of the surface of the spinal cord
containing Lissauer's tract. The same records are shown as ten superimposed responses in
A and as post-stimulus time histograms of ten responses in B. The time of application of
the electrical stimulus to the surface of the spinal cord is marked by an S. Upper records:
background activity; middle records: stimulus intensity = 2-times threshold for the largest
dorsal column fibres; lower records: stimulus intensity = 20-times threshold.

This inhibition was present, with the same characteristics, in animals with
intact spinal cords and in those cats in which surgical isolation of Lissauer's
tract was attempted. No differences could be found between inhibitions present
in different functional types of SG neurones.

Location and somatotopic organization of SG neurones

Figure 8 shows the locations of the 10 SG neurones antidromically excited
from two and three segments rostral to their recording sites. Although the
sample size is very small no striking differences can be observed between the
locations of these long projecting SG neurones and the locations of the whole
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sample of SG neurones analysed in this paper [see Fig. 2A in Cervero et al.,
1979b],

As described in the preceding paper [Cervero et al., 1979b] the receptive
fields of all SG neurones reported in this study were similar in distribution,
shape and size to those of larger dorsal horn neurones of the L6 and L7
segments. Their somatotopic organization was also coincident with that de¬
scribed by Brown and Fuchs [1975] for the larger neurones in Laminae IV and
V. Most of the neurones had receptive fields in the toes with the exception of
17 which had their fields in the ankle and 18 that had fields in the leg. These
latter neurones were situated in the most lateral part of the SG.

Fig. 8. Location of the recording sites of the 10 SG neurones antidromically activated from
Lissauer's tract two and three segments rostrally. The locations are plotted on a transverse
section of the dorsal horn of the L7 segment of the spinal cord. The inner line indicates the
ventral border of the SG.

Discussion

The chief objective of this study was to analyse by electrophysiological means
the relationship between the SG and Lissauer's tract. The possibility of
obtaining direct electrophysiological recordings from SG neurones [see Cervero
et al., 1979b] has permitted us to approach the problem from a new
perspective.

In order to stimulate the small fibres of Lissauer's tract two techniques were
used: surgical isolation of the tract between stimulating and recording sites and
direct stimulation of the tract fibres as well as all surrounding structures by
electrical stimulation delivered to the spinal cord surface. Surgical isolation of
Lissauer's tract always resulted in either damage to some parts of the tract or
lack of complete isolation of this bundle of fibres (see Figs. 1C and 2B). Several
observations indicate that Lissauer's tract fibres were effectively stimulated in
our study. The lack of relation between conduction velocities of the fibres

1
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stimulated and their thresholds of activation indicates stimulation of fibres
running at different depths from the surface. According to results published in a
previous study [Cervero et al. 1979a] the thresholds and conduction velocities
obtained in the present experiments correspond to the activation of a group of
small myelinated fibres running very close to the cord surface. Since Lissauer's
tract carries such fibres, we conclude that effective stimulation of at least the A<>
fibres within the tract was successfully achieved. On the other hand, inhibitory
effects mediated by large myelinated fibres were also seen indicating activation
of dorsal column or dorso-lateral funiculus fibres.

In summary, it is concluded that our techniques led to the stimulation of a
mixed population of fibres running on different pathways including Lissauer's
tract.

We report in this paper that 17-5 °0 or our sample of small SG neurones

project through Lissauer's tract for more than two segments, travelling as far as
15 to 41 mm from their somata. All of them had small myelinated axons. We
conclude that most (more than 80 °0) SG neurones do not send their axons
beyond their segments of origin. Since most of the classical views on the
morphological organization of the SG are currently being re-evaluated it is
difficult to interpret our results regarding the axonal projections of SG
neurones. Lissauer's tract contains propriospinal AS fibres [Ranson. 1913.
1914], an observation that has been recently substantiated by counts of fibres in
normal and de-afferented Lissauer's tracts in the rat [Chung. Langford.
Applebaum and Coggeshall. 1979]. We have shown [Cervero et al., 1979a] that
nociceptor-driven Lamina I neurones (presumably Waldeyer's marginal cells
[Waldeyer, 1888] or Ramon y Cajal's 'cellules limitrophes' [Ramon y Cajal.
1909]) send small myelinated axons through Lissauer's tract. While it is not
possible to assume that all endogenous A<) fibres in Lissauer's tract are axons of
SG neurones, our present results demonstrate that some of them are. We have
also reported on this paper that these myelinated axons from SG neurones
project as much as three segments from their segment of origin. Using micro-
stimulation of Lissauer's tract. Wall and Yaksh [1978] concluded that in¬
dividual axons of the small SG neurones ran in the tract for not more than a

few mm (usually 2 to 3 and occasionally up to 15mm). On the other hand SG
neurones have been described reaching the lateral cervical nucleus [Giesler.
Cannon, Urea and Liebeskind. 1978] or even the thalamus [Willis, Leonard
and Kenshalo Jr., 1978] which would mean that some SG neurones project
through the spinocervical or the spino-thalamic tracts. In between these two
extremes, projection of SG neurones for two or three segments only have also
been described [Szentagothai. 1964: Scheibel and Scheibel. 1968]. Our results
confirm the existence of SG neurones with small myelinated axons projecting
through Lissauer's tract for several segments and also reinforce the view that
the majority of the small SG cells do not project beyond their segments of
origin.

Most of the SG neurones in our sample were post-synaptically and pre¬

sumably mono-synaptically excited by small myelinated fibres running in
Lissauer's tract. It is surprising that although some SG neurones were naturally
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stimulated by low threshold mechanical stimulation of the skin (and thus
presmably by large A/? afferents) [Cervero et al., 1979b], electrical stimulation
of large dorsal column afferents did not produce direct excitatory effects in our

sample of neurones. Presumably the massive inhibition resulting from such a
stimulation masked any possible excitatory effect. With regard to the origin of
the fibres mediating the post-synaptic excitation the strongest candidates are the
A<5 primary afferent fibres running in Lissauer's tract [Ranson, 1913, 1914;
Chung et al., 1979] since most of our SG neurones responded to noxious
stimulation of the skin. The possibility that axons of other SG neurones or of
Lamina I neurones are responsible for the excitatory effects cannot be rejected
since both kinds of neurone project through Lissauer's tract as well
[Szentagothai, 1964; Cervero et al., 1979a].

The inhibitory effects reported in this paper following low intensity stimu¬
lation of the cord surface could also be mediated by two sets of fibres. On the
one hand dorsal column afferent collaterals might be responsible since many
SG neurones (Classes 'inverse 1 and 2') are strongly inhibited by low-threshold
mechanical stimulation of the skin [Cervero et al., 1979b]. On the other hand
descending inhibitory fibres in the dorso-lateral funiculus [Basbaum, Harley,
O'Keefe and Clanton, 1977; Fields, Basbaum, Clanton and Anderson, 1977;
Basbaum, Clanton and Fields, 1978; Fields and Basbaum, 1978] can also have
a share in the inhibition observed. In any case the inhibition does not require
the recruitment of many large fibres since it was also present in preparations in
which surgical isolation of Lissauer's tract was attempted.
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It is now well established that sensory transmission through the dorsal horn can
be modified by descending influences from supraspinal structures (for review see ref.
15). Most dorsal horn neurones in laminae IV, V and VI of Rexed23 are under tonic
descending inhibition14'18'19-24, which particularly affects their responses to noxious
inputs18. The specific nociceptor-driven neurones in lamina I are also under tonic
descending inhibition from supraspinal centres8. Similar inhibitory actions have been
described on spinal cord neurones projecting through the spinocervical tract4-5-9, the
spinothalamic tract3-21-27, and the spinoreticular tract16.

Several descending pathways, including the pyramidal tract6, have been propo¬
sed as mediators of this descending control. Anatomical and functional studies have
shown that most of these descending tracts course in the dorsolateral funiculus (DLF)
of the spinal cord1-5-17 and terminate in the centre and base of the dorsal horn, i.e.
laminae IV, V and VI. Basbaum et al.2 have recently described three bulbospinal
pathways from the rostral medulla of the cat, one of which originates in the nucleus
raphe magnus and projects bilaterally through the DLF to laminae V, VI and VII and
in addition to the most superficial dorsal horn, lamina I and the substantia gelatinosa
(SG).

The functional organization of the small neurones of the SG is now under inten¬
sive study10-12-20-25. In this paper we report results from a study on lumbar SG
neurones of influences descending from more rostral parts of the central nervous
system. Results have been obtained from cats anaesthetized with chloralose (60 mg/kg)
and paralyzed with gallamine triethiodide, using standard procedures to ensure full
anaesthesia of the animals at all times. SG neurones were recorded in the L6 and L7

segments of the cord using high impedance glass microelectrodes22. Tonic descending
influences from supraspinal centres were tested by placing a thermode on the LI seg¬
ment which permitted reversible spinalization of the animals by cold block8. Ball-
typed surface electrodes were placed on the dorsolateral funiculus at L2-L3 level and

* Reprint requests to: Dr F. Cervero, Department of Physiology, University of Edinburgh Medical
School, Teviot Place, Edinburgh EH8 9AG, U.K.
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in Lissauer's tract at L4-L5. The dorsal column ipsilateral to the recording sites was
cut between the stimulating and recording electrodes to prevent any excitation of
dorsal column axons, due to stimulus spread from the DLF electrode, having any
action at the caudally placed recording electrodes.

In the present experiments a total of 43 SG neurones, identified on the basis of 5
previously defined criteria10-12, were examined. There were 13 intracellular^ recorded
SG neurones and 30 extracellular recordings. According to our classification for SG
neurones 40 cells of the present sample were of the 'inverse' type.

Neurones of the "inverse" class comprised 8 'inverse 1' (I), 12 'inverse 2' (2), 8
'inverse 3' (3) and 12 that were lost before a complete set of tests could be applied to
their receptive fields to establish their sub-classification. Eight SG neurones were fully
tested for tonic descending influences from supraspinal structures. This included
mapping of their receptive fields and analysis of their responses to cutaneous stimula¬
tion in the intact anaesthetized state, after cold block of the cord and again after
removing the spinal block. None of the units tested showed any changes in receptive
field size or in their responses to cutaneous stimuli in any of these test conditions. Fig.
1 shows some examples of the level of background activity of SG neurones before.

iiJL
l/-

Fig. 1. Effects of reversible spinalization by cold block of the spinal cord on the spontaneous activity of
4 SG neurones. Application and removal of the cold block produced only transient or no effects in 3
neurones (A, B and C). The fourth SG neurone illustrated (D) showed a consistent increase in its level
of background activity on application of the cold block and a return to pre-spinalization levels when
the cord was unblocked. Note the long-term variability in the background activities of the SG
neurones illustrated in A and B.
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Fig. 2. Effects of DLF stimulation (50 Hz) on the background activity of 2 SG neurones. Qualitative
(A) and quantitative (B) results are presented. Inhibitory effects were observed at twice threshold for
the largest axons in the DLF. Complete inhibition of the background activity was produced at 3.3
times (upper neurone) and 4 times (lower neurone) threshold.

during and after application of the cold block. With the exception of one neurone (Fig.
ID) which showed a consistent increase in background activity in the spinal state, the
rest of the studied neurones showed only transient changes in their level of sponta¬
neous activity. We have described elsewhere12 that the background activity of SG
neurones is heavily dependent on the afferent inputs and shows long-term fluctuations
(see Fig. 1). In the present experiments background activity of SG neurones could not
be correlated with the spinal block.

In contrast with this lack of tonic descending inhibition 20 SG neurones out of
26 SG neurones tested were inhibited by trains of square-wave stimuli applied to the
ipsilateral DLF (Fig. 2). Inhibition of spontaneous activity appeared at twice
threshold for the fastest DLF axons and was maximal at 3-4 times this threshold (Fig.
2). Neurones that did not show any changes in background or evoked activity during
reversible spinalization were, however, inhibited by DLF stimulation before and after
the application of the cold block. Stimulation of the DLF also inhibited activity
evoked in SG neurones by natural stimulation of the periphery.

It seems then that these SG neurones are not under tonic descending inhibition
from supraspinal centres, but can be phasically inhibited by impulses in pathways
descending in the DLF. Although the animals were under chloralose anaesthesia the
possibility of the anaesthetic being responsible for the lack of tonic descending inhibi¬
tion can be ruled out since very powerful tonic descending influences on dorsal horn
neurones have often been reported in chloralose anaesthetized animals8'9'18. A likely
candidate to mediate the phasic effects is the raphe-spinal pathway. Raphe-spinal
neurones terminate in the SG2, and some have fast axons26. Since SG neurones in our

sample do not appear to be under tonic control the powerful tonic descending inhibi¬
tion characteristic of laminae IV, V and VI dorsal horn neurones must be mediated by
mechanisms that either do not affect the SG or involve SG neurones other than the
ones defined by our criteria. In the recent model of reciprocal sensory interaction in
the dorsal horn7 it has been proposed that SG neurones tonically inhibit transmission
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through larger dorsal horn neurones (see ref. 12 for further details). In this sense des¬
cending DLF pathways that act phasically on SG neurones could contribute to fine
adjustments on the control of sensory transmission through the dorsal horn by remov¬
ing the SG inhibition when appropriate, but tonic descending inhibition must be
mediated by other mechanisms. Preliminary results have been reported to the Physio¬
logical Society13.

This work was supported by the Science Research Council. Our thanks are due
to Miss A. Thorburn and Mr. C. M. Warwick for their excellent technical assistance.
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INTRODUCTION

The current upsurge of interest on the anatomy and physiology of the substantia
gelatinosa (SG) of the spinal cord has led to widely scattered publications. This
review aims to draw them together and place them in perspective with older ideas. In
spite of the extensive studies carried out on many aspects of spinal cord physiology,
the small cells of the SG have been slow to reveal their secrets. In contrast, a great
deal of information has been gathered during the past twenty years on the functional
responses of the larger dorsal horn neurons and their role in sensory mechanisms. In
the course of these studies the small cells of the SG resisted all attempts to record
their electrical activity during many thousands of traverses by exploring micro-
electrodes. Breaking down their opposition became a technical challenge and a
source of scientific pride. A perhaps natural consequence of the lack of direct
information on the SG was the invocation of SG cells in every theoretical model of
sensory organization of the spinal cord. If a group of neurons with peculiar
functional attributes was needed to fill a gap in a theoretical model why not
implicate the elusive SG neurons? Free, if not wild, speculation has had a seminal
effect on functional studies of the SG cells. Current interest on the mechanisms of

pain has also focused the attention of neurophysiologists on the SG. The termina¬
tion of numerous unmyelinated afferent fibres in the SG gave rise at the beginning of
the century to the suggestion that the SG was involved in pain mechanisms (Ranson,
1913, 1914a). This view was more recently implemented on the 'gate control theory
of pain' by Melzack and Wall (1965) in which SG neurons were given a key role.
These hypotheses and the extensive subsequent investigations had much to do with
attempts of unveiling the secrets of the SG. It is important to note that the present
interest on the SG is neither a novelty, nor are the sometimes conflicting reports
resulting from current studies foreign to the history of scientific inquiry on the SG.
The SG was the first region of the grey matter to be identified as a sub-nucleus
(Rolando, 1824), even before motoneuronal pools in the ventral horn were
described. Soon after its description as a separate entity, it was implicated in reflex
activity of the spinal cord and cells were found in it to which sensory functions were
attributed (Grainger 1837; van Deen 1841). Continuous anatomical studies during
the nineteenth century produced a fairly complete picture of its morphological
organization, although unanimity of opinion on the neural nature of the SG was
only slowly reached. In contemporary times, some of the classical, and apparently
well-established, views on the afferent inputs to SG cells are also being challenged.

This review aims to give a critical account of present ideas on the anatomy and
physiology of the SG by reference to past and present conflicts and by outlining the
historical context of contributions to the knowledge of the SG. Supplementary
reading is provided by an exhaustive review of literature on sensory mechanisms of
the spinal cord, including the SG, recently published by Willis and Coggeshall
(1978).
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THE ORIGINS OF THE TERM "SUBSTANTIA GELATINOSA'

The original description of the SG is generally attributed to the anatomist
Luigi Rolando, who in 1824 published a monograph in Italian on the anatomy of the
spinal cord. The book contains detailed descriptions of the external features of the
spinal cord and a general outline of its internal organization. Rolando drew
attention to previously unremarked differences between the posterior grey matter
(dorsal horn) and the anterior grey matter (ventral horn). Based on macroscopic
observations on fresh spinal cords of oxen, pigs and sheep, he stated that the
posterior third of the grey matter consists of a darker and less pink grey matter. This
substance was more gelatinous ('piu gelatinosa') than the rest of the grey matter. In
the figure legends of his book, this part of the dorsal horn is referred to as posterior
grey matter of gelatinous aspect ('sostanza cinericcia posteriore d'aspetto gela-
tinoso') or quasi-gelatinous posterior grey matter ('sostanza cinericcia posteriore
quasi gelatinosa'). No attempt was made to give that part of the dorsal horn a
distinct name nor were its limits meticulously laid down. The adjective 'gelatinous'
was used to distinguish the more dorsal grey matter from the ventral 'spongy and
vascular' grey matter ('sostanza cinericcia spugnosa e vascolare').

The SG entered into the scientific literature with that Latin name thanks to

Remak who in 1838 published his thesis in Latin. In this book Remak also describes
what are now recognized as the unmyelinated peripheral nerve fibres. When he
comes to describe the spinal cord and hence Rolando's observations. Remak writes
on that 'substantia gelatinosa' described by Rolando. The Latin origins of the
modern Italian language and the chance of a Northern European scholar writing in
Latin transformed that 'sostanza piu gelatinosa' described by Rolando, into the
'substantia gelatinosa Rolandi'.

Following Rolando's observations. Remak divides the grey matter ("substantia cinerea' = ashy
matter) into a dorsal substantia gelatinosa and a ventral substantia spongiosa and qualifies as of
'gelatinosa" texture other parts of the spinal cord and brain such as the 'commissura gelatinosa' (later
to become the substantia gelatinosa centralis of the spinal cord) and the 'substantia gelatinosa cerebri'
(localized in the hippocampus).

The use of Latin as a scientific language both in full reports or to designate anatomical structures
produced in the nineteenth and early twentieth centuries several variations on the straightforward term
"substantia gelatinosa'. Among them are: 'substantia Rolandi' (Owsjannikow. 1854); 'substantia
gelatinosa (Rolando)' (Stilling. 1859«. h: Kolliker, 1860): 'formatio Rolandica". (Lenhossek. 1895):
'substantia gelatinosa Rolandoi' (Marburg. 1904) and 'substantia Rolandica' (Waldever. 1888). The
official nomenclature established by the Nomina Anatomica christened the SG as 'substantia
gelatinosa(Rolandi)' in 1895 (Basle Nomina Anatomica): 'substantia gelatinosa dorsalis' in 1935 (Jena
Nomina Anatomica) and 'substantia gelatinosa' in all editions since Paris (1955. 1961. 1966.
1977).

ANATOMY OF THE SUBSTANTIA GELATINOSA

I. Boundaries of the Substantia Gelatinosa
Early studies on the anatomy of the spinal cord showed that the SG is present

throughout its whole length (Stilling, 1859«, b) and extends into the medulla
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oblongata, where it forms the SG of the trigeminal nucleus (Stilling, 1846). In fact
the SG is the only structure of the spinal cord extending continuously from the
brain-stem to the filum terminale (Bruce, 1901; Jacobsohn, 1908; Sano, 1909;
Kappers, Huber and Crosby, 1936).

The total dorso-ventral extension of the SG and the recognition of layers within it
have been and remain controversial issues. Rolando (1S24) described the SG as the
most posterior third of the grey matter thus including in it a significant part of the
dorsal horn. His description was based on the observation of the fresh, unstained
cords and in the obvious differences in colour and consistency between the
superficial dorsal horn and the rest of the grey matter. In one figure Rolando depicts
the border between the SG and the 'vascular' matter as a wavy line and states in the
legend that this boundary resembles the sutures of the cranial bones. A very recent
paper (Light and Perl, 1979a) has emphasized this unevenness along the border
between the SG and the rest of the dorsal horn.

The statement by Rolando that the SG forms the posterior third of the grey matter led some authors
to the belief that most of the dorsal horn was formed of gelatinous substance (van Deen, 1841). It is,
however, very clear from his figures that Rolando assigned much less space to his gelatinous substance
than the whole posterior third of the grey matter. Stilling (1859a) and Clarke (1859) described the
limits of the SG in detail. Both authors agree that the SG forms only a comparatively narrow and
curved lamia or band around the extremity of each dorsal horn. Clarke (1859) added that when viewed
in a thin transverse section of the cord the SG appears much paler and more transparent than the rest of
the grey matter. Stilling and Clarke were involved in a virulent personal polemic reflected in their
papers by angry and deprecatory comments on each other's work as well as claims of priority on the
description of many spinal cord features. It is therefore very difficult to know exactly the order of their
discoveries but it seems clear that both authors recognized the presence of different kinds of cells in the
SG and divided this area into two zones: an outer region containing large and spindle-shaped cells and
a larger inner region packed with very small cellular elements. Clarke (1859) in particular divided the
head of the dorsal horn (caput cornu) into an outer portion or gelatinous substance and an inner
portion with cells of intermediate size and rich in longitudinal fibres. He also stated that the SG had a
'stratum of large cells and marginal nerve-fibres along its posterior border next (to) the posterior
column, into which some of the processes of the cells may seen to extend'.

The recognition of the superficial SG as an independent layer was the work of
Lissauer (1886) and Waldeyer (1888). Following traditional nomenclature, Lissauer
(1886) considered two substances in the grey matter of the spinal cord: substantia
gelatinosa and substantia spongiosa. He stated that the substantia gelatinosa,
located in the superficial dorsal horn was covered on its dorsal aspect by a fine layer
of substantia spongiosa similar to the rest of the grey matter and called it 'Spongiose
Zone der gelatinosen Substanz'. The term 'zona spongiosa' is still present in
anatomical dictionaries (Donath, 1969) meaning 'a layer on the dorsal aspect of the
SG of the spinal cord which contains elongated fusiform cells'. In the same article
Lissauer described the propriospinal tract in the apex of the dorsal horn that bears
his name. Waldeyer (1888) paid more attention to the superficial dorsal horn. He
described in detail the large and flat cells on the posterior border of the SG as an
independent layer, called it the 'peripheral zonal layer' (die periphere Zonalschicht)
and its cells 'marginal cells' (marginale Zellen, marginale Hinterhornzellen).
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This area was later named 'Zona marginal de Waldeyer' by Ramon y Cajal (1899), 'stratum zonale'
by Ziehen (1899); 'nucleus magnocellularis pericornualis' by Jacobsohn (1908) and 'gruppi
pericornuali del cordone laterale' by Massazza (1922-1924). Other authors referred to it as the 'zone of
Waldeyer or Lissauer' (Rappers et al., 1936) which, although paying tribute to both discoverers created
much confusion since the propriospinal tract of the apex of the dorsal horn was also called Lissauer's
tract. Even the thorough historical review of Rexed (1952) on the anatomy and histology of the dorsal
horn contains some bibliographic errors due to his mistaken interpretation of Lissauer's zone and
Lissauer's tract. Similarly, Lissauer's tract is called Lissauer's marginal zone in the series of
phylogenetic studies of the SG by Keenan (1928, 1929a.Z>).

Ranson (1913, 1914c/) divided the SG into two layers (the zonal layer and the SG
proper) and distinguished a third layer of fibres and transitional cells just ventral to
the SG which formed an intermediate layer between the SG and the nucleus of the
dorsal horn. This transitional layer which is well depicted in the excellent figures of
Stilling (18596) and Clarke (1859) had been recognized before by Rosenzweig (1905)
as the 'Greuzschicht'; by Kolliker (1860) as 'Plexus der Substantia Gelatinosa' and
by Ziehen (1899) as the 'dorsalen Greuzplexus des Hinterhornkopfs'.

In summary, by the end of the 1930s scientific opinion regarding the extent and
stratification of the SG was as follows: the SG was defined as the most superficial
part of the dorsal horn, distinguishable from the rest of the grey matter by its
peculiar consistency and transparency. Some authors (Clarke, 1859; Stilling. 1859a;
Lenhossek, 1895; Ramon y Cajal, 1899, 1909; Ziehen, 1899; van Gehuchten, 1900
and Ranson 1913) divided it into the narrow marginal zone containing larger
neurons and the SG proper with smaller cellular elements. Other anatomists
(Lissauer, 1886; Waldeyer, 1888; Marburg, 1904; Jacobsohn, 1908; Massazza,
1922-1924, and Kappers et al., 1936) considered the marginal zone to be a separate
layer of the grey matter. In addition, a special transitional region just ventral to the
SG proper had been recognized (Stilling, 1859a; Clarke, 1859; Kolliker, 1860;
Ziehen, 1899; Rosenzweig, 1905; Ranson, 1913).

11 is in this context that Rexed's cytoarchitectonic studies on the spinal cord (1952,
1954) must be analysed. He described the grey matter of the spinal cord as being
built up of a number of cell layers in a manner similar to the cerebral cortex or the
thalamus and strongly emphasized the cytoarchitectonic basis of his studies. The
grey matter of the spinal cord was divided into nine cell layers, named laminae I-IX.
The first three were identified with the marginal zone of Waldeyer (lamina I),
the substantia gelatinosa Rolandi (lamina II) and the dorsal part of the nucleus
proprius (lamina III). Lamina IV corresponded to the ventral part of the nucleus
proprius (making with lamina III the 'head of the dorsal horn' of older literature)
and lamina: V and VI were identified with the 'neck of the dorsal horn' of Clarke

(1859).
Rexed (1952) described lamina I as a 'thin veil of grey substance forming the most

dorsal part of the spinal grey matter". The main cellular feature of this lamina was
the presence of the large marginal cells intermingled with small and medium-sized
cells. Lamina II (the SG, according to Rexed) was a 'well-delineated band' across the
dorsal horn and consisted of'tightly packed, small cells'. Rexed distinguished two
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zones in lamina II: a dorsal or outer zone which contained the smallest cells and a

ventral or inner zone which appeared as a 'lighter, less compact part of the lamina
II'. Finally, lamina III formed a band, parallel with lamime I and II containing
larger nerve cells than lamina II and less closely packed.

This description by Rexed (1952), based purely on cytoarchitectonic grounds,
initiated a polemic that has not yet been resolved. The debate is on whether the SG of
earlier literature corresponds only to lamina II, as Rexed had described or to both
laminae II and III together. An interesting consequence of Rexed's work was also the
emergence of the marginal zone as a separate independent layer (lamina I) and
the consignment to limbo of earlier interpretations of the marginal zone as the
superficial layer of the SG (Ranson, 1914a).

A central issue of the polemic on the correspondence between Rexed's laminas and the SG is whether
the cells of lamina II can be separated from the cells of lamina III on morphological and/or functional
grounds. In the discussion that followed the presentation by Rexed in 1964 of his laminar scheme the
morphological (Szentagothai) and physiological (Wall) identity between lamina? II and III were
suggested. Rexed insisted on the distinction between these two lamina; based not only on a difference in
cell size but also on the higher fibre content of lamina III and the presence of a well-defined borderline
between the SG (lamina II) and the dorsal aspect of the nucleus proprius (lamina III). Rexed also
insisted on the difficulties of relating Golgi studies to cytoarchitectonic analysis. Szentagothai (1964),
using Golgi methods, had concluded that, in spite of the somewhat larger size of the cells in lamina III.
the general anatomical features of the neurons in laminae II and III and 'especially their connections'
were identical. He thus equated these laminae to the SG of earlier literature. Wall (1962. 1965) agreed
with this view on the basis of source-sink analysis of field potentials in the dorsal horn (Howland.
Lettvin, McCulloch, Pitts and Wall, 1955). They were unable to find differences across the area
corresponding to Rexed's laminae II and III. In a recent single-unit study of the SG, Wall. Merrill and
Yaksh, (1979) continue to treat laminae II and III as a functional and morphological unit
corresponding to the SG.

The larger size of the neurons in lamina III and the lower cellular density of this
area are not the only reasons for distinguishing it from lamina II. Ralston (1965)
noted that lamina II did not take osmium when specimens were prepared for
electron microscopy, due to the paucity of myelinated afferent fibres. He excluded
lamina III from the SG in view of its differences in afferent input with lamina II
(Ralston, 1965). The lack of myelinated afferent input to lamina II does not imply
that the neurons of this area were not connected to dorsal root afferents. The

conflicting reports on the effects of dorsal rhizotomy on degeneration of afferent
terminals in the dorsal horn were resolved by Heimer and Wall (1968) who showed a
difference in degeneration time of the dorsal root terminals in lamina II as opposed
to lamina III. Furthermore, Ralston (1968A) found numerous terminals from
unmyelinated dorsal root afferents in lamina II, thus adding support to the
identification of this lamina with the classic SG. Scheibel and Scheibel (1968)
attempted a compromise solution by proposing the name 'gelatinosal complex" for
laminae II and III, thereby subsuming some similarities but not total identity
between the two laminae. This view has been followed by Beal and Cooper (1978).
Histochemical studies showed a differential distribution of acid phosphatase in the
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superficial dorsal horn. It was present in terminals of presumed unmyelinated dorsal
root aflferents that ended exclusively in lamina II (Coimbra, Magalhaes and Sodre-
Borges, 1970; Knyihar, 1971), which led Coimbra. Sodre-Borges and Magalhaes
(1974) to identify lamina II with the classic SG.

The evidence indicating a differential distribution of dorsal root afferents in the
superficial lamime of the dorsal horn has. more recently, received a great deal of
support. Electron microscopy (Ralston. 1965. 1968/u Beul and Cooper, 1976) and
Golgi studies (Beal and Fox, 1976; Rethelyi, 1977) have revealed numerous

myelinated fibres in lamina III in contrast to a small number in lamina II. as well as
an almost exclusive distribution of unmyelinated afiferents in lamina II. Based on
these and further observations of the same nature Ralston (1979) has followed
Rexed's original division of the SG (lamina II) into two layers; an outer lamina II
with smaller cells and only unmyelinated terminals and an inner lamina II with both
unmyelinated and small myelinated endings (Ralston. 1979; Ralston and Ralston.
1979). A somewhat different division, with the inner SG extending into part of
lamina III had been proposed earlier by Beal and Cooper (1978).

Intracellular staining with horseradish peroxidase (HRP) of individual dorsal
root afferents and dorsal horn neurons has added a new dimension to the debate.
Neither the dendrites of some large neurons in lamina IV nor the endings of thick
myelinated dorsal root afferents penetrate lamina II (Brown, House, Rose and
Snow, 1976; Brown, Rose and Snow, 1977m b). All these structures are, however,
present in large numbers in lamina III. On the other hand, small myelinated
afferents end in lamina I. the ventral side of lamina II and the whole of lamina III

(Light and Perl. 1979m b), whereas unmyelinated fibres seem to end only in lamina
II. The concept of a morphological and functional identity of laminae II and III no
longer appears to be tenable.

On the basis of past and present descriptions of morphological features of the SG
the following conclusion on the boundaries of this region can be reached: The
substantia gelatinosa is a band of clearer grey matter located in the dorsal-most part
of the dorsal horn; it contains small neurons and terminals of dorsal root

unmyelinated allerents in its dorsal region (outer SG) and small neurons and
terminals of both unmyelinated and small myelinated dorsal root afferents in its
ventral region (inner SG): ventral to the SG there is a transitional zone containing
slightly larger neurons, dorsal dendrites of deeper neurons and terminals of large
and small myelinated dorsal root afferents: the cell density is higher in the outer SG
and decreases towards the inner SG and transitional zone: dorsal to the SG there is a

thin layer characterized by the presence of large flat neurons and horizontal nerve
fibres lying between the SG and the white matter. Current names of unequivocal
meaning used to designate these areas are substantia gelatinosa or lamina II:
marginal zone or lamina I (for the layer dorsal to the SG) and dorsal nucleus
proprius or lamina III (for the layer ventral to the SG (see fig. 1 for anatomical
details).
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11. The Margiiuil Zone
The differences in fibre orientation and cell composition between the most

superficial parts of the SG and the rest of this structure were noticed by Clarke
(1859) and Stilling (1859a), both ofwhom state that the dorsal border of the SG was

composed of a plexus of fibres running in a medio-lateral direction, perpendicular to
the main axis of orientation of the rest of the fibres in the SG. Among the superficial
fibres, large fusiform cells were found (Clarke, 1859; Stilling, 18596). Lissauer (1886)
and Waldeyer (1888) separated this layer from the SG and described it as a thin band
of grey matter encircling the SG and joining with the rest of the dorsal horn through
its lateral curvature. The identification of the marginal zone with the rest of the grey
matter of the dorsal horn and its independence from the SG are evident in
Waldeyer's descriptions and illustrations. Nevertheless, this opinion was not
unanimous and recent morphological and physiological studies have shown a close
relation between the SG and the marginal zone. A mention of the main features of
this superficial layer seems therefore appropriate within the context of the present
review. The marginal zone will be separated from the SG and the names 'marginal
zone', 'stratum zonale' and lamina 1 will be employed as synonyms/Stratum zonale'
is a literal latin translation of Waldeyer's original term 'Zonalschicht'. It means 'a
layer that surrounds like a ring or a belt' and is therefore a very appropriate term to
designate the marginal zone. 'Stratum zonale' was used by Ziehen (1899). The main
neuronal elements of the marginal zone are the marginal cells. A dense plexus of
horizontally running fibres and other neuronal types are also important features of
this layer.

Marginal cells. Waldeyer (1888) in describing this cell type in the spinal cord of the
gorilla and man, considered them as a sub-group of the cell population of the dorsal
horn (marginale Hinterhornzellen) streaming out from the base of the dorsal horn
and flattened between the SG and the overlying white matter. In detailed studies,
using Golgi preparations Lenhossek (1895) described them as spindle- or pyra¬
midal-shaped, with dendrites spreading out in a medio-lateral orientation and
occasionally giving off branches which entered the SG. Ramon y Cajal, also using
Golgi preparations, called them 'Celulas fusiformes marginales' (1890), 'Celulas
fusiformes limitantes' (1891) and 'celulas marginales' (1899, 1909). The fact that
Ramon y Cajal called the marginal cells 'limiting cells' in some of his publications is
a source of confusion. He had also called 'limiting' some transitional and
superficial cell types of the SG. In consequence it is not quite clear which cells he is
referring to when describing or illustrating 'limiting' cells. In his view, marginal cells
were displaced elements from the centre of the dorsal horn, pushed aside by the
growth of the SG. Marginal cells which have also been called 'pericornual cells'
(Massazza, 1922-24; Pearson, 1952), are scarce and irregularly distributed.
Massazza (1922-24) distinguished three groupings of marginal cells (apical,
reticular and medial groups) of which the apical group contained the greatest
number of cells, particularly in lumbo-sacral segments of the cord. Several authors
have pointed out that marginal cells tend to be found in widely spaced clusters (for
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example, Carstens and Trevino, 1978). Marginal cells have a spindle-shaped soma
of moderate to large size (estimates range from 20 to 60 ^m). with dendritic systems
that are usually long, following the contours of the SG and occasionally penetrate it
(fig. 1) (Lenhossek, 1895; Ramon y Cajal. 1899, 1909; Earle, 1952; Ralston, 1965,
1968c/. 1979; Scheibel and Scheibel. 1968; Kerr, 1975; Narotzky and Kerr, 1978).
Dendrites are few in number, infrequently branched and, with the exception of the
branches that penetrate the SG, not very rich in spines. Sometimes marginal cells are
found in the white matter dorsal to the superficial dorsal horn. The typical dendritic
domain of the marginal cells is discoid and flattened along the dorsal border of the
SG (Scheibel and Scheibel, 1968). Exact measurements of the total dendritic
extension have not been produced but, based on published illustrations, it seems
that marginal cells cover a circle of 1 to 2 mm diameter.

Marginal cells have thin axons that often take origin from a major dendrite,
sometimes far away from the soma (Ramon y Cajal, 1899. 1909). These axons follow
a course, initially tortuous, through the marginal zone and the SG dropping off
a few collaterals before joining the propriospinal systems of the dorsal horn
(Lissauer's tract or the dorsal fasciculus proprius). According to Szentagothai
(1964) most axons of marginal cells run in Lissauer's tract for up to 5 or 6 segments
before re-entering the dorsal grey matter. This view is in agreement with earlier
considerations of marginal cells as propriospinal interneurons (Bok, 1928; Pearson,
1952). a view that was upheld by the Scheibels (1968) and recently substantiated by
Burton and Loevy (1976) who have shown that some marginal cells have
propriospinal descending axons. On the other hand, long ascending projections of
marginal cells were first proposed by Kuru (1949), who found retrograde
chromatolytic reactions in marginal cells in human patients after antero-lateral
chordotomy. He thus suggested that marginal cells gave rise to axons projecting
through the spinothalamic tract. The introduction of the method of retrograde
labelling of neurons with HRP has extended the debate on the long ascending
axonal projections from marginal cells. So far, marginal cells have been described
projecting to the contralateral and ipsilateral thalamus in cats, monkeys and rats
(Trevino and Carstens. 1975; Carstens and Trevino, 1978; Giesler. Menetrey and
Basbaum. 1979; Willis, Kenshalo and Leonard, 1979), to the ipsilateral cervical
nucleus in cats and dogs (Craig, 1978) and to the cerebellum in monkeys and cats but
not in rats (Snyder, Faull and Mehler. 1978).

Narotzky and Kerr (1978) have suggested that there are two types of marginal
cell, similar in their anatomical features but with different axonal projections. They
proposed to name one group P-marginal cells (projection) and the other A-marginal
cells (associational). This division recognizes the heterogeneous anatomical
evidence and accounts for the existence of long and short projecting neurons within
the general population of marginal cells.

Other neuronal elements in the marginal zone. Marginal cells are not the only
neuronal elements in the marginal zone. One conspicuous feature which contributed
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to its independence from the SG in earlier descriptions was the presence of a
horizontal plexus of nerve fibres. This is made up of fine dorsal root afferents.
processes ofmarginal and other superficial neurons and axons ofdeeper dorsal horn
neurons passing through on their way to join the dorso-lateral funiculus. The
marginal cells are enmeshed in this plexus and two other classes of neurons (Rexed.
1952; Ralston. 1968<r/). The latter neurons have always been described in Nissl
preparations which makes their identification with other neuronal elements of near¬

by regions very difficult. It is probable that the smallest cells described in the
marginal zone are dorsally located SG neurons, and that the medium sized cells
correspond to the 'limiting cells' of the SG described by Ramon y Cajal (1890. 1899.
1909). Both cell types are described in more detail in the following paragraphs. The
division of marginal cells into long and short projecting neurons does not take into
account the existence in the marginal zone of these other neurons. The neurons
having locally distributed or intersegmental axons may not be typical marginal cells
but some of the other cells, particularly the 'limiting' type of neuron.

III. The Cells of the Substantia Gelatinosa
Cellular elements in the SG were seen by Remak (1838) who described them as very

small, round or oval corpuscles with nuclei; rather like red cells. Stilling (1846)
strongly advocated this description, calling them 'corpora nervea globosa sine
processibus' whereas Clarke (1859) gave a somewhat more accurate picture. He
described two types of cells in the SG: a small, round or oval cell with a few processes
and orientated in the dorso-ventral axis and a slightly larger cell type with a fusiform
soma located near the border with the dorsal columns. Still more detailed and
accurate descriptions were given by Gierke (1886) and Virchow (1887) and these
were followed by extensive studies by Corning (1888), Lenhossek (1889, 1895),
Ramon y Cajal (1890, 1891, 1899, 1909) and Golgi (1894). During this time SG cells
were often called Gierke's or Virchow's cells (see Marburg, 1904). Ramon y Cajal
studied the SG in mammals and birds and divided the cells of the SG into two main
classes: (i) central cells: ('Corpusculos centrales' (1899), 'Cellules centrales' (1909))
which are very small cells, distributed all over the SG and with a distinct longitudinal
orientation, and (ii) limiting cells: ('Corpusculos fronterizos' (1899), 'Cellules
limitrophes' (1909)) that were slightly larger cells, located mainly in the superficial
SG and with a horizontal orientation.

Cajal's classification has survived almost unscathed. His two classes of SG neuron
have been recognized in more recent times (Pearson, 1952; Scheibel and Scheibel,
1968; Sugiura, 1975) and his descriptions have been largely substantiated. A more
complex classification of morphological types in the SG, and an intricate neuronal
network derived from it. has been proposed by Gobel (1975, 1978), who studied the
SG of the trigeminal nucleus caudalis (which he defines as the 'dorsal horn of the
medulla'). He described up to three classes of neuron: islet cells, stalked cells and
spiny cells. The rather broad over-simplification which identifies the trigeminal
nucleus caudalis with the dorsal horn of the spinal cord might have encouraged
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Gobel to consider that the structure of the trigeminal SG ought to be in all respects
similar to that of the spinal cord SG. Careful Golgi studies of the SG of the spinal
cord (see Beal and Cooper, 1978) show that the nerve cells of this area represent a
spectrum of sizes and shapes ranging from fusiform-shaped cells in the centre to the
polygonal forms in the superficial SG. Cajal's original classification still stands as a
useful practical simplification, although one must bear in mind that his two cell
types may well represent the extremes of a spectrum of transitional forms.

Central cells. Ramon y Cajal (1890) described these cells in the cord of new-born
dogs and cats and later extended his observations to chicken embryos and pigeons
(Ramon y Cajal. 1891). The term 'central' cells seems inappropriate since these
neurons are distributed all over the SG and not just in the centre. However. Cajal
used the word 'central' to differentiate them from the 'limiting' cells which are
usually located in the margins or borders of the SG. For lack of a better proposal,
and in recognition of Cajal's major contribution, the term 'central cells" will be used
in this paper.

Central cells have the smallest cell bodies in the whole cell population of the spinal
cord (estimates range from 7 to 14^m) with large nuclei surrounded by a little
cytoplasm (fig. 1) (Szentagothai. 1964; Ralston. 1965, 1968c/; Rethelyi and
Szentagothai. 1969; Coimbra el at.. 1974). The somata are spindle-shaped, with two
profuse dendritic trees emerging from opposite poles of the cell body. The dendritic
trees are extremely dense due to the multitude of branches and the numerous stalked
appendages (Beal and Cooper, 1978). An important feature of the central cells is
their plane of orientation in the spinal cord (Ramon y Cajal, 1899, 1909; Earle. 1952;
Szentagothai, 1964; Scheibel and Scheibel, 1968; Sugiura, 1975). In the dorso-
ventral direction they generally adopt a radial orientation, perpendicular to the
slightly curved border of the SG. Bundles of nerve fibres run in a dorso-lateral
direction between SG cells, thus giving to this area its characteristic lobular
appearance. The total dorso-ventral dendritic extent is estimated at 150 to 200/Am.
thus covering the full SG. The mediolateral extent of individual cells is much
smaller; not more than 50 to 100/c.m (Sugiura. 1975; Light. Trevino and Perl. 1979).
In the rostro-caudal axis, in contrast, they stretch over long distances of up to nearly
2mm (Light el al.. 1979). This peculiar orientation of their dendritic trees gives the
SG neurons of the 'central' type a nearly two-dimensional lamina format along the
main rostro-caudal axis of the cord.

The axons of the 'central cells' are generally described as very thin (although Beal
and Cooper (1978) give figures of up to 2 in diameter) and usually take origin
from a primary or secondary dendrite, sometimes far from the cell body. They
follow a tortuous course through the SG. dropping off several profusely branched
collaterals rich in "en passant' boutons. All axon collaterals and some main axons
seem to end within the boundaries of the superficial dorsal horn (laminie I to III) but
most axons eventually reach one of several propriospinal bundles of the dorsal horn.
According to Lenhossek (1895) most join Lissauer's tract. Ramon y Cajal (1899.
1909) stated that most projected to the lateral fasciculus proprius. fewer to
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Lissauer's tract and a handful to the dorsal columns. On joining these paths the
axons either bend and ascend or bifurcate and give ascending and descending
branches. The projections through Lissauer's tract and the lateral fasciculus
proprius have been substantiated by Szentagothai (1964). Scheibel and Scheibel
(1968) and Sugiura (1975).

Limiting cells. These cells were first recognized by Ramon y Cajal in 1890 and
described in the Spanish edition of his classic book (1899) as 'Corpusculos
fronterizos'. In the better known French translation of this book they are termed
'Cellules limitrophes'. The introduction of the adjective iimitrophes' has created a

terminological confusion, outlined by Willis and Coggeshall (1978). Ramon y Cajal
had called the larger marginal cells 'Celulas limitantes' in his paper of 1891 and in
the Spanish edition of his book of 1899. In the latter, marginal cells are called
'Celulas limitantes' in both the text and in the figures. The French version (1909)
translated 'Celulas limitantes' as 'Cellules marginales' in one instance and 'Cellules
limitrophes' in another, thus confusing the marginal cells of lamina I with the
limiting cells of the SG. It is therefore expedient (albeit regrettable) to abandon the
former Spanish or French terminology and refer to these cells as 'limiting cells'.

Limiting cells are slightly larger than central cells (about 10 to 15 p.m cell body
diameter) and are preferentially located in the marginal zone or in the outer SG. The
main feature of the limiting cells is the appearance of their dendritic trees; a group of
dendrites taking origin from the ventral side of the soma and running in a dorso-
ventral direction in the SG, and another dendritic system originating dorsally and
distributed over the marginal zone in a medio-lateral and rostro-caudal orientation
(fig. 1). They look therefore like intermediate elements between the 'central' SG
neurones and the marginal cells of lamina I. This was the opinion of Scheibel and
Scheibel (1968) who described them as 'transitional' elements. Limiting cells appear
to be similar to the 'stalked' cell described by Gobel (1975, 1978) in the SG of the
trigeminal nucleus caudalis and have been so named by Bennett, Hayashi,
Abdelmoumene and Dubner (1979) who succeeded in staining some limiting cells
intracellular^ in the spinal cord.

The dendritic extent of the limiting cells is different from that of the central cells.
Limiting cells have a wider medioMateral distribution (150 /um or more) and shorter
rostro-caudal (400 /u.m) and dorso-ventral (75-150 /urn) distributions. They thus
correspond to the polygonal-sized neurons of Beal and Cooper (1978) and represent
the extreme end of their spectrum of shapes.

The axons of limiting cells seem to have an initial course, collateral distribution
and paths of projection similar to those of central cells. These thus share some
morphological properties with 'central' SG neurons but differ from them in their
location and the distribution of their dorsal dendrites which resembles that of
marginal cells. It is, therefore, appropriate to consider them as a separate group of
cells with distinct morphological features. They could also be the frequently
described neurons in the marginal zone or outer SG with short projecting axons-the
so-called associational marginal cells (Narotzky and Kerr, 1978).

132



SUBSTANTIA GHLATINOSA 729

Is the substantia gelatinosa a 'closed system' ? The concept of the SG as a 'cellular
system closed in itself" was put forward by Szentagothai (1964) and has remained
one of the most quoted attributes of the SG as well as the basis of all morphological
and functional models involving its neurons. Szentagothai was impressed by the
large numbers of very small SG neurons with thin axons that apparently ended only
within the limits of the SG. The only estimate of the cell density of the SG is that of
Scheibel and Scheibel (1968). They give a figure of 250 to 300 cells per 106 ^ in mid-
lamina II of the adult cat. From that figure it can be worked out that there are

between 75000 and 90000 SG cells per mm of spinal cord on each side. Szentagothai
described two systems of axonal projection: (i) a short range intrinsic system formed
by axons of SG neurons that extend for not more than 2 to 3 mm through the SG
itself and (ii) a 'long-range' system formed by those SG neurons whose axons joined
Lissauer's tract or the lateral fasciculus proprius and reflected back to the SG after
travelling 2 to 3 segments in either direction. A few SG neurons whose axons crossed
to the other side of the cord were also proposed to end within the limits of the
contralateral SG. Therefore, Szentagothai (1964) proposed that the SG was 'a
cellular system almost closed in itself with a strong input from the dorsal roots and
very rich interconnections longitudinally but practically no direct pathways for
further forward conduction". In view of this. Szentagothai then proposed that the
only system of forward conduction from the SG would be through connections with
the large neurons of laminae IV and V, whose dendrites 'are embedded in it'. It seems
well established now that dendrites of some neurons in laminae IV and V do not enter

the SG (lamina II) although they are plentiful in the dorsal nucleus proprius (lamina
III) (Brown etal., 1976, 1977a). It must be remembered that Szentagothai in his 1964
paper considered lamime II and III together as the SG. On the one hand this
substantiates his assertion that dendrites of laminae IV and V neurons can reach the
axons of SG neurons but on the other hand does not make the SG (lamina II) a closed
system since the axons of its neurons could end outside it. namely, in lamina III. This
may seem a rather strained argument but it is important to realise that the idea of the
SG as a 'closed system' has been taken literally by many authors, implicating a great
deal of intra-SG activity and very little direct interaction with neurons in other areas
of the dorsal horn. Axons of SG neurons almost certainly end on other SG neurons
but. in branching in lamina III. they also make contacts with neurons in this deeper
lamina some of which are neurons that project through ascending pathways. Also,
axonal endings from SG neurons have been described on the dendrites and somata
of marginal cells, some at least of which project to supraspinal structures. Neurons
in the SG are not only involved as interneurons in sensory transmission or reflex
pathways. Some of them have long ascending axons. Two research groups have
reported typical central and limiting SG neurons filled with HRP following its
injection into supraspinal structures. Giesler. Cannon, Urea and Liebeskind (1978)
described them after injecting the cervical cord and lower brain-stem in the rat, and
Willis et al. (1978. 1979) reported retrograde transport of H RP to some SG neurons
in monkeys after making injections in the contralateral thalamus.
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These results call in question the concept of the SG as a 'closed system' which can
only be sustained on the basis that SG neurons are largely propriospinal
interneurons with axonal projections limited to the superficial dorsal horn. They are
influenced by incoming activity from dorsal root aflferents and in their turn they
influence neurons of their own kind, larger neurons in the same or neighbouring
segments, and in some instances, may project to distant segments of the cord or to
supraspinal structures.

CUTANEOUS AFFERENT ANATOMICAL
RECEPTOR FIBRE FIBRE ENDING NEURON LAMINA NOMENCLATURE

Fig. 1. Schematic diagram of the neuronal organization of. and afferent input to the superficial dorsal horn. The
diagram represents an imaginary transverse section of the dorsal horn and illustrates the afferent fibre endings and
neuronal elements present in the first four laminae of the dorsal horn. To the left of the diagram the types of afferent
fibre and relevant receptor groups associated to them are listed. Fibre endings in the dorsal horn are schematized
diagrams taken from published morphological studies. Neurons in the diagram represent standard types of neuron
in the superficial dorsal horn. The following types have been illustrated: (from lop 10 bottom) a marginal cell, an SG
limiting cell, two SG central cells and two neurons of the nucleus proprius, the most superficial of which has
dendrites penetrating lamina II. Indicated at the right of the diagram are the laminar division of the superficial
dorsal horn and corresponding anatomical nomenclature.

IV. The Tract of Lissauer and its Relations with the Substantia Gelatinosa
The tract of Lissauer has already been mentioned as a projection pathway for th<

axons of some marginal and SG neurons. It also contains bundles of smal
myelinated and unmyelinated dorsal root afferents whose final destination is th
superficial dorsal horn, particularly the marginal zone and the SG. Lissauer's tract i
therefore a pathway closely associated with the SG as it groups in one distinc
propriospinal tract most of the peripheral inputs to SG neurons and many of the
axonal projections. The relation of the SG with Lissauer's tract has not, howeve
escaped its share of controversy and conflicting evidence. Three principal issui
have for years been the subject of disputation and it is only very recently that defini
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experimental evidence has begun to emerge on (i) the nature of the fibres running in
Lissauer's tract (intrinsic axons or dorsal root afferents): (ii) the axonal spectrum of
the tract and (iii) the longitundinal span of the fibres in the tract. Each issue requires
detailed consideration.

A small bundle of fibres, situated in the apex of the dorsal horn, between the SG and the external
border of the spinal cord was described with precision by Lissauer. Preliminary observations were

published in abstract form (Lissauer. 1885), and a full and excellent paper appeared one year later
(Lissauer. 1886). He described fine fibres of the dorsal root that separate themselves from the coarse
fibres and enter the spinal cord slightly lateral to the rest of the dorsal root fibres. On entering the cord,
these fine fibres group into a bundle that runs in the border area ('Randzone') between the grey matter
and the periphery of the spinal cord. To Lissauer. the tract was made exclusively of fine dorsal root
afferents. The interesting observation of a segregation of fine fibres within the dorsal roots into a lateral
bundle generated contradictory re-examinations. Ranson (1913. 1914//. b) confirmed the medio-lateral
division of the dorsal roots and concluded that small myelinated and unmyelinated dorsal root fibres
emerged into a lateral bundle that was continuous with Lissauer's tract. This was the morphological
basis for his view of the SG-Lissauer's tract complex as the first relay of the pain pathway (Ranson and
Billingsley. 1916). Segregation of fine afferents into a lateral division of the dorsal root was confirmed
by Earle (1952) and Szentagothai (1964) although both agreed that the division was not quite as simple
as Ranson had described it. Wall (1962). on the other hand, could find no evidence for a lateral division
of the fine dorsal root afferent fibres. It is important to note that he considered Lissauer's tract as 'a
propriospinal tract for the substantia gelatinosa' with few. if any. dorsal root fibres in it, and that the
'entering roots and Lissauer's tract are separate structures with almost no intermingling'. A recent
anatomical re-examination of the area by Snyder (1977) in cats and monkeys has shown that there is a
lateral division of the dorsal root containing small myelinated and unmyelinated afTerents in the
monkey but not in the cat. Nevertheless, no matter whether or not an anatomically distinct lateral
division was present in the dorsal roots, bundles of fine afferent fibres from the dorsal roots eventually
merged with Lissauer's tract (Snyder, 1977).

Lissauer (1886), for his part, considered that all the fibres in the tract were of
dorsal root origin, an opinion that was soon challenged. Waldeyer (1888). Leszlenyi
(1912) and particularly Nageotte (1903). stated that Lissauer's tract fibres were of
endogenous origin, whereas Sottas (1893), Collier and Buzzard (1903) and Sibelius
(1905) found limited degeneration in Lissauer's tract following lesions of the dorsal
roots, thus implying a mixed nature of the tract (an excellent review of the earlier
literature on Lissauer's tract can be found in Nathan and Smith (1959)). A problem
linked to that of the origin of Lissauer's tract fibres was the recognition of their
morphological characteristics. Although Ramon y Cajal (1899. 1909) mentions very
fine fibres joining Lissauer's tract, the presence of many unmyelinated fibres in both
the dorsal roots and the tract was brought to light by the extensive studies of Ranson
(1913. 1914c/. b). In these papers. Ranson described in detail the boundaries of the
tract and its regional variations along the spinal cord, from a long and narrow
bundle in cervical segments to a short and wide fascicle in the lumbosacral
enlargement. Ranson confirmed the mixed derivation of Lissauer's tract fibres: most
of those confined to the lateral part of the tract were of endogenous origin whereas
those located in more medial areas were of dorsal root provenance. He also stated
that most fibres of the tract were unmyelinated with some small myelinated fibres
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evenly distributed throughout the tract. Earle (1952) confirmed the division of
Lissauer's tract into a mainly exogenous medial part and a lateral area formed by
fibres of endogenous origin. He also added that the dorsal root fibre component was
about 25 per cent of the total number of fibres which span not more than 1 or 2
segments in rostro-caudal direction. Szentagothai (1964) estimated a span of 1 to 3
segments for Lissauer's tract dorsal root afierents and of up to 5 to 6 segments for
the endogenous fibres, which he definitely thought were axons of SG and marginal
cells. Scheibel and Scheibel (1968) traced unmyelinated fibres from Lissauer's tract
ending in the SG and suggested they were axons of other SG neurons. Rethelyi
(1977) has produced similar and further evidence but attributed the SG endings to
unmyelinated dorsal root afierents. La Motte (1977) also confirmed the presence of
both endogenous and exogenous fibres in Lissauer's tract, spanning 1 to 3 segments
in each direction. She distinguished two populations of afferent fibres in the tract:
one ending primarily in laminae II and III and another ending in lamina I and the
outer regions of lamina II. She suggests that the former is made of unmyelinated
dorsal root afierents and the other of small myelinated afferent fibres.

An independent opinion on the composition and fibre spectrum of Lissauer's
tract was held by Wall (1962), and it was still maintained in recent publications of his
research group (Merrill, Wall and Yaksh, 1978; Wall and Yaksh 1978; Wall et al.,
1979). Wall maintained that Lissauer's tract contained neither small myelinated
fibres nor fibres of dorsal root origin. In more recent papers this opinion was
modified by the inclusion of a few small myelinated dorsal root afierents. In any case
the lateral part of Lissauer's tract was thought to contain only unmyelinated axons
of SG neurons (Merrill et al., 1978, Wall and Yaksh, 1978; Wall et al., 1979).

A number of recent studies have greatly contributed to the resolution of these
problems. Denny-Brown, Kirk and Yanagisawa (1973) reported changes in sensory
dermatomal size after selective lesions of either the medial or the lateral divisions of
Lissauer's tract in monkeys. This implies that axons of spinal cord neurons
responsible for the integration of sensory inputs run in both areas of the tract and
are not restricted to only one part. Moreover, Coggeshall's group (Chung,
Langford, Applebaum and Coggeshall, 1979; Chung and Coggeshall 1979) have
reported, in the first quantitative electron microscopical studies, the origin and
calibre of Lissauer's tract fibres in the rat and the cat. From these studies it is now

clear that the majority of the fibres in the tract are unmyelinated (80 per cent). About
two-thirds of them are of dorsal root origin as are a similar proportion of the small
myelinated fibres of Lissauer's tract. Thus, about one-third of the small myelinated
and unmyelinated fibres in the tract are axons of superficial dorsal horn neurones
(that is, 7 and 27 per cent of the tract, respectively).

An interesting outcome of the analysis by Coggeshall's group, confirmed in HRP
studies of Lissauer's tract by Light and Perl (1979a, b), concerns the supposed
segregation of endogenous axons in the lateral division of the tract. Both
degeneration and HRP studies have shown that unmyelinated and small myelinated
afierents are distributed throughout the tract, and although a higher concentration
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of primary afferent fibres seems to occur in medial parts of the tract this is by no
means a consistent rule. Both afferents and endogenous axons, myelinated and
unmyelinated, appear intermingled in all parts of Lissauer's tract in the cat and rat.

The present evidence concerning the anatomy of Lissauer's tract can be
summarized as follows: (i) Lissauer's tract is principally composed of unmyelinated
fibres (70 to 80 per cent), the remainder being thin myelinated fibres; (ii) both
unmyelinated and small myelinated fibres are evenly distributed throughout the
medial and lateral divisions of the tract in cat and rat; (iii) between one-third and a

halfof the fibres in the tract are dorsal root afferent fibres which run in the tract for I
to 3 segments in both rostral and caudal directions; (iv) the remaining fibres are the
axons of dorsal horn neurons, mainly marginal cells and SG neurons; (v) the total
span of the endogenous fibres is still not clear but estimates range between a few
millimetres and 5 to 6 segments; (vi) although there is a preferential location of
endogenous axons in the more lateral areas of the tract, endogenous and exogenous
fibres are intermingled throughout its whole extent.

V. Peripheral Inputs to Marginal and Substantia Gelatinosa Neurons
Morphological studies on the afferent inputs to SG neurons have mainly been

concentrated on analysis of the dorsal root projection to the area. Even before the
first structural details of the SG were described, the proximity of the SG to the dorsal
root entry led to the proposal that dorsal root fibres relay in the SG (van Deen,
1841). A plexus of horizontal fibres in the superficial SG together with numerous
nerve fibres of dorso-ventral orientation was clearly illustrated by Clarke (1859) and
Stilling (1859a). The dorsal root origin of these fibres was suggested by Kolliker
(1860) and doubted by Lenhossek (1895). Ramon y Cajal (1899, 1909) produced a
comprehensive picture of the dorsal root input to the SG which is still generally
valid. According to Cajal, the SG received two kinds of afferent input: a projection
of thick fibres coming from the ventral side of the SG and a dorsal projection of thin
fibres. The thick fibres enter the dorsal horn from the adjacent dorsal columns, take
an initial ventral direction and curve suddenly to reach the SG from below. These
fibres, which Cajal clearly thought were of dorsal root origin, end in a characteristic
profuse arborization which the Scheibels (1968) very aptly named 'flame-shaped
arbors". The second fibre projection was formed by numerous fine fibres entering
from the dorsal aspect of the SG from Lissauer's tract and other propriospinal tracts.
Since many of these fibres came from Lissauer's tract, Cajal was not as certain of
their dorsal root origin as he was about the thick fibres. The fine fibres in entering
the dorsal aspect of the SG branched in a complex plexus of intermingled terminal
arborizations. Cajal also described a plexus of fine fibres in the marginal zone (the
marginal plexus) making contacts with the large marginal cells. Most of these fibres
were traced back to Lissauer's tract. Their dorsal root origin was suggested although
the possibility that some fibres were of propriospinal origin was left open. Cajal's
scheme was implemented by Ranson (1913, 1914a, b) who studied in particular the
projection of small myelinated and unmyelinated fibres from the dorsal roots.
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through Lissauer's tract to the SG. Ranson concluded that the marginal plexus
contained both small myelinated (i.e. AS) and unmyelinated (i.e. C) afferent fibres,
whereas the SG received an exclusively unmyelinated dorsal root projection.
Szentagothai (1964) confirmed the classical views of Cajal on the organization of the
afferent input to the SG, although he held the opinion that many of the fine fibres
ending in the SG were in fact axonal arborizations of SG neurones.

Szentagothai's implementation of Cajal's observations and the didactic blue¬
prints of the SG that he produced (Szentagothai, 1964) were firmly established in the
literature as references to the morphological organization of the superficial dorsal
horn. In the fifteen years since their publication, a number of issues have been
brought to discussion resulting in important re-examinations of the distribution of
dorsal root fibres to the SG and marginal zone. Three questions are particularly-
relevant: (i) the origin of the fine fibres of the SG; (ii) the existence of endings of thick
dorsal root afferents within the boundaries of the SG and (iii), the detailed
organization of the synaptic glomeruli which are a prominent feature of the neuropil
of the SG.

Projection ofdorsal root fibres to the SG was denied by Ralston (1965. 19686) and
Sterling and Kuypers (1967). Ralston traced numerous bundles of small un¬
myelinated axons (< 1 /nm) in the SG, with many endings or 'en passant' boutons.
Following section of the dorsal roots he could not find degeneration of these
terminals in lamina II (the SG) although degenerated axons were plentiful in lamina
III. Ralston (1965, 19686) concluded that the rich network of unmyelinated axons in
the SG was produced by the branching of the axons of SG neurons; an opinion also
held by the Scheibels (1968). In contrast with this, Heimer and Wall (1968) found
massive degeneration in laminae I to III following dorsal root section and stressed
the point that the time course of the degeneration in lamina II differed from that in
lamina III. A recent re-examination of the problem by Ralston and Ralston (1979)
has confirmed Heimer and Wall's observations.

Following dorsal rhizotomy, degeneration first occurs in the largest myelinated
afferents present in the inner portion of the SG, although mainly distributed in
lamina III. Next follows degeneration of small myelinated afferents in lamina I and
the outer portion of lamina II and finally there is degeneration of the unmyelinated
afferent fibres present exclusively in both portions of lamina II (Ralston and
Ralston, 1979). This study offers a clear explanation of the conflicting evidence from
earlier degeneration studies and also presents a more complete picture of the
distribution of dorsal root afferents of different kinds to the SG and adjacent areas.
It is clear then, that some of the fine collaterals entering the SG from its dorsal side
are of dorsal root origin (Rethelyi and Szentagothai, 1973), but it is also firmly-
established that other neuronal elements, particularly axons of SG neurons,
contribute to this projection. Beal and Fox (1976). in an extensive study of the fibres
of the SG, concluded that the fine fibre component could be divided on
morphological grounds into two groups, the fibres giving either fine terminal
branches or large and irregular endings. The former were suggested to be axons of
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SG neurons, and the latter to be endings of fine dorsal root afferents. Both sets of
fine fibres were confined to the boundaries of lamina II (Beal and Fox. 1976).
Narotzky and Kerr (1978) analysed the neuropil of the marginal cells and concluded
that the superficial plexus of fibres (the marginal plexus) contains fine dorsal root
afferents ending on the distal dendrites of marginal cells and axons of SG neurons
with terminal boutons over the somata and proximal dendrites of the flat marginal
neurons. On the other hand, Rethelyi (1977) has analysed the geometry of the non¬

myelinated fibre input to the SG and examines arborizations that he believes are
from dorsal root C-fibres. This particular kind of ending offers a peculiar geometry,
with terminal boutons distributed along the whole dorso-ventral extent of lamina II
(150 /urn) in a very narrow medio-lateral (16 to 26 pm) and extremely long rostro-
caudal (up to 1000 /^.m) orientation. These endings form a nearly two-dimensional
longitudinal arrangement which matches closely the extent of the dendritic
arborizations of 'central type' SG neurons. The origin of these structures from
unmyelinated fibres has been questioned by Gobel and Falls (1979). who found that
many of the fine arborizations in lamina II are in fact connected to parent dorsal
root axons having diameters of 1 to 1.5 ftm, that is, of small AS fibres. On the basis of
present knowledge we can conclude that the marginal zone (lamina I) contains
mainly AS dorsal root fibres and axons of SG neurons ending on marginal cells,
whereas the SG (lamina II) is the main nucleus of reception for peripheral C-fibres.
Axons of SG neurons and AS dorsal root fibres are also present in the SG (lamina
II). The latter are particularly distributed over the inner portions of the SG.

A second question currently under discussion is whether or not endings from
large dorsal root fibres penetrate the SG (lamina II). The Scheibels (1968)
confidently claimed that these endings (flame-shaped arbors) penetrated the whole
lamina III, most of lamina II and that some even reached lamina I. The radial
orientation of these endings was held responsible for the lobular appearance of the
SG (Szentagothai. 1964). In recent years these observations have been called to
question. La Motte (1977) found that large afferents from the dorsal roots end only
in laminae IV to VI. an observation substantiated by Hamano. Mannen and
Ishizuka (1978) who stated that dorsal root afferents with diameters greater than
1 /urn rarely penetrate lamina II.

Similar observations were reported by Ralston and Ralston (1979) but
Proshansky and Egger (1977/5), using aterograde transport of HRP from cut dorsal
rootlets, could see endings of 'flame-shaped arbors' reaching the ventral side of
lamina II. Beal (1979), in a Golgi study, is also of the opinion that the terminals of
some deep fibres reach the inner SG, although, in a previous publication (Beal and
Fox. 1976) it was stated that the endings of large dorsal root fibres (named 'confined
ansiform axonal complexes') were mainly found in lamina III, and that their present
in lamina II was much less frequent.

The technique of intracellular staining of physiologically identified dorsal root
fibres with HRP has added new perspectives to the question. Brown et al. (1977/?,
1978) reported that the 'flame-shaped arbors' are the terminals of hair follicle
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afferent units, and that they are distributed mainly over lamina1 III and IV with rare
incursions to the ventral region of lamina II. Similarly, terminals of slowly-adapting
type I cutaneous receptors (Iggo and Muir, 1969) end below the SG. and are
confined to lamina III. IV and V (Brown el al., 1978). Light and Perl (1979«) re¬
examined the projection of dorsal root fibres to the superficial dorsal horn, using
anterograde transport of H RP applied to the roots. They concluded that AS fibres
end in lamina I and III. with some projecting to the inner lamina II, that C-fibres
terminate exclusively in the SG proper (lamina II) and that endings from large
myelinated fibres do not ascend beyond the dorsal border of lamina III. Intracellular
staining of individual AS dorsal root fibres shows further segregation (Light and
Perl. 1979h). Fibres taking origin from mechanical nociceptors end in lamina I and
V. whereas those coming from 'D' hair follicle receptors and connected to AS
afferent fibres distribute along lamina III and the ventral side of lamina II. either as

'flame-shaped arbors" or by giving off collaterals directly to those areas, (fig. 1).
It seems, then, that the whole argument on the organization of the dorsal root

projection to the SG and other superficial layers of the dorsal horn lies in the lack of
agreement on the 'permeability' of the borders between different laminae. If one
takes the view that the SG and other layers are areas or zones of projection with
transitional borders between them, the whole issue becomes much less tangled and
perhaps less emotive and can be summarized as follows (see fig. 1 for anatomical
details): (a) the marginal zone receives extensive projection of dorsal root AS fibres,
but arborizations of SG axons and dorsal root C-fibres can reach neurons in this
area; (b) the SG is the main, if not the only, nucleus of reception for dorsal root
unmyelinated fibres, but terminal arborizations of AS and A£ dorsal root fibres can
reach its ventral aspect in small numbers and (c), the bulk of the projection of large
myelinated dorsal root afferents seems to be confined to laminae III. IV and V.

A third question which has been discussed in recent years relates to the
organization of the SG neuropil, and in particular, the synaptic arrangement of the
'glomeruli'. One important element in Cajal's schemes of the SG was the presence in
the SG of numerous dendrites from deeper dorsal horn neurons that intermingled
there with SG neurons and dorsal root fibre terminals. This feature was im¬

plemented by Szentagothai (1964) and the Scheibels (1968) in their schema. It has
remained a constant feature of all descriptions of the relationship between SG
neurons and larger and deeper cells, particularly those in lamina IV (Rethelyi and
Szentagothai, 1973). Proshansky and Egger (1977a) studied the dendritic spread of
neurons in laminae IV, V and VI and reinforced the view that lamina IV neurons

project dorsal dendrites to lamina III and the SG. Now that individual neurons are
being stained intracellularly, and their dendritic organization analysed in detail, the
picture is beginning to change. Brown et al. (1976, \911b) stained spino-cervical
tract neurons with procion yellow and with HRP. These neurons have somata
located mainly in lamina IV with fewer in laminae III or V. Brown's group have
reported that dorsal dendrites of spino-cervical tract neurons rarely penetrate the
SG (lamina II), and very often, on reaching the ventral border of the SG. turn and
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run along the longitudinal axis of the cord. In a sample of two SCT neurons. Rastad.
Jankowska and Westman (1977) reported one cell with dendrites confined to laminae
III and IV and another with the soma in lamina III and a few dorsal dendrites
penetrating the ventral SG. It seems, therefore, that the classical concept of
dendrites of deeper dorsal horn neurons (particularly those in lamina IV)
penetrating the whole extent of the SG and being a conspicuous feature of its
neuropil is invalid. Nevertheless, there are neurons other than spino-cervical tract
cells in lamina IV (such as dorsal column postsynaptic units) whose dendritic
arborizations, as revealed by HRP injections, may penetrate both the SG and the
marginal layer (Brown and Fyfife, 1980). At this point it is worthwhile to go back to
the initial description of the SG and remind ourselves-that the border between the
SG and the rest of the dorsal horn was clearly depicted, in the splendid figures of
Clarke (1859) and Stilling (18596), as a band with many bundles of fibres that
stopped suddenly at the ventral edge of the SG. This band is today's lamina III,
a region that contains the endings of large cutaneous afferents and the dendritic
trees of those neurons in lamina IV that do not cross the ventral border of the SG.

A typical feature in the neuropil of the superficial dorsal horn is the presence of
synaptic arrangements called 'complex synaptic arrays' by Ralston (1965). 'large
synaptic complexes' by Rethelyi and Szentagothai (1969) and 'glomeruli' by Kerr
(1966. 1975). The term 'glomerulus' seems to be simple and descriptive enough to be
w idely used and will be adopted here. The glomerulus consists of a central and
enlarged synaptic bouton covered by numerous smaller processes which establish
various synaptic contacts between themselves and the central bouton. The central
bouton was regarded as an axonal ending from a special kind of neuron whose soma
was in lamina III (Rethelyi and Szentagothai, 1969), but this view has been
abandoned because the central boutons degenerate following dorsal rhizotomy
(Coimbra el a/., 1974). The interest in the synaptic glomeruli can be traced to the
proposal that SG neurons mediate dorsal root potentials by acting presynaptically
on endings of dorsal root afferents (Wall, 1962). Glomeruli could offer the
ultrastructural basis for such axo-axonal contacts between the endings of SG axons

(peripheral processes) and the dorsal root afferents (central boutons). The number
of arrangements proposed for the synaptic circuitry of the glomeruli is not small
(see Willis and Coggeshall (1978) for an excellent review). Once again the lack of a
common nomenclature has made a contribution to the conflicting evidence.
Synaptic glomeruli are present in lamina III (included by some authors in the SG).
where they probably represent the synaptic contacts between dorsal root afferent
terminals and dendrites of laminae III and IV neurons. In lamina II (that is. in our
view, the SG) the glomeruli become less frequent and their central boutons are
almost certainly endings of dorsal root C-fibres (see Csillik and Knyihar. 1978). Beal
and Fox (1976) were of the opinion that the glomeruli of lamina II (the SG) were
formed by the large irregular endings of fine dorsal root fibres, whereas those in
lamina III resulted from the terminal endings of the 'confined ansiform axonal
complexes" generated by thick myelinated dorsal root afferents. Because of their
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peculiar morphology, glomeruli have probably been over-estimated as representa¬
tives of the synaptic arrangement in the SG. Counts of synaptic profiles show that
glomeruli make up only 5 percent of the synapses in the SG. Moreover, Duncan and
Morales (1978) reported that 97 per cent of the synapses on the SG. 'glomerular' or
'extraglomerular', were axo-dendritic, an observation recently substantiated by
Ralston (1979). If this is so, glomeruli are simply a morphological variant of
traditional synaptic contacts between dorsal root fibres and dendrites of neurons in
the SG. lamina III and lamina IV. The large numbers of extraglomerular contacts
suggest a good deal of intra-SG connectivity, but the issues of axo-axonic synapses
and the ultrastructural basis of presynaptic inhibition seem to have lost interest, at
present.

VI. IntraspinalandSupraspinal Inputs to MarginalandSubstantia Gelatinosa Neurons
The presence of extensive intraspinal projections to marginal and SG neurons has

already been indicated in previous paragraphs. As far as the large marginal cells are
concerned it seems that their only intraspinal input comes from axonal projections
of SG neurons. These axons contribute to the dense marginal plexus and eventually
end on the somata and proximal dendrites of marginal cells (Narotzky and Kerr,
1978).

The SG, for its part, receives a considerable projection of fine fibres of intraspinal
origin. Most of them are axonal terminal arborizations from other SG neurons

establishing short (2 to 3 mm) or long (up to 5 to 6 segments) intra-SG connections.
Axonal projections of SG neurons have been traced to the marginal zone, to the SG
itself (lamina II) and to lamina III (Ramon y Cajal, 1899, 1909; Szentagothai, 1964;
the Scheibels, 1968; Matsushita, 1969). According to Beal and Fox (1976) terminals
of SG axons have a distinct morphology which differs from that of the endings of
dorsal root afferent fibres. The regional distribution of these intraspinal projections
and their suggested origin indicates that SG neurons may establish connections with
marginal and other cells in the marginal zone, with other SG neurons in lamina II
and, because of their projection to lamina III, with neurons in this lamina and with
dorsal dendrites of lamina IV neurons. Other sources of intraspinal inputs to the SG
are the marginal cells. It has been indicated already that the axons of marginal and
other neurons in the marginal zone give off a few collaterals which arborize within
the limits of the SG, although evidence is lacking for direct connections between
axon collaterals of marginal cells and SG neurons. The relative importance of such a
projection is also unknown, but the anatomical evidence suggests the existence of
feedback and integrative neuronal circuits between marginal and SG neurons.

Peripheral and intraspinal inputs to the SG constitute a substantial proportion of
the total inflow to its neuronal elements. In recent years the attention of
morphologists and physiologists has turned to the study of possible inputs to the
superficial dorsal horn from supraspinal structures. Traditionally, descending
control was thought to be exerted chiefly on spinal reflexes through actions on the
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motoneuronal pools. It is now established that sensory pathways are also under
strong control from supraspinal structures. There is a good deal of functional study
on descending influences on dorsal horn neurons, including marginal and SG
neurons, but less attention has been paid to their morphological aspects. Current
anatomical evidence on such projections comes almost exclusively from studies
using histochemical techniques or modern methods of tracking nervous pathways,
such as HRP or autoradiographic studies.

A major source of descending control on sensory pathways is the pyramidal tract.
Detailed HRP studies have, however, shown that in the monkey direct cortico¬
spinal projections are restricted to laminae IV, V and VI, with a few endings reaching
the ventral side of lamina III (Coulter and Jones, 1977). Most, if not all, descending
pathways ending in the SG and marginal zone take origin in the brain-stem,
particularly in or around the raphe nuclei (Bobillier. Seguin, Petitjean. Salvert,
Touret and Jouvet, 1976; Basbaum. Clanton and Fields. 1976. 1978; Martin, Jordan
and Willis, 1978; Fields and Basbaum. 1978).

Dahlstrom and Fuxe (1964) and Crutcher and Bingham (1978), using histo¬
chemical methods for the detection of catecholamine-containing terminals, found
numerous monoaminergic endings in both the marginal zone and the SG and a less
extensive projection to other areas of the dorsal horn. Most monoaminergic
terminals disappear after lesions of the locus coeruleus. but not those found in the
marginal zone and the SG (Nygren and Olson, 1977).

Recent autoradiographic studies offer a comprehensive view of the brain-stem
projection to the dorsal horn. Basbaum et al. (1978) studied three bulbo-spinal
pathways from the rostral medulla and originating in the nucleus reticularis
gigantocellularis (NRGc), the nucleus raphe magnus (NRM) and the nucleus
reticularis magnocellularis (NRMc). Pathways originating in NRGc course in the
ventral funiculi of the cord and end in the ipsilateral and contralateral ventral horns,
particularly in laminae VII and VIII. In contrast, the spinal projection from NRM
and NRMc affects more superficial areas of the cord, via pathways coursing in the
dorso-lateral funiculus that end in laminae I. II. V. VI and VII. Projections from
NRM are bilateral, whereas that from NRMc is exclusively ipsilateral.

There is therefore evidence, albeit incomplete, of the existence of brain-stem
projections to the SG and marginal zone. This projection is by no means exclusive.
Other areas of the dorsal and ventral horn containing the cells of origin of ascending
pathways also receive extensive projections from similar areas of the brain-stem as
well as selective descending projections from other brain-stem and cortical regions.

VII. Comparative Studies on the Substantia Gelatinosa
Most morphological observations reported in the preceding pages come from

studies of the cervical and lumbar enlargements of cat, monkey, rat and, more
rarely, human spinal cords. Mention of the few systematic regional and phylo-
genetic studies on the SG may serve to arouse interest in this relatively neglected
aspect of the anatomy of the nervous system.
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Descriptions of regional variations in the size and shape of the SG along the spinal cord are common
in early reports. Clarke (1859) studied the cord of several species of reptiles, birds and mammals;
Waldeyer (1888) described one specimen of gorilla's spinal cord from cervical to caudal segments and
compared it with a child's cord; human spinal cords were studied from end to end by Bruce (1901).
Jacobsohn (1908) and Massazza (1922-1924), whereas Rexed (1954) analysed the regional variations
of the spinal cord of the cat. Most of these studies are protracted narratives of external or internal
features of the specimens in question. As far as the SG is concerned there is consensus on its continuous
extension along the whole length of the cord and the close relation between the total grey matter and
the extent of the SG in a given segment. A numerical study on the regional variations of the SG along
the cords of 25 species of mammals (Sano. 1909) showed that the SG is largest in sacral segments, and
next largest in the cervical and lumbar enlargements. At thoracic levels the SG is much less extensive,
but since the total grey matter in these segments is also small, the relation between grey matter and SG
is kept constant (Sano. 1909). The dorsal horns of both sides are fused at thoracic and caudal segments.
In these two regions the SG is continuous from side to side in contrast to its well-defined and
independent disposition in cervical, lumbar and sacral segments (Clarke. 1859; Bruce. 1901;
Jacobsohn. 1908; Rexed, 1954).

An interesting detail in the regional variations of the SG concerns its organization in sacral and
sacro-caudal segments. These regions of the cord have been extensively used by E. R. Perl's group in
their physiological studies of the marginal zone and the SG. Most authors noted that at sacro-caudal
lev els the marginal zone is larger than elsewhere in the cord and contains numerous marginal cells. This
thick marginal zone curves around the dorsal horn and encircles completely the sacro-caudal SG
(Waldeyer. 1888; Massazza. 1922- 1924: Rexed, 1954). Many marginal and limiting cells are present at
these levels and some intermingle with the small neurons of the enclosed SG (Massazza. 1922- 1924).
The number ofmarginal cells decreases in lumbar segments as the thick marginal zone becomes the thin
veil of grey matter typical of the lower lumbar cord. The SG also changes in the most caudal areas of the
cord from a cylindrical structure in caudal segments to a kidney-shaped band in sacral segments and
finally to the characteristic curved band of lumbar regions (viz. Rexed, 1954).

A different kind of comparative study is that of phylogenetic variations. The SG has been studied in
many animal species from sharks to elephants, but the only phylogenetic study known to us is that of
Keenan (1928, 1929a. b). Keenan studied 53 species of fish. 10 of amphibians, 9 of reptiles, 18 of birds
and an unspecified number of mammals. He concluded that the SG is present throughout the w hole
vertebrate phylum, but this statement must be taken with caution. True SG can only be defined on the
basis of its characteristic microscopic appearance, cell population and afferent input. On these bases
SG or SG-like formations exist in mammals, birds (Brinkman and Martin. 1973; Leonard and Cohen.
1975) and amphibia (Szekely, 1976; Sasaki, 1977). Because of the peculiar organization of the spinal
cord of fishes (Nieuwenhuys, 1964) it is almost certain that these animals do not have a true SG.
although electron microscopy studies show that an SG of a more reticular distribution is present in
some species of fish (K. H. Andres, personal communication).

The SG seems to be present in all mammals, with the apparent exception of Cetacea (Rappers el at.,
1936). An extensive comparative study of the SG by Sano (1909) of 25 mammalian species from koala
to orang-utang found no well-defined lines of development which might give a clue to a specific
function of the SG. The often quoted statement that the SG is developed most highly in ungulates
seems to be unwarranted by solid anatomical evidence.

Regional and phylogenetic studies of the SG were once fashionable and seem now
to be nearly forgotten. Yet the available information from old reports is highly
inconclusive and much useful knowledge could be gathered from proper compara¬
tive re-investigation. Here is, perhaps, a line for a future approach to the SG.
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PHYSIOLOGY OF THE SUBSTANTIA GELATINOSA

I. The Substantia Gelatinosa as a Sensory Nucleus
Present ideas on the functional organization of the spinal cord originate from the

discovery of the function of the spinal roots. The first half of the 19th century was
dominated by the discovery of the anatomical dissociation of sensory and motor
functions at the spinal cord entry and the emotions resulting from the dispute
between Bell and Magendie. The success of the Bell-Magendie proposal is easily
judged by the extension of the dorso-ventral functional dissociation to many other
structures of the nervous system. Being the first nucleus reached by the dorsal roots,
the SG was soon implicated in sensory mechanisms.

A comprehensive treatise on the physiology of the spinal cord, published by van
Deen in 1841 presented for the first time a functional interpretation of the SG. He
proposed that the SG acts as a junctional point in the pathways for sensory
transmission and reflex action. Sensory impulses reach the SG via the dorsal roots
and can then take two routes: to the sensorium via the dorsal columns or to the
muscles via the ventral horn and roots. In spite of their simplicity, van Deen's ideas
still form a basic framework of current thought on spinal cord functions.

Van Deen's proposals were general and non-specific and subsequently more
attention was paid to the detailed study of the SG cells themselves than to their place
in general functional design of the nervous system. Because of their small size and
great numbers. SG cells were thought to be part of the 'connective tissue of the spinal
cord' (Clarke. 1859), neuroglial elements (Owsjannikow. 1854; Stilling. 1859*7) or
neurons in embryonic state (Lenhossek. 1889). Golgi (1890) and Ramon y Cajal.
(1890. 1891) advocated their neuronal nature, based on the morphological features
of SG cells and their similarities to those of other neuronal elements.

In consequence, by the beginning of the 20th century. SG cells were considered
local interneurons in the sensory systems of the spinal cord (Rosenzweig. 1905:
Jacobsohn. 1908: Ramon y Cajal. 1909). The only contrary opinion was expressed
by Sano (1909) who. on the basis ofextensive comparative studies, proposed that the
SG was linked to the autonomic nervous system and that its cells had a vasomoter
function.

The substantia gelatinosa and pain. The detailed morphological and functional
studies of the dorsal roots and SG by Ranson and his associates (Ranson. 1913.
1914*7. b: Ranson and von Hess. 1915; Ranson and Billingsley. 1916) led to the direct
implication of the SG in the mechanisms of pain transmission through the spina!
cord. There were two main observations: (i) the SG receives most, if not all. of the
small myelinated and unmyelinated afferent fibres from the dorsal roots via the lateral
division of the roots and Lissauer's tract. This observation came at a time when von

Frey's ideas on the specificity of cutaneous receptors were influential (von Frey.
1895) and when unmyelinated fibres with bare nerve endings were generally thought
to be the 'pain fibres': (ii) section of the lateral division of the dorsal roots, carrying

«
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fine afferents to the SG. resulted in the abolition of vasomotor and respiratory
reactions typical of reactions of painful stimuli (pseudo-affective reflexes of
Sherrington (1906)).

The picture that emerged from Ranson's observation is very well depicted in the
paper of Earle (1952) and Pearson (1952): 'pain fibres' relay in the SG on to
neurons that converge on spino-thalamic tract neurons which carry the 'pain
impulses' to the higher centres of the nervous system. It is not unusual to find this
kind of statement in current textbooks.

A further elaboration on the role of the SG in pain mechanisms was proposed in
the 'gate control theory of pain' by Melzack and Wall (1965). The reader is referred
to an excellent critical review in Brain by Nathan (1976). for a general consideration
of the place of this theory in the development of ideas on the mechanisms of pain.
The 'gate theory" is relevant to the present article in so far as it proposed a particular
function, albeit hypothetical, for the SG neurons and a more general conceptual role
for the SG as a nucleus with modulatory actions on sensory transmission. The SG.
coming between the sensory input to the spinal cord and the ascending sensory
pathways was postulated to function as 'a gate control system'. Experimental
evidence implicating the SG in modulatory spinal action, at the time of the
publication of the 'gate theory', came from a study of Wall (1962), who reported that
the dorsal root potential was dependent on the integrity of Lissauer's tract and thus
was generated by activity in the SG neurons. The dorsal root potential had been
described by Barron and Matthews in 1938 and was later thought to be an indication
of presynaptic inhibition (Eccles, Schmidt and Willis, 1963). The 'gate theory' model
proposed a presynaptic inhibitory control by the small SG neurons of transmission
through the first spinal synapse. Melzack and Wall (1965) also suggested that other
mechanisms might be implicated, but since the only experimental evidence at the
time was of presynaptic inhibition this particular system was the one depicted in the
diagram of the 'gate control' model.

The role of the SG neurons in the generation of dorsal root potentials and the
'gate theory' itself, have met a good deal of adverse criticism (see Schmidt. 1971, and
Nathan, 1976). Nevertheless the model focused the attention of many research
workers on the SG and the mechanisms of sensory modulation in the dorsal horn.
Thus the SG regained its putative 19th century role (see von Deen, 1841) in
controlling or modulating all sensory information passing through the dorsal horn,
and not only those inputs related to nociception and pain.

The work of Denny-Brown eta/. (1973) predicated a general modulatory function
for SG neurons with both excitatory and inhibitory effects on dorsal horn
transmission neurons. This conclusion was reached by observing changes in sensory
dermatomal size on monkeys following localized lesions in Lissauer's tract. Their
study signalled the end of indirect analysis of the function of SG neurons and
provided a new and firm conceptual base for more direct attempts to record single
unit activity from the small SG neurons. This latter aspect will be dealt with in detail
in the following sections.
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Afferent input to the spinal cord. The conceptual framework for the experimental
analysis of the spinal cord sensory mechanisms is determined by the theoretical
concepts of the nature of the sensory inflow. Sensory hypotheses based on a

temporo-spatial coding of receptor activation (Weddell and Miller. 1962) led to a
search for de-coding mechanisms that read the code in terms of the order, frequency
and duration of impulse patterns across the population of afferent fibres. The 'gate
theory of pain' is an example of this approach. Hypotheses based on a specialization
of receptors, so that there is a greater or lesser degree of specificity in the afferent
units (the so-called classical specificity theory), going back even to Midler's doctrine
of specific nerve energies (Miiller, 1840) seek instead for dorsal horn neurons
responding to an afferent input in specified afferent units. This approach requires
quantitative control of natural stimuli delivered to the receptors (as by movement of
hairs, indentation of the skin, temperature changes) arranged as far as possible to
minimize the use of confusing input signals. For example, radiant heat can be used
to excite nociceptors with minimal simultaneous excitation of sensitive mechano-
receptors, although not without altering the afferent input from sensitive thermo¬
receptors. A second requirement of this analytical approach is that the investigator
has adequate knowledge of the characteristics of the peripheral sensory receptors.
Brown's (1971) analysis of the spino-cervical tract neurons is an excellent example of
this approach.

The weight of evidence is now overwhelmingly in favour of the specificity
hypothesis {see Burgess and Perl, 1973; Iggo, 1974). Firm morpho-functional
correlations are now established for the cutaneous mechanoreceptors (Iggo, 1974)
and for some cold receptors (Hensel, Andres and von During, 1974). Of particular
interest for the present review is the position of the small myelinated and the non¬

myelinated afferent fibres that run into the superficial dorsal horn. Single unit
afferent fibre studies have now established that the small myelinated (that is. Group
III or AS) cutaneous afferents include sensitive mechanoreceptors (type D hair
receptors (Brown and Iggo. 1967) and mechanical nociceptors (Burgess. Petit and
Warren. 1968) in the cat. and these kinds plus sensitive cold receptors in primates
(Iggo. 1963. 1969: Perl. 1968). The non-myelinated cutaneous afferent units also
comprise a diversity including sensitive C-mechano-receptors (Iggo. 1960: Iggo and
Kornhuber. 1977). cold and warm receptors (Hensel. Iggo and Witt. 1960: Iggo.
1969) and several kinds of nociceptor (Iggo. 1959; Bessou and Perl. 1969: Beck.
Handwerker and Zimmermann. 1974). These conclusions based on detailed
quantitative studies in laboratory animals are now being confirmed in man by the
techniques of percutaneous microelectrode recording from peripheral nerves in
conscious subjects (see Zotterman. 1976 for a recent symposium). These cutaneous
afferent fibres are joined by muscles, joint and visceral afferents (Iggo. 1966: Leek.
1977: Mense. 1977) so that the superficial dorsal horn (laminae I-III) receives a

remarkably rich and functionally diverse afferent input.

%
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II. Physiology of the Marginal Zone
The first report of electrophysiological studies in the marginal zone was made by

Wall (1968). In a review article he concluded that he had made extracellular
recordings of electrical activity from the Waldeyer cells of the marginal zone.
Quoting results from spinal animals, Wall reported that these neurons were

spontaneously active, monosynaptically connected to large cutaneous receptive
fields and extremely non-specific in their functions, since they responded to many
types of cutaneous, muscle and joint afferents. In view of this he took 'the risk of
neglecting the role of these cells in the functioning of the deeper layers' (Wall. 1968).

Two years later an entirely different picture of the functional responses recorded
in the marginal zone emerged from the publication of Christensen and Perl (1970).
In spinal cats they explored the superficial dorsal horns of sacral and coccygeal
segments and found a heavy excitatory projection to these regions by small AS and C
afferent fibres. They reported extracellular unit recordings in the marginal zone and
attributed them to activity of the somadendritic portions of neurons. Three groups
of units were described: (i) units responding only to nocuous mechanical stimulation
of the skin; (ii) units responding to nocuous mechanical and thermal stimulation of
the skin and (iii) units responding to intense mechanical and nocuous heat stimuli,
and. in addition, to innocuous temperature changes of the skin. On the basis of
extracellular dye marking they concluded that unitary responses were recorded from
the large marginal cells (Waldeyer cells), and, on the basis of the physiological
results, that these neurons were relevant to the mechanisms of nociception and
temperature detection.

This initial report ofChristensen and Perl was later substantiated and extended by
studies from many laboratories. Cervero, Iggo and Ogawa, (1976) reported
extracellular recordings in the marginal zone of anaesthetized cats from specific
nociceptor-driven neurons (Class 3 dorsal horn neurons in their nomenclature).
They divided the population of Class 3 cells into two groups: (i) 3a, responding only
to nocuous mechanical stimuli of the skin and (ii) 3b, responding to both mechanical
and thermal nocuous stimuli of the peripheral receptive fields. The class 3b neurons
were also activated by electrical stimulation of Group III and IV muscle afferent
fibres.

Confirmatory reports regarding the existence of a population of specific
nociceptor-driven neurons in the marginal zone have been published. These come
from experiments on cats, monkeys and rats using a variety of preparations (Willis,
Trevino, Coulter and Maunz, 1974; Handwerker, Iggo, Ogawa and Ramsey, 1975;
Kumazawa, Perl, Burgess and Whitehorn, 1975; Kumazawa and Perl, 1976;
Menetrey, Giesler and Besson, 1977; Mitchell and Hellon, 1977; Kumazawa and
Perl, 1978; Necker and Hellon, 1978; Applebaum, Leonard, Kenshalo, Martin and
Willis, 1979). A picture emerges of a homogeneous population of marginal zone
neurons, that have little background activity, relatively small receptive fields, an
excitatory drive from skin and muscle nociceptors and segmental inhibition from
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fast conducting low threshold cutaneous afferent*. Two major issues which need
further clarification are: (i) the existence in the marginal zone of neurons other than
the specific nociceptor-driven cells (Class 3) and (ii). the morphological substrate of
the Class 3 neurons, namely, whether or not all Class 3 neurons are the Waldeyer
cells of the marginal zone.

Non-specific neurons in the marginal zone. As regards the first issue it has already
been mentioned that Christensen and Perl (1970) described neurons excited by
innocuous thermal stimuli as well as by severe or nocuous stimuli. Similar, but
more selective, neurons have also been found in rats and monkeys (Hellon and
Misra. 1973: Iggo and Ramsey. 1976) but very seldom in cats. On the other hand
Handwerker. Iggo. Ogawa and Ramsey (1975) in the monkey. Cervero et al. (1976)
in the cat and Menetrv et al. (1977) in the rat. have described recordings in the
marginal zone from neurons excited by nocuous and innocuous stimulation of the
skin (Class 2 cells). Since these are extracellular recordings it is not possible to decide
whether the activity came from cell bodies or from axons of Class 2 neurons located
deeper in the dorsal horn and traversing the superficial dorsal horn on their way to
join ascending pathways in the dorso-lateral funiculus or the dorsal columns
(Brown et al. 1976). In recent studies of SG neurons, also using extracellular
recording, responses typical of Class 2 neurons have been reported not only in the
SG proper (lamina II) but also in the more superficial marginal zone (lamina I)
(Price. Hayashi. Dubner and Ruda. 1979). One corollary of the existence of Class 2
neurons in the marginal zone is that the low threshold cutaneous input must
necessarily be polysynaptic, since it seems well established that the marginal zone is
free from endings of large myelinated afferent fibres. In any case, the possible
existence of Class 2 neurons in lamina I does not diminish the importance of the well
documented existence of the population of specific nociceptor-driven cells in the
marginal zone. Indeed, it reinforces the idea that the dorsal horn is a concatenation
of different neurons.

Morphology of neurons. The presence of different functional types of neurons
(Class 2 and 3) in the marginal zone brings up the second major issue regarding the
physiology of this area: the morphological identification of the type of cell from
which electrophysiological responses were recorded.

Christensen and Perl (1970) reached the conclusion that their recordings were
from Waldeyer cells because of the relatively larger size of these neurons, and thus
the greater chance of recording from them with conventional microelectrodes. and
on the presence of Waldeyer cells in the near vicinity of their extracellular dye marks.
On this evidence it has been generally assumed that Class 3 cells in lamina I are
Waldeyer cells. Yet. electrophysiological studies of the marginal zone have shown
that there is a lack of uniformity in the population of Class 3 cells in lamina I in so far
as the destinations of their axons are concerned. Kumazawa et al. (1975) in cats and
monkeys. Handwerker. Iggo. Ogawa and Ramsey. (1975) in monkeys, and more
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recently Cervero, Molony and Iggo (1979c/) in cats, reported that only one-third to
one-half of the nociceptor-driven cells in lamina I could be antidromically activated
from more rostral segments of the cord. Therefore, as many as 60 per cent of Class 3
cells in lamina I are segmental or local interneurons.

These results, furthermore, are inconsistent with classical concepts about
Waldeyer cells. They are defined by Ramon y Cajal (1909) as projecting neurons.
Kuru (1949) found retrograde chromatolytic reactions in marginal cells in patients
after antero-lateral cordotomies and studies using retrograde transport of HRP
show that Waldeyer cells project to the thalamus in the cat (Trevino and Carstens.
1975; Carstens and Trevino, 1978), rat (Giesler et al., 1979) and monkey (Trevino.
Couller and Willis, 1973; Willis et al., 1979). Additional types of neuron in the
marginal zone are also filled with H RP following injections in the thalamus (Willis et
al., 1979). However, the 'pyriform', 'triangular' or 'fusiform' marginal cells they
describe are possibly only varieties of the better known classical type of Waldeyer
cell. Very similar cells were actually described as Waldeyer cells by Lenhossek in
1895.

The body of morphological evidence thus points to the marginal or Waldeyer cell
as a neuron with a long axon projecting rostrally. In view of this we make the
following proposal: (i) all Waldeyer cells (also called marginal cells) are neurons
projecting through one (or more) or several sensory ascending pathways, namely,
the spinothalamic tract, spinoreticular tract, spinocervical tract and the dorsal
column postsynaptic pathway. The pathway of projection varies according to
species; (ii) Waldeyer cells are either specific nociceptor-driven neurons (Class 3) or
specific thermoreceptor-driven neurons (in some species and locations); (iii) many of
the Class 3 cells in lamina I as well as the population of Class 2 cells described there
are not Waldeyer cells but local interneurons that do not project through ascending
sensory pathways. Indeed, some neurons in lamina I have descending axons (Burton
and Loevy, 1976). The concept of'local interneurons' must therefore be extended to
accommodate these descending propriospinal cells.

A promising morphological candidate for the role of the local interneuron in the
marginal zone is the "limiting cell' (Ramon y Cajal, 1890, 1891) also called the
'stalked cell' (Gobel, 1975, 1978). The morphological features of this neuron,
intermediate in type between the typical SG neuron and the marginal cell, have been
described already. There is some experimental evidence to support this suggestion
since Bennett et al. (1979) have stained intracellular^ a number of limiting cells in
the cord of cats with HRP. Six of them were Class 3 cells and another six Class 2
cells. This study both confirms the existence in the marginal zone of neurons
showing Class 2 properties and provides support for the suggestion that the limiting
cell is also the local interneuron in lamina I showing Class 3 properties.

III. Physiology of Substantia Gelatinosa Neurons
During the past four years several research groups have published claims to have

recorded single unit activity from the small neurons of the SG. For many years
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research efforts had been directed towards the physiology of sensory transmission at
the dorsal horn level and a great deal of knowledge was gathered on the electro-
physiology of dorsal horn neurons and on their interactions. Recordings had also
been consistently made from the neurons of lamina I which had proved to be more
elusive than those in deeper lamime. Yet there was a lack of direct information on
the properties of the small neurons of the SG. It is therefore not surprising that
several research groups have attempted to plug this gap in the knowledge of dorsal
horn function.

The present situation can best be described as unsettled. Results reported from
different laboratories appear to be in conflict. It is still not clear whether the lack of
agreement in results arises only, or mainly, from the use of different types of animal
preparation and recording techniques or whether there are other reasons. These
differences can be expected to be resolved by work in progress. For the purpose of
this review we present all available reports, discuss their points of coincidence and
their points of disagreement, but do not attempt to produce a unified view.
Appropriate comment on the different techniques and preparations will be made.

A first and important comment which applies to all reports published so far
concerns the source of afferent inputs analysed in the experimental studies. Only
inputs of cutaneous origin have been studied in any detail so that responses of
putative SG neurons have all been interpreted on the basis of integration of skin
afferent information. Yet morphological studies have established the SG as the
nucleus of reception of most, if not all, unmyelinated afferent fibres and many small
myelinated afferent fibres (AS) also end in the marginal zone and in lamina II. This
indicates that the superficial dorsal horn deals with information coming from many
sources and not only from the skin. Many sensory receptors in muscles, joints and
other deep structures, as well as most sensory endings in viscera are connected to
unmyelinated or small myelinated afferent fibres. Future interpretations of the SG
will certainly need to be less biased towards the processing of sensory information
from the skin than they are today.

Four research groups have so far published electrophysiological data obtained
from the SG. They will be identified geographically in the Discussion. In addition
there has been an isolated report by Hentall (1977) which will also be mentioned here.

At Chapel Hill. North Carolina, Perl and co-workers have published two series of
reports. In the first series (Kumazawa and Perl, 1976. 1978) extracellular recordings
were made in the coccygeal region of the spinal cord of chloralose anresthetized
monkeys. Conventional micropipette electrodes filled with aniline dye were used.
No criteria for identification of SG neurons other than location of the recording site
within the SG were laid down. In these extracellular studies, units excited by volleys
of Ad afferent fibres and activated either by nocuous mechanical stimulation of the
skin or innocuous cooling were mainly found in the marginal zone. In contrast, units
exhibiting a strong C-fibre excitation and responses to polymodal nociceptors or C-
mechanoreceptors were located in the SG.

A second group of reports from the same laboratory has been published more
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recently (Light and Perl, 1979a, b; Light et al., 1979). The sacral regions of
decerebrated cats made spinal by cord section were explored by fine microelectrodes
(tip diameter 0.05 to 0.7 fim) filled with HRP to attempt intracellular staining of
individual neurons. This was successful on 17 occasions. The morphological
features and location of the stained neurons served as the criteria for SG neuron

identification. However, it is not clear how many of these 17 cells were considered to
be SG neurons, since several of the published figures are of typical Waldeyer
marginal cells and are so labelled and some confusion thus arises. The previous
report of segregation of afferent input according to cell location is confirmed but no

relationship could be found between neuronal morphology and physiological
response. This is perhaps not surprising in view of the small sample of neurons and
their diverse functional properties. Cells excited by nociceptors with AS afferent
fibres had major dendritic projections in the marginal zone. Cells excited by
nociceptors or thermoreceptors with unmyelinated fibres had important dendritic
branching in the outer SG. Neurons excited by innocuous mechanical stimulation of
the skin had dendritic arborizations in the inner SG when the input came from C-
mechanoreceptors or in the outer SG, and lamina III when the afferent drive came
from AS hair follicle afferents. In addition to this, many neuronal elements in the
SG often exhibited a marked, prolonged habituation to innocuous mechanical
stimuli, and most of the SG units could be inhibited by cutaneous stimulation.

In 1977, Hentall reported extracellular unit records from the L6 and L7 segments
of spinal decerebrate cats. He used platinum-tipped glass-insulated tungsten
microelectrodes. Electrical activity was attributed to SG neurons on the basis of
electrode tip position (established by depth marking) and novel responses of the
units. Thirty-four units were inhibited by innocuous mechanical stimuli with post-
excitation on removal of the stimulation. The units showed bursting or continuous
background activity and either enhanced firing or no effect after nocuous
stimulation.

The Edinburgh research group has published extracellular and intracellular
recordings from what are claimed to be SG neurons (Cervero, Ensor, Iggo and
Molony, 1977; Cervero, Molony and Iggo, 1977; Cervero et al. 1978A, \919b, c, d).
Cats anaesthetized with chloralose and paralysed with flaxedil were used and the L6
and L7 segments of the cord were explored with fine glass microelectrodes (Molony,
1978). In an attempt to avoid error, a set of criteria was laid down to differentiate
activity recorded from SG neurons from activity generated by other neuronal
elements. These criteria were: (i) location of recording sites in the SG (lamina I and
II); (ii) either inflexions in the rising phase of extracellular spikes to identify
recordings from or near the neuronal soma, or postsynaptic potentials on
intracellular recordings; (iii) short vertical distance over which the unit could be
recorded; (iv) antidromic activation and/or postsynaptic effects evoked by stimula¬
tion of Lissauer's tract and (v), novel responses to skin stimulation. While these
criteria enabled responses to be attributed with confidence to neurons in the SG the
criteria were restrictive. There are two major shortcomings: first, Lissauer's tract
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was stimulated two and three segments away from the recording sites which could
not give any information on the segmental circuitry of the SG; secondly, the
criterion of excluding recordings similar to those made from larger neurons in the
dorsal horn produced a sample of SG neurons which excluded any neurons with
characteristics similar to those of neurons in other laminae. The sample of over 100
neurons was divided into two groups: the majority (>85 per cent) with several
common properties were placed in a class called 'inverse', and the remainder were
lumped together as class 'heterogeneous'. The emphasis for the 'inverse' SG neurons
was given to their conspicuous background activity and to their inhibitory
cutaneous fields. Three sub-groups were made: (i) inverse 1 (T) inhibited by
innocuous mechanical stimulation; (ii) inverse 2 (2) inhibited by nocuous and
innocuous stimulation of the skin and (iii), inverse 3 (3) inhibited only by nocuous
stimulation of the skin. Classes T and 3 were excited by nocuous and by innocuous
stimuli, respectively. The 'heterogeneous' group included neurons showing habitua¬
tion, long-lasting responses to brief peripheral stimuli, very small cutaneous
receptive fields or powerful excitation by nocuous radiant heat applied to the skin.
These reports have been followed by a paper describing the identification of the
characterized neurons in the SG using intracellular labelling of cells with HRP
(Cervero, Molony, Iggo and Steedman, 1980). They were typical central SG
neurons.

At University College London, P. D. Wall and his associates have been producing
extracellular recordings taken within the superficial dorsal horn (Wall, 1978/5; Wall
et al., 1979; Dubuisson, Fitzgerald and Wall, 1979). Their basic preparations are
decerebrate cats and recordings are usually made in the lower lumbar segments
through platinum-coated tungsten microelectrodes. Criteria to identify SG neurons
include: (i) location of recording sites in the SG by depth gauge (which they consider
to be laminae II and III together); (ii) mis-match in the firing times of neurons in
lamina IV and those in II and III; (iii) antidromic and/or postsynaptic responses to
microstimulation of the lateral Lissauer's tract and (iv), several electronic technicali¬
ties for better isolation of unit recordings such as variable filters or delay lines. There
are two major sources of conflict in these criteria. First is the identification of the SG
as both lamina II and III, a view not shared by any of the other groups. Yet, Wall's
team found 'no difference in the properties of the units recorded in the two lamina'
(Wall et al., 1979). The second major issue is their method of stimulating Lissauer's
tract and the conceptual foundations of their technique. They claim that the lateral
Lissauer's tract contains only SG axons. However, morphological studies have
shown that the lateral Lissauer's tract contains a substantial.proportion of dorsal
root afferent fibres (Chung and Coggeshall. 1979). Also, they could only activate
their SG neurons antidromically if the stimulating electrode was placed not more
than 2.5 mm away from the recording site. Nevertheless, there is abundant
morphological evidence that some SG neurons project for distances considerably
longer than that (see first part of this review). These considerations bring into
question the effectiveness of their stimulation technique, since neither afferent fibres
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in the lateral Lissauer's tract nor intersegmental projecting SG neurons have been
reported in their experiments.

Sixty per cent of their units responded only to brush and touch, 20 per cent to
brush, touch and pressure and 20 per cent to pressure only. Some also showed one of
these three unusual properties; (i) very small (< 2 cm2) receptive fields; (ii) long-
lasting discharges after a single stimulus; (iii) powerful habituation. In a later
publication (Dubuisson et al., 1979) the habituation properties of some of their SG
units are stressed, together with the description of units having receptive fields
whose contours changed spontaneously during exploration (their 'amoeboid'
receptive fields).

Two papers, published by a research group at NIH, Bethesda, require comment
(Bennett el al., 1979; Price et al., 1979). In the first, the cord of cats under sodium
pentobarbital anaesthesia was explored with HRP-filled electrodes. Twelve SG
neurons of the 'limiting' type were stained intracellularly. Half of them were specific
nociceptor-driven neurons (Class 3) and the other half had an input from both low
threshold mechanoreceptors and nociceptors (Class 2). The second report from this
group (Price et al., 1979) describes results obtained in monkeys under sodium
pentobarbital anaesthesia. The lower lumbar segments of the cord were explored
with glass-coated tungsten microelectrodes. Attempts were made to record pairs of
neurons in the same tract: a dorsal neuron that was a lamina I spino-thalamic tract
cell and a second neuron not more than 200 deeper. Location of recording sites
within the SG by either depth gauge reading or voltage-depth studies was used as the
only criterion for concluding that the deeper neuron was an SG cell. They reported a

sample of 130 neurons recorded in laminae I and II. Seven responded only to
innocuous mechanical stimulation of the skin; 28 to both nocuous and innocuous
stimuli and 95 (73 per cent) to nocuous stimuli only (Class 3 neurons). Thirty-two of
these neurons (9 Class 2 and 23 Class 3) were spinothalamic neurons and thus,
adopting our classification, Waldeyer (marginal) cells. Price et al. (1979) seem to
assume that most of the neurons recorded in the outer regions of lamina II are
neurons of the 'limiting' type (called 'stalked cells' by them). In addition they
described 7 other neurons with 'unusual' properties such as inhibition of spon¬
taneous activity or responses only to C-afferent fibre stimulation.

At first glance, there appears to be little common ground in the results just
summarized. It is important to stress that each group has used a different animal
preparation and sometimes even different animal species. The recording techniques
and type of electrodes used also differed among the various groups. Furthermore,
the Chapel Hill and Bethesda groups report samples of neurons containing both
marginal and SG neurons. No clear distinctions between the two types of neuron
were made in their reports which increases the difficulty of analysing their papers.
Nevertheless it is possible to extract from all the published evidence some common
features.

One is that SG neurons can be inhibited by cutaneous stimulation, a point which
was given prominence in Hentall's and the Edinburgh reports. A second is that all
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groups described SG neurons showing marked habituation to iterative skin stimuli,
a property emphasized in the London reports. Finally, Perl's publications stress the
heavy projection of afferent C-fibres to the SG and all groups agree that most SG
neurons were powerfully affected by inputs in cutaneous C-fibres.

There are also some important points of disagreement such as the level of
background activity of SG neurons and the presence of some cells in the SG and
marginal zone excited by fast-conducting afferent fibres from low threshold
mechano-receptors. The situation is clearly unresolved and needs a good deal of
clarification.

All reports published contain some information regarding the destination and
length of the axonal projection of the small SG neurons. Light et al. (1979) traced
axons in a few of their intracellular^ HRP-stained cells. In all cases the axon went
towards Lissauer's tract or the dorso-lateral funiculus. Bennet et al. (1979) described
profuse axonal branching of their limiting (stalked) SG cells in the marginal zone
and outer SG. Cervero et al. (1979c) activated antidromically a few SG neurons (15
per cent) with small myelinated axons from Lissauer's tract two and three segments
rostral to the recording sites. Wall et al. (1979) found that 50 per cent of their SG
cells could be antidromically activated from electrodes placed on Lissauer's tract,
with a span of only 2 to 2.5 mm and with conduction velocities typical of C-fibres.
These results confirm the projection of some SG neurons through Lissauer's tract
and stress the short length of projection of most of their axons. The existence of
some neurons in the SG with axons projecting through several segments is also
confirmed.

IV. Descending Influences on Marginal and Substantia Gelatinosa Neurons
Several morphological studies have described an important projection of

descending fibres from supraspinal centres to the maginal zone and the SG. The
present state of affairs regarding the supraspinal influences on sensory trans¬
mission through the dorsal horn has been reviewed in detail by Fields and
Basbaum (1978). Many studies have shown inhibitory effects from brain-stem and
telencephalic regions on dorsal horn neurons. Yet, the amount of information
available about the effects of the descending systems on marginal and SG neurons
is still very small.

The existence of some tonic descending inhibition on nociceptor-driven lamina I
neurons was first described by Cervero et al. (1976). At the time, all these neurons
were presumed to be Waldeyer cells but now it seems that some of them may be SG
neurons of the 'limiting' type (see above). The amount of tonic inhibition, as revealed
by reversible cold block of the spinal cord, was relatively small in comparison to the
clear-cut descending tonic inhibition on Class 2 neurons in deeper lamime
(Handwerker. Iggo and Zimmermann, 1975). Nevertheless, a tonic inhibitory effect
could be shown to operate on the marginal zone. A similar tonic inhibition on

specific nociceptor-driven neurons of the marginal zone was later described in the
rat by Necker and Hellon (1978). During reversible spinal block these neurons
showed a lowering of their threshold for excitation by nocuous heat.
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In the monkey, Willis, Haber and Martin (1977) reported that spinothalamic tract
neurons located in lamina I (presumably Waldeyer cells) and responding only to
noxious stimuli could be powerfully inhibited by electrical stimulation of the raphe
nuclei, particularly the nucleus raphe magnus. This inhibition was abolished by
section of the dorso-lateral funiculi, therefore implying that the descending
inhibitory pathway runs in that part of the white matter. Other kinds of inhibitory
influences on dorsal horn neurons, such as the inhibition of supraspinal origin
triggered by nocuous stimulation of areas of the body remote from the receptive
fields of the neurons, (diffuse noxious inhibitory control, or DNIC) do not seem to
affect the nociceptor-driven neurons of lamina I (Le Bars. Dickenson and Besson.
1979). In summary, it is clear that some forms of tonic and phasic inhibition operate
on the cells of the marginal zone. As with other dorsal horn neurons the inhibitory
systems are not single nor are all possible systems operative in this area.

Very little is known of the effects ofdescending pathways on SG neurons. Cervero
et al. (\919d) have reported that their 'inverse' SG neurons seem not to be under
sustained tonic influences from supraspinal centres. Nevertheless, they were able to
inhibit most SG neurons by short trains of stimuli applied to the ipsilateral dorso¬
lateral funiculus several segments rostral to the recording site, thus suggesting the
existence of a system with possible phasic actions. This is clearly an aspect of the
physiology of the SG that needs extensive examination, not least because of
the powerful modulating effects of supraspinal mechanisms acting elsewhere in
the dorsal horn.

V. Histochemistry and Pharmacology of the Substantia Gelatinosa
A number of biochemical, histochemical and pharmacological techniques have

been used in an attempt to identify the chemicals involved in the function of the SG.
Techniques are diverse and no mention of their details will be made here.
Nevertheless, data relevant to the understanding of the SG circuitry and obtained by
the application of such methods must obviously be included in any attempt to
review current views on the functional role of the SG.

Refined histochemical techniques have revealed a long list of substances present
in different areas of the central nervous system to which transmitter or other
functional roles have been attributed. Most of the substances are peptides, and
many are also found in other parts of the body, particularly in the gut (Hokfelt,
Johansson, Ljungdahl, Lundberg and Schultzberg, 1980). Nearly all of them have
been shown to be present in the SG, either specifically (and in relatively high
concentrations) or as part of a more diffuse distribution that extends all over the
spinal cord grey matter.

In many cases their presence in the SG is all that is known about them. This group
of substances will only be mentioned here. Other peptides have been studied more
extensively and consequently more detailed descriptions will be presented.

Angiotensin II has been shown to be present in SG cells and in nerve terminals of
the SG (Fuxe, Ganten, Hokfelt and Bolme, 1976; Changaris, Keil and Severs. 1978).
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These observations, based on immunofluorescence techniques have been questioned
by other investigators (Reid, 1979). Cholecystokinin (CCK) appears to be
distributed in nerve terminals in the SG but not in the somata of the SG cells

(Larsson and Rehfeld, 1979). Similar distributions have been described for
vasoactive intestinal peptide (VIP) (Loren, Emson, Fahrenkrug, Bjorklund,
Alumets, Hakanson and Sundler,1979), neurophysin I and oxytocin; the latter two
being present in high concentrations inside the endings of descending fibres of the
dorso-lateral funiculus terminating in the marginal zone (Swanson and McKellar,
1979).

A very dense network of neurotensin-containing terminals has been described in
the SG (Uhl, Kuhar and Snyder, 1977). Reaction product was only present in neural
elements that looked like nerve terminals and was unaffected by dorsal root section,
thus suggesting that neurotensin is present in the endings of descending fibres to the
SG. The presence of monoaminergic pathways ending in the SG and marginal zone
has been indicated in the preceding pages. Monoamine containing endings have
been identified in the SG of the rat (Carlsson, Falck, Fuxe and Hillarp, 1964;
Dahlstrom and Fuxe, 1964) and the monkey (Crutcher and Bingham, 1978).
GABA-containing endings have also been described in the SG, and identified as
axonal endings of SG neurons. These endings were found presynaptic to other SG
neurons, to dendrites of neurons in lamina IV or to primary afferent endings
(glomeruli) (Barber, Vaughn, Saito, McFaughlin and Roberts, 1978).

There is a group of substances which have been found in great quantities in the SG
but that disappear after dorsal rhizotomy. These chemicals (acid phosphatase,
somatostatin and substance P) are thought to be present in the central endings of the
unmyelinated primary afferent fibres, which would explain their selective presence
in the SG and their susceptibility to dorsal root section. Fluoride-resistant acid
phosphatase (FRAP) also called extra-lysosomal acid phosphatase (EXAP) is
present in the central ending of the glomeruli in the SG (Knyihar and Csillik, 1976).
Its presence is related to the content of substance P. Acid phosphatase deposits in the
SG are depleted by the administration of capsaicin (Jancso and Knyihar. 1975). a
chemical known to render animals insensitive to chemical painful stimuli and to
block the thermoregulatory responses to the treated animals (Jancso, Kiraly and
Jancso-Gabor. 1978). Another substance shown to be present in the central endings
of unmyelinated afferent fibres in the SG is somatostatin (Hokfelt, Elde. Johansson.
Fuft, Nilsson and Arimura, 1976). Fike substance P. somatsostatin is distributed
along the length of the fibre and deposits occur at both ends (receptor and central
end). Apparently the population of C-fibres containing somatostatin is different
from that containing substance P (Hokfelt et al., 1976). It would be interesting to
know whether this segregation of C-fibre populations based on their histochemical
properties has a parallel in their functional responses.

The last and best-known substance present in the central endings of afferent C-
fibres is substance P (SP). It was proposed as a neurotransmitter for C-fibres by
Fembeck in 1953; a view which has gained many adherents (Henry, 1976; Otsuka
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and Konishi. 1976; Zieglgansberger and Tulloch, 1979). SP is present in the central
endings of small fibres in the SG and in fibres running along Lissauer's tract
(Hokfelt. Kellerth. Nilsson and Pernon. 1975 and Hokfelt et al. 1976). Not all of it is
of dorsal root origin; a small amount of SP-containing terminals and cells survive
dorsal rhizotomy (Barber. Slemmon, Salvaterra, Roberts and Leeman, 1979). The
SP content of the dorsal horn is depleted by capsaicin treatment (Jessell, Iversen and
Cuello, 1978) which causes it to be released from the nerves (Theriault, Otsuka and
Jessell. 1979). Parallel to SP release, capsaicin induces powerful thermal analgesia
(Yaksh. Farb. Leeman and Jessell. 1979). All these observations are consistent with
the view that SP has a transmitter function in the nociceptive pathway, particularly
at the first synapse of C-fibres within the SG.

A point that needs consideration is the relationship between the endings
containing SP and the opiate receptors described in the SG. Autoradiographic
studies have shown a high density of opiate receptors in the SG (Pert. Kuhar and'
Snyder, 1975; Atweh and Kuhar, 1977). On the other hand Hokfelt, Ljungdahl
Terenius, Elde and Nilsson (1977) described the presence of met-enkephalin withir
the cell bodies of many neurons in the SG and marginal zone. The contents of met
enkephalin in the SG are not affected by dorsal root section, whereas the number o

opiate receptors is dramatically reduced after deafferentation (La Motte, Pert an<
Snyder, 1976). The presence of exogenous opiates during the incubation of an i,
vitro preparation of slices of rat trigeminal nucleus suppresses the stimulus-evokei
release of SP (Jessell and Iversen, 1977). In an attempt to integrate all thes
observations Jessell and Iversen proposed the following model: (i) SP is th
neurotransmitter released by C-fibres during noxious stimulation; (ii) C-fibres mak
synaptic contacts in the SG with dorsal dendrites of deeper neurons related t
sensory ascending pathways, such as the spinothalamic tract; (iii) SP-containin
endings of C-fibres have opiate receptors in their membranes; (iv) enkephalii
containing neurons in the SG modulate transmission of nociceptive informatic
through the SG by presynaptically inhibiting transmission through the 'SP-ergi
synapse between afferent C-fibres and spinothalamic tract neurons.

This model is an ingenious attempt at unifying neurochemical and neur
physiological data, but on close examination it is clear that it contains many ovc
simplifications, nor does later evidence fit into the proposed mechanism. The maj
shortcoming of the model is the assumption that the three main neuronal elemer
involved (afferent C-fibres, SG neurons and neurons in lamina IV) are pools
uniformly-behaving cells. However, the population of C afferent fibres contai
many of non-nociceptive nature (Iggo, 1959. 1960, 1969) particularly mechar
receptors and both cold and warm thermoreceptors (see Burgess and Perl, 197
Similarly, recent studies on SG neurons have shown that they do not respond a
unimodal population to afferent inputs, which makes unlikely the postulated unic
action of these cells in Jessell and Iversen's model. Also, the number of enkephal
containing neurons in the SG is less than first thought, and many Waldeyer cell:
lamina I contain enkephalin (A. I. Basbaum. personal communication), which clee
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points to the need to revise ideas in respect of the functional significance of opiate
receptors and endogenous opioids in the SG. A further piece of evidence against the
suggested model has been provided by Duggan. Griersmith. Headley and Hall
(1979), who found that ionophoretic application of SP in the SG has no effect on the
responses of neurons in lamina IV to noxious stimuli. These observations seriously
question the role attributed to SP as a neurotransmitter in the nociceptive pathway.

In this line of pharmacological research it is relevant to mention the effects of
ionophoreticaily applied substances reported on the response properties of
nociceptor-driven lamina I neurons and on the functions of SG cells. The effects of a
number of chemicals on the responses of Class 3 lamina I neurons have been
analysed (Randic and Yu. 1976; Randic and Miletic, 1977; Miletic and Randic,
1979). Inhibition of their responses to noxious stimulation was achieved by
ionophoretic application of serotonin (5-HT). Neurotensin, bradykinin and. in
particular. SP enhanced the excitatory responses. Using a different approach.
Duggan's group have studied the effects of locally applied substances in the SG on
transmission of noxious information through the dorsal horn (Duggan, Hall and
Headley, 1976. 1977; Duggan et al., 1979; Headley. Duggan and Griersmith. 1978).
The chemicals were ejected ionophoreticaily from a micropipette placed in the SG.
while the electrical activity of neurons located deeper in the dorsal horn (laminte IV
and V) was recorded. Selective depression of the nocuous responses of lamina IV
Class 2 neurons followed met-enkephalin injection in the SG. A similar effect was

produced by noradrenaline whereas 5-HT was less selective in its inhibitory actions.
In contrast, the ejection of SP into the SG did not produce any effect on the activity
of deeper dorsal horn neurons.

It is not easy to extract conclusions from the histochemical or pharmacological
studies. The role of SP as a neurotransmitter for C-fibres is far from being
established and in any case it remains to be discovered whether SP is present, or
indeed has unique functions, in all functional types of primary afferent C-fibres.
Enkephalins are present in the SG. as are opiate receptors. Their functional role is
still open to question. Other proposals such as the inhibitory effects of 5-HT on
dorsal horn neurons, including marginal cells, seem to be more positively
established.

VI. Current Opinions on the Functional Role of the Substantia Gelatinosa
Recent publications of functional responses of neurons in the SG permit a fresh

conceptual approach to the functional role of the SG. It is now possible to speculate
on the functions of the superficial dorsal horn from the vantage point of knowledge
of the electrophysiological responses of marginal and SG neurons. Two basic inter¬
pretations of the functions of the SG have emerged from the publications reporting
single unit recordings. Some authors see the SG as a receiving station and relay
nucleus for primary afferent fibres whereas others have elaborated more complex in¬
terpretations of the SG in respect to its role as a nucleus of interaction and
modulation of cutaneous sensory information. These two views are by no means
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exclusive and in many respects may be considered complementary, if not almost
identical. Nevertheless they will be presented separately.

The idea of the SG being a relay nucleus for primary afferent fibres originated
from the work of Perl's group (Kumazawa and Perl, 1978: Light et al., 1979), which
emphasized the close correlation between the anatomical distribution of dorsal root
afferent fibres in the superficial layers of the dorsal horn and the functional
properties of their SG neurons. They advance the idea that some marginal and SG
neurons transmit information about nocuous stimulation. They also describe
neurons in the same region driven by small AS and C afferent fibres responding to
innocuous thermal or mechanical stimuli, although these show rather extensive
excitatory and inhibitory convergence. They conclude that the marginal zone and
the SG are areas of relay of small primary afferent fibres which subserve a variety of
functions, such as integration of sensory information or interaction of segmental
reflexes, and that a single unified theory of their function role is untenable. This view
is supported and extended by Price et al. (1979), who report that marginal and SG
neurons are driven not only by small dorsal root fibres but also by fast-conducting
large primary afferents. Since the anatomical studies have clearly shown that large
afferents do not end in the more superficial areas of the dorsal horn, they conclude
that some SG neurons fulfil the role of relaying these inputs to those marginal cell:
that have Class 2 properties and project through the spinothalamic tract. The}
suggest that SG neurons of the 'central" type may convey innocuous inputs wherea:
those of the 'limiting' (or 'stalked') type relay nocuous information. This implie:
that some SG neurons must be of an excitatory nature, an assumption unsupportec
by experimental evidence. This assumption does not rule out the role of SG neuron
as inhibitory interneurons which will, according to Price et al. (1979), help t<
sharpen the excitatory inputs by adding surrounding inhibition.

Wall et al. (1979) have considered the functions of SG neurons at a higher level o
conceptual interpretation. In a review, Wall (1978a) has re-examined and re-statei
the basic theoretical principles of the 'gate control' theory and removed th
emphasis from the detailed mechanisms. Nevertheless, 'gating' properties are sti
attributed to the SG as a whole (Wall, 1978a), although it appears very difficult t
attribute any 'gating' function to the kinds of SG neurons they find (Wall et al
1979). There seems to be a gap between the experimental evidence produced and th
wide conceptual implications derived from it. It is not clear how neurons showin
habituation, 'amoeboid' receptive fields, long-lasting responses after short stimuli c
small receptive fields can act on other neuronal elements in order to 'gate' the traff
of sensory information.

A more detailed model of functional interaction between SG neurons and oth(
dorsal horn cells has been produced by Cervero and Iggo (1978). Their diagram is
mixture of experimental evidence and speculation. They propose a model <
'reciprocal sensory interaction' in the dorsal horn by which the afferent input fro:
mechanoreceptors and nociceptors interact with SG and dorsal horn neurons. S'
neurons are proposed to act as inhibitory interneurons on larger dorsal hoi
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neurons. An inverse correlation between the excitatory drives of dorsal horn
neurons (Classes 1. 2 and 3 cells) and the 'inverse' responses of their SG neurons is
postulated and appropriate inhibitory links between the two sets of cells are

proposed. Their concept is based on the Sherringtonian principle of reciprocal
inhibition of segmental reflexes by which the activation of a reflex arc leads to the
inhibition of the antagonist muscles. In Cervero and Iggo's model the activation of
one sensory channel (either mechanoreceptor or nociceptor) results in the inhibition
of the other sensory transmission systems.

A central assumption in the model of'reciprocal interaction' and indeed in many
of the functional interpretations of the SG, is that SG neurons are basically
inhibitory interneurons. The existence of SG neurons having excitatory properties,
on the other hand, is fundamental in Price et al.'s (1979) interpretations of the SG
and has not been denied by other authors, but the general tone of interpretation of
the SG is that many of its neurons are inhibitory in their action. There is no direct
evidence to support this assumption, but morphological interpretations (Kerr.
1975) and several indirect analyses of the functions of the SG are consistent with the
idea that they are inhibitory interneurons (Denny-Brown et al., 1973; Duggan et al.,
1977; Wall and Yaksh, 1978).

A final point of note can be made on the possible role of SG neurons in
presynaptic inhibition. Wall (1962) presented experimental evidence linking SG
neurons with the generators ofdorsal root potentials, and reported that the integrity
of Lissauer's tract was essential for the intersegmental spread of dorsal root
potentials. As mentioned before, this was of relevance in the presynaptic role
attributed to SG neurons in the 'gate' model (Melzack and Wall, 1965). An attempt
by Cervero et al. (1978r/) to reproduce these results failed to show dependence of
dorsal root potentials on the integrity of Lissauer's tract. This observation and the
wealth of morphological data regarding the great numbers of axo-dendritic and
axo-somatic synapses in the SG seem to indicate that many effects of SG neurons
can clearly be explained in terms of postsynaptic rather than presynaptic influences.
Nevertheless, the mechanisms of presynaptic inhibition are still obscure and a role
for SG neurons in their generation remains a possibility.

CONCLUDING REMARKS

The experimental evidence leads us to conclude that the SG is neither structurally
nor functionally homogeneous. For many years, investigators have been misled by
the apparent uniformity of the structure of the SG and its differentiation from the
rest of the spinal cord grey matter. This fact accounts for the separation of the SG
from the rest of the dorsal horn by Rolando more than one-hundred and fifty years
ago and the special treatment that the SG received from the morphologists at the
turn of the century. It has to be recognized that the SG offered the double attraction
of being an enigmatic structure in itself and owing part of its mystery to the fact that
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it was the nucleus of reception of unmyelinated afferent fibres. It was very tempting
to create a separate functional entity by linking this structure in the cord, full of very
small neurons and intricate connections, with its principal input, namely the large
numbers of unmyelinated afferent fibres of which very little was known, except that
they were considered to be 'pain' fibres.

What then are the functions that the SG may subserve? Some insights can be
gained by analysing what is now known about its structure and the functional
responses of its component cells. The SG receives the bulk of the C-fibre afferent
projection to the cord as well as many small myelinated afferent fibres. Its cell
density is very high; in proportion to the larger dorsal horn neurons estimated ratios
run as high as 100 ; 1. and these are probably conservative. SG cells are profusely
interconnected as well as ending on other dorsal horn neurons. A few project to
supraspinal regions. Connections are generally short and in many cases axons of SG
cells span only one segment, although intersegmental connections may extend as far
as 4 or 5 segments. Functional analysis of the SG has confirmed the anatomical
observations regarding afferent fibre distribution and has also shown that some SG
neurons respond to cutaneous inputs in a manner different from other dorsal horn
cells.

The first conclusion is that the SG is clearly in a privileged position to act as a relay
station between small afferent fibres (AS and C) and dorsal horn neurons. This
function carries the corollary that some SG cells may also be involved in the
integrative processes consistent with a relay action, such as lateral or surrounding
inhibitory interaction between afferent inputs and in a sustaining, reverberatory
role. If this secondary function is elaborated further, then part of the cell population
of the SG may be implicated in particular integratory mechanisms. Their relation
with the C-fibre projection points to nociception as a major candidate. The presence
of chemicals such as enkephalin or SP adds support to this view. Important as it may
be, nociception is not the only function with which the SG is concerned. The relay
interpretation involves processes such as segmental or propriospinal reflexes,
conveying of the C-input from thermo- and mechanoreceptors to projection
pathways and other functions outside the specific mechanisms related to nocicep¬
tion.

If functions are diverse and the only common ground is a vague reference to relay
function, is it then useful or necessary to maintain the concept of the SG? After all,
there are many interneurons in deeper parts of the dorsal horn or in the ventral horn
subserving relay functions. Are there any properties, morphological or functional
that make the SG unique? These questions enhance the problem that is probably at
the heart of all discussions on the SG: what exactly is the SG? If the definition of SG
is taken from its original description, then this 'substance' is an area of the grey
matter of the spinal cord and includes all cellular elements within its borders. This
concept of the SG is functionally meaningless since it will imply the existence of rigid
functional separation between the inside and the outside of the SG. Furthermore,
will the marginal cells then be included in the SG?
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It is obvious that the 'substantia gelatinosa' has no real meaning as a functional
entity. The term should be reserved to describe an area of the grey matter in
topographical terms. For the purposes of physiology the questions should be
directed to cell types of the SG rather than to the SG as a whole.

Taking this line we can recognize at least three functional entities in the SG: the
marginal cells; the small (or 'central') SG cells and the 'limiting' SG neurons. The
marginal cells are closer to other types of projecting neuron in the deeper dorsal
horn than to other neurons of the SG. They are a group of cells, functionally allied to
other spinal cord projecting neurons but located where their input is, namely, in that
place of the dorsal horn rich in AS and C afferent fibres. 'Limiting' cells are.
accepting the so far scarce evidence, indistinguishable from other interneurons of
the dorsal horn. In this respect it may prove useful to look at the ventral border of
the SG, that is lamina III, and consider this region similar to the dorsal border. It
contains some large projecting neurons and many smaller interneurons. In between
these two borders lie the mass of'central' SG neurons, the only ones that may have
unique functional properties.

The 'SG' is a purely morphological concept. Its use as a functional term is both
misleading and meaningless. Within the SG are neurons which probably subserve
very specialized relay functions including integration and interaction between
sensory channels. Ventral and dorsal to the SG there are areas containing cells
related to more general functions of conveying sensory information or linking reflex
pathways.

A great deal of recent work on the anatomy and physiology of the SG has
contributed to a better knowledge of this area and of the general functions of the
dorsal horn, and has thus succeeded in removing at least some of the mystery that
had been veiling the functional interpretations of this region of the spinal cord.
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INTERSEGMENTAL FUNCTIONS OF

LISSAUER'S TRACT

F. CERVERO, A. IGGO and V. MOLONY

INTRODUCTION

In 1886, Lissauer described fine fibres from the dorsal root

that separate themselves from the coarse fibres and enter the spinal

cord slightly lateral to the rest of the dorsal root fibres. On

entering the cord, these fine fibres croup into a bundle that runs

in the border area ("Randzone") between the grey matter and the

periphery of the spinal cord. The relationship between the tract of

Lissauer and the Substantia Gelatmosa (SG) was firmly established

by Ranson (1914) who concluded that Lissauer's tract comprised small

myelinated and unmyelinated fibres of both exogenous (afferent fibres)

and endogenous (SG axons) origin and that the interchange of fibres

between Lissauer's tract and the SG suggested the possibility that

the SG was the nucleus of reception of the afferent fibres of

Lissauer's tract. Szentagothai (1964) suggested that the SG forms

a self-contained neuronal system, all axons of which either remain

in the SG or return into it after an ascending or descending course.

Two types of longitudinal connections were described (Szentagothai,

1964; Scheibel and Scheibel, 1963): a long range connection

extending up to 5-6 segments via Lissauer's tract and the

fasciculus proprius and a short range longitudinal connection

inside the SG and extending only up to 2-3 mm. Quantitative studies

of the origin and calibre of Lissauer's tract fibres in several

animal species have recently been reported by Ccggeshall and his

associates (see Coggesnall, this volume). From these studies it is
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now clear that most fibres in the tract are small dorsal root afferents

and that both afferents and endogenous axons appear intermingled in all

parts of Lissauer's tract.

Over the past few years we have been reporting electrophys¬

iological studies on the functional characteristics and intersegmental

organization of neurones in the Marginal Zone and the SG (Cervero,

et al., 1977, 1978, 1979a, 1979b, 1979c). Here we present in a

unified context the results concerning the functional types of spinal

neurone projecting through Lissauer's tract and the effect of

Lissauer's tract stimulation on Marginal and SG neurones.

LISSAUER'S TRACT STIMULATION

All results reported in our studies were obtained from cats

anaesthetized with chloralose and paralysed with gallamine. To

stimulate Lissauer's tract two pairs of Ag/Ag CI ball-tipped

electrodes were placed in contact with the surface of the cord

ipsilateral to the recording microelectrode and on Lissauer's tract.

The electrodes were placed 2 to 4 segments rostral to the recording

sites. In some animals, surgical isolation of Lissauer's tract was

attempted by cutting the adjacent dorsal columns and the dorso¬

lateral funiculus (see Cervero et_ al., 1978 for details). In

other animals the cord remained intact between stimulating and

recording electrodes.

When stimulating electrically the cord surface, the thresholds

and latencies of the orthodromically or antidromically evoked spikes

were used as indications of effective stimulation of Lissauer's

tract. It was assumed that superficial dorsal horn neurones anti¬

dromically activated from the cord surface at low intensities and
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having axons with a wide range of conduction velocities in the small

myelinated group, had their axons projecting through Lissauer's

tract. Those neurones having faster axons were discarded whereas

those requiring high intensities of stimulation for antidromic

activation were thought to have their axons deeper in the cord.

NEURONES PROJECTING THROUGH LISSAUER'S TRACT

The most superficial part of the dorsal horn contains

neurones that can only be activated by damaging or potentially

damaging stimuli (Christensen & Perl, 1970). Subsequent studies

have shown the presence of a population of neurones in Lamina I

having little or no background activity, a distinct somatotopic

organization, relatively small receptive fields and responding

exclusively to noxious stimulation of their cutaneous fields and of

deeper tissues (Cervero et_ al^. , 1976, 1979a). These neurones are

described as Nociceptor-driven Lamina I neurones or Class 3 cells.

It had been suggested, on indirect evidence, that these Nociceptor-

driven neurones were the marginal cells of Waldeyer (1888). This

suggestion has been recently supported by intracellular staining

of several marginal cells with horseradish peroxidase (HRP), all of

which showed functional properties typical of Class 3 neurones

(Cervero et_ al., 1980). Nevertheless, not all Class 3 neurones in

the superficial dorsal horn are marginal cells. Bennett et_ al.

(1979) have described some SG neurones of the "limiting" or "stalked"

type having Class 3 properties. The population of Nociceptor-

driven neurones in Lamina I (Class 3 cells) is therefore non-

homogeneous .
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In our preparation Class 3 neurones in Lamina I have been

tested for rostral projections of more than two segments. Two

kinds of antidromic activation were observed. Some neurones showed

antidromic responses that appeared at the same intensity of

stimulation as the post synaptic activation. The low conduction

velocities of the axons suggested that the responses were due to

NP LT Off*.
I
MP LT Other NP LT Other NP LT Other

Total

Figure 1. Proportions of Class 3 neurones projecting through
Lissauer's tract (LT), other pathways (Other) or

non-projecting (NP), in relation to the type of
preparation used. The histogram at the left shows
the proportions for the total sample. The other
histograms show the proportions in each kind of
preparation used, which are schematized below each
histogram.

stimulation of Lissauer's tract. In contrast, other Class 3

neprones required an intensity of the stimulus sufficient to

stimulate deeper tracts in the spinal cord before an antidromic

spike was evoked. The mean conduction velocity of the axons of

Class 3 neurones projecting more than two segments was 8.6 m.s. ^

(range 3.8-16.5 m.s. "*") corresponding to a group of small

myelinated axons. No differences were found in the conduction

velocities of the axons of neurones projecting through

Lissauer's tract or through deeper parts of the cord.
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Considering the whole sample of Class 3 neurones studied it was

found that more than two thirds of the neurones did not project for

more than two segments. About 15% projected through Lissauer's

tract and less than 20% through other parts of the spinal cord.

Section of the dorsal column and dorso-lateral funiculus did not

change the numbers of projecting neurones (Figure 1). No neurones

were found showing characteristics of Lissauer's tract projection

in preparations with Lissauer's tract sectioned. In intact prepar¬

ations an increase was observed in the percentage of Class 3 neurones

projecting through Lissauer's tract. This can be explained by the

projection of some axons from Class 3 neurones adjacent to but not

through Lissauer's tract. In any case the percentages of projecting

neurones did not change significantly in relation to the type of

preparation used (Figure 1).

These results show that only a minority of the population of

Nociceptor-driven neurones in Lamina I project beyond their segments

of origin. Since marginal cells are not the only neuronal elements

in this region it could be that Lamina I Class 3 neurones consist of

two groups: the large marginal cells that project to supraspinal

levels and the "limiting" or "stalked" SG neurones that do not.

Extracellular and intracellular recordings have also been

obtained from neurones in the Substantia Gelatinosa proper

(Lamina II). The majority of the neurones in our sample showed

background activity and distinct inhibitory responses. Excitatory

responses could also be evoked but the powerful inhibitory effects

of cutaneous stimulation on these neurones led us to classify them

according to their inhibitory inputs rather than, as other groups

have, according to their excitatory responses.
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When tested for axonal projections through Lissauer's tract

very few SG neurones (around 10% of the sample) could be activated

from two and three segments rostrally. Their estimated minimum

conduction velocities, assuming straight axons, ranged between

4.6 and 18.3 m.s. ^ corresponding to conduction in small

myelinated fibres. We conclude that most SG neurones do not send

their axons beyond their segments of origin. Lissauer's tract

contains propriospinal A6 fibres (Ranson, 1914; Coggeshall, this

volume). While it is not possible to assume that all endogenous

A6 fibres in Lissauer's tract are axons of SG neurones, we have

demonstrated that some of them are. Some marginal cells also use
»

this route for the projection of their small myelinated axons. SG

neurones have been described reaching the lateral cervical nucleus

(Giesler, et_ al_. , 1978) or even the thalamus (Willis et_ al^. , 1978).

Our results confirm the existence of SG neurones with small

myelinated axons projecting through Lissauer's tract for several

segments and also reinforce the view that the majority of the small

SG neurones do not project beyond their segments of origin. Intra¬

cellular staining of SG neurones with HRP (Cervero £t al_. , 1980)

has provided additional support to this view. Figure 2 shows a

reconstruction from serial 50 ym sections of an SG neurone stained

with HRP and whose axon directed towards deeper parts of the

dorsal horn, reaching Laminae III and IV. The total extent of the

axon could not be traced but this and similar observations prove

that arborizations of SG axons in the same cord segment are indeed

very common.
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Figure 2. Reconstruction from serial 50 )im transverse sections of
an SG neurone intracellularly stained with HRP. The
dotted line indicates the border between the dorsal
columns and the grey matter.

EFFECTS OF LISSAUER'S TRACT STIMULATION ON

MARGINAL AND SG NEURONES

Both Nociceptor-driven Lamina I neurones and SG neurones

showed an orthodromic excitatory response to Lissauer's tract

stimulation followed by a period of inhibition. The excitation

consisted of a short train of spikes (sometimes a single action

potential) that appeared at intensities of stimulation between 5 and

20 times threshold for the largest fibres in the dorsal columns and

did not follow with consistency successive stimuli (Figure 3A). When

stable intracellular recordings were achieved, excitatory post¬

synaptic potentials appeared at a threshold and with latency
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corresponding to the activation of small myelinated or unmyelinated

fibres (Figure 3B) . A further increase in the intensity of

stimulation led to the appearance of action potentials superimposed

on the post-synaptic potentials. The constancy of the latencies

was consistent with the effects of being mediated monosynaptically.

The conduction velocity range of the fibres mediating this ortho¬

dromic excitation was 0.9-18.3 m.s. ^, thus supporting the assumption

of being Lissauer's tract fibres.

With regard to the origin of the fibres mediating the post¬

synaptic excitation the strongest candidates are the primary

afferent fibres running in Lissauer's tract. The possibility that

axons of other SG neurones or of Lamina I neurones are responsible

for the excitatory effects cannot be rejected since both kinds of

neurone project through Lissauer's tract as well.

Lamina I and SG neurones exhibited a long period of inhibition

to stimulation of the spinal cord through electrodes placed on

Lissauer's tract. A period of inhibition lasting about 40O ms

appeared at intensities of stimulation that excited only the

largest dorsal column fibres. Increasing the intensity of the

stimulus to excite the small myelinated fibres in Lissauer's tract

resulted in the appearance of an early post-synaptic excitation as

described above and in the further extension of the period of

inhibition to about 600 ms. These inhibitory effects could be

mediated by either dorsal column fibres or descending axons in the

dorso-lateral funiculus. Both sets of fibres have been shown to

evoke inhibition in Lamina I and SG neurones (Foreman et al., 1976;

Cervero et_ al_. , 1979d) . The extension of the period of inhibition
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at higher intensities of stimulation also suggests that fibres in

Lissauer's tract contribute to the inhibitory effects on Lamina 1 and

SG neurones.

A B
2T

10
mV

10 ms 4 ms

Figure 3. Post-synaptic activation of SG neurones by stimulation of
the spinal cord by eiectrodes placed in Lissauer's tract.
A: Extracellularly recorded SG neurones showing no

responses at 2-times threshold (2T) for the largest
dorsal column fibres (upper record) and variable latency
responses at 10 times threshold (10T) (for a single
trace in middle and superimposed traces in lower record).
B: Intracellular recordings from another SG neurone

showing constant latency e.p.s.ps at 3T (upper records)
and constant latency e.p.s.ps and spikes at 20T. The
times of application of the electrical stimuli to the
surface of the spinal cord are marked by an S.

For some time Lissauer's tract has been regarded as a special

association system with specific functions linked to the physiology

of the SG. This has been due to the facts that Lissauer's tract is

a very conspicuous structure in the dorsal part of the spinal cord,

that fine fibres of dorsal root origin join the tract and that some

SG neurones send their axons through this pathway. There is a great

CONCLUSIONS
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risk of oversimplifying the relationship between Lissauer's tract

and other structures in the superficial dorsal horn, particularly

the SG. While it appears that Lissauer's tract has a definite place

in the mechanisms of intersegmental integration in the spinal cord,

it is not possible to postulate a distinct and unique function for

the tract. Moreover, the traditional view of Lissauer's tract being

a propriospinal tract for the SG should be abandoned as evidence

accumulates in favour of the association of several different

projection systems with the tract.

The presence of many small myelinated and unmyelinated afferent

fibres in Lissauer's tract is well documented. In some animal species

they constitute the largest proportion of the fibres in the tract

(see Coggeshall, this volume). They are present in both the medial

and the lateral divisions of the tract which invalidates traditional

views of the lateral Lissauer's tract as an almost exclusively

propriospinal pathway. The morphological types of afferent fibre

present in Lissauer's tract indicate that this heavy projection is

functionally heterogeneous. Nociceptors, thermoreceptors and

mechanoreceptors from the skin as well as many muscle joint and

visceral receptors are connected to A6 and C afferent fibres. Since

Lissauer's tract is the major pathway in the cord carrying such fibres

the functional properties of the afferent component of the tract have

£o be diverse. It would be more appropriate to regard Lissauer's

tract as a convenient way of grouping the smallest afferent fibres in

the vicinity of their final destination, namely, the superficial

dorsal horn.
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The functional type of neurone projecting through Lissauer's

tract, and hence the possible functions of this other component, are

also diverse. There are at least two major systems of projection: a

long range system, spanning several segments and including marginal

and SG neurones with small myelinated axons and a short range system

made of unmyelinated fibres of endogenous origin. We have been

unable to find any marginal or SG neurone with an unmyelinated axon

which projects for two segments or more. It is therefore clear

that neurones with unmyelinated axons in Lissauer's tract project

only for a few mm. Since the neuronal populations of the marginal

zone and the SG are heterogeneous, the functional significance of the

different types of projection systems through the tract are obscure.

In any case, all evidence points to the need for looking at Lissauer's

tract as an anatomical grouping of axons whose only common character¬

istic is a topographical relationship to the superficial dorsal horn.
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SUMMARY

Intracellular iontophoresis of horseradish peroxidase has been used to mark identified neurones
in the superficial dorsal horn of cats. The cats were anaesthetized with a-chloralose and
paralysed with gallamine triethodide. Four specific nocireceptive neurones in the marginal zone
and seven neurones in the substantia gelatinosa were recovered. One of the former and four
of the latter are described in detail and are illustrated as reconstructions from serial sections.
The results confirm previous conclusions that the substantia gelatinosa contains neurones
classified as 'inverse' and that the nocireceptive neurones of lamina I are Waldeyer cells.

INTRODUCTION

In previous reports the functional properties of neurones in the marginal zone (Cervero,
Iggo & Ogawa, 1976, Cervero, Iggo & Molony, 1979a) and substantia gelatinosa (Cervero,
Iggo & Molony, 19796, c) of the lumbosacral spinal cord of the cat were described. The
marginal zone neurones were mainly nocireceptive cells excited specifically either by
nocuous mechanical (Class 3 a) or by nocuous mechanical and nocuous thermal (Class 36)
stimulation of their receptive fields. The majority of the neurones identified as substantia
gelatinosa cells were called ' inverse' s.g. neurones; these showed conspicuous and persistent
ongoing discharges that could be readily inhibited by natural stimulation of a cutaneous
receptive field.

In these previous studies, neurones were located by reference to Pontamine Sky Blue
marks deposited iontophoretically from low impedance (5-20 Mfi) glass microelectrodes
(Cervero el al. 1979 6). This method permitted the position of the recording site to be localized
within the marginal zone or the substantia gelatinosa but it did not provide unambiguous
marking of the neurones themselves.

We now report the results of a series of experiments in which functionally identified
neurones within the marginal zone and substantia gelatinosa have been marked by
intracellular iontophoresis of horseradish peroxidase (HRP) from the recording micro-
electrode. A modification of the technique introduced by Snow, Rose & Brown (1976) was
used. Two hypotheses were tested; (1) that the recordings made from specific nocireceptive
neurones located superficially in the dorsal horn, and identified as Class 3 cells, were
obtained from relatively large neurones in the marginal zone, probably the Waldeyer
neurones, and (2) that the recordings made from small neurones in the superficial dorsal horn
and identified as 'inverse' s.g. neurones, came from neurones in the substantia gelatinosa.

Preliminary reports have been presented to the Physiological Society and the XXVIII
* Present address: Department of Physiology. Medical School, University of Edinburgh, Teviot Place.

Edinburgh EH8 9AG.
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Fig. 1. Transverse section through the lumbar region at the recording site showing methods used for stabilization
of the spinal cord. The diagram is not to an exact scale. About 15 mm of the spinal cord and the supporting
platform (Black) are embedded in 4°/0 agar. Exposed tissue and the agar within the bath are covered with warm
(38 °C) liquid paraffin, v.b., vertebral body.

International Congress of Physiological Sciences (Cervero, Iggo, Molony & Steedman,
1980; Molony, Steedman, Cervero & Iggo, 1980).

METHODS

Fifteen adult cats of both sexes weighing 2-5—3-5 kg were used. Anaesthesia was induced with nitrous
oxide, oxygen and halothane (2-5%) and maintained by intravenous a-chloralose (60 mg/kg). The
animals were paralysed with gallamine triethiodide and artificially ventilated. The level of anaesthesia
was checked periodically after allowing the effects of the relaxant to wear off. Supplementary doses
of a-chloralose (30 mg/kg) were given to maintain an adequate level of anaesthesia. Techniques for
preparation and maintenance of the animal were as described by Cervero et al. (19796).

To improve the chances of holding neurones after penetration by the microelectrode, movements
due to vascular pulsation and respiration were reduced by stabilization of the L6 and L7 segments
of the spinal cord with agar. A solution of 4% agar in 0-9% saline at 40 °C was infiltrated between
the spinal cord and the dura mater and between the dura mater and the vertebral bodies. A rigidly-held
Perspex 'foot' was then placed close to the dorsal surface of the cord and more agar infiltrated over
and around it. This technique was adapted from the method described by Dostrovsky, Goldsmith
& Hellon (1980) for stabilization of the brain stem. The exposed cord was then covered with warm
(38 °C) liquid paraffin.

Electrophysiological recording and stimulating techniques. All recordings were made in the L6 and
L7 segments of the spinal cord using glass microelectrodes filled with 3-5% HRP in 0-5 m-kci and
Tris buffer at pH 8-6. The animal was mounted in a stereotaxic frame fitted with a micromanipulator
driven by a stepping-motor (Clark & Ramsey, 1975). After removing a small plug of agar from within
the Perspex foot and dissecting off the pia mater, a microelectrode was inserted through the dorsal
column and into the superficial dorsal horn (at an angle of 10-20° from the vertical with the tip more
lateral than the shank of the electrode). The best results were obtained with electrodes bevelled with
a 'jet stream' beveller similar to that described by Ogden, Citron & Pierantoni (1978), with impedances
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after bevelling of about 150 Mfl measured at 1 kHz. There was a much greater chance of injecting
sufficient HRP to mark the cell from these electrodes than from finer electrodes with higher impedance.

The border between the dorsal column and the superficial dorsal horn was recognized by a change
in the kind of activity being recorded; in the dorsal column successive recordings from large primary
afferent axons were obtained as the electrode was moved downwards whereas in the superficial dorsal
horn this activity generally disappeared. Within this area abrupt negative d.c. changes of 20-50 mV
occurred which were often transient, lasting only a few seconds, but sometimes were sustained for
as long as 30 min. Action potentials and post-synaptic potentials were occasionally superimposed on
the new d.c. levels. The ventral border of the substantia gelatinosa and the ventral limit for recording
was recognized when large extracellular potentials were recorded with the characteristics expected
from larger neurones in laminae III or IV or from large axons in the dorsolateral fasciculus.

Extracellular activity could be detected 50-100 pm away from the cell bodies ofspecific nocireceptor
neurones in the marginal zone and at similar distances away from the cell bodies of larger neurones
in laminae III and IV and large axons in the substantia gelatinosa. Most extracellular field potentials
of individual cells within the substantia gelatinosa could, however, be followed for less than 20 pm.
Where possible the nature of any background activity and the responses of a neurone to natural and
electrical stimulation were examined before intracellular penetration and were confirmed briefly after
penetration.

Iontophoresis. HRP was injected iontophoretically using 750 msec positive current pulses of
0-5-4 x 10~9 A at 1 /sec for 2-5 min. Iontophoresis with currents of less than 1 x 10"9 A generally failed
to mark cells regardless of how long current was passed. Iontophoresis was discontinued after five
minutes or if the electrode blocked. Whenever possible physiological responses were re-examined after
iontophoresis to test that the electrode remained within the same neurone, but many recordings
deteriorated during iontophoresis and it was not possible to detect either post-synaptic activity or
action potentials thereafter. Even when deterioration occurred we found no sign of HRP stain in more
than one neurone. Iontophoresis was attempted every time a sustained d.c. change was accompanied
by either ongoing or evoked action potentials or post-synaptic potentials. Several units that were
recognized as axons by their electrophysiological properties were also injected with HRP (see
Fig. 8).

Lissauer's tract stimulation. A pair of Ag/AgCl stimulating electrodes was placed on the surface
of Lissauer's tract, one or two segments rostral to the recording site, to search for neurones which
could be excited orthodromically or antidromically. A stimulus of five times threshold for the large
myelinated axons of the dorsal columns was used as a search stimulus. This value was chosen to ensure
stimulation of A<5 fibres within Lissauer's tract. Stimulating electrodes were also placed on the
ipsilateral L7 dorsal root and on the tibial nerve at the ankle.

Natural stimulation of the skin. Innocuous mechanical stimulation was provided by brushing the
skin surface or hairs, or by applying steady light pressure with a wooden rod. Nocuous mechanical
stimuli were provided by squeezing the skin with smooth-jawed or serrated forceps. Thermal
stimulation was provided by a quartz-halogen lamp focused on the skin, warming the skin to 42 °C
or heating it to 45-55 °C. Cotton wool soaked in ice-cold water at 0 °C was used to test for responses
to cooling.

Histological methods. One to ten hours after iontophoresis a gross mark was made 2 mm rostral
to the last recording site with a microelectrode coated with Alcian Blue. The cat was then perfused
through the heart, at 150-180 mmHg pressure, with 250 ml. of heparinized (100 units/ml.) 0-9%
saline at 38 °C to wash out the blood, and this was followed immediately by perfusion with 1-5 1.
of Karnovsky's fixative at 4 °C (Karnovsky, 1965).

After the spinal cord had been left to fix for l|-2hr it was removed and kept for 6 hr in
0-1 M-phosphate buffer with 30% sucrose at pH7-6 before serial 50 pm transverse frozen sections were
cut from appropriate parts. The sections were transferred to 0-1 M-phosphate buffer at pH 7-6 and
were then reacted for 10 min with a freshly mixed and filtered solution of p-phenylenediamine
(100 mg). pvrocatechol (200 mg), Tris buffer (350 ml.) and hydrogen peroxide (100 volume. 0-2 ml.)
using the method of Hanker. Yates, Metz& Rustioni (1977).

Tracings and reconstructions from serial sections were made at 1250 x or 550 x magnification on
a projection screen fitted to a Zeiss Standard Universal microscope.

<
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Fig. 2. Location of thirteen neurones, in the lumbar spinal cord, marked by intracellular iontophoresis of HRP
after functional identification. ■. specific nocireceptive neurones. A. 'inverse' substantia gelatinosa neurones.

Under the best recording conditions we encountered about six neurones in each micro-
electrode track; this was similar to our previous experience (Cervero et al. 19796). and in
reasonable accord with the cell density described by Scheibel & Scheibel (1968). Activity
was detected in more than 1000 neurones within the superficial dorsal horn (laminae 1 and
II of Rexed, 1952) and 109 were held for sufficient time to examine some of their
physiological responses. Many neurones were irreversibly damaged by small movements
of the electrode. In our experience neurones of the substantia gelatinosa can be studied
electrophysiological^ with glass microelectrodes only if the electrode tips are less than
0.15 ,«m in diameter.

Of the 109 neurones, forty-one were specific nocireceptive (Class 3) neurones (Cervero
et al. 1976), forty-eight were neurones showing characteristics similar to those previously
described as' inverse' (Cervero et al. 1979 6) and the remaining twenty formed a heterogeneous
group.

Specific nocireceptive (Class 3) neurones. Forty-one neurones were excited only by high
intensity mechanical (Class 3 a) or high intensity mechanical and high intensity thermal
(Class 36) stimulation of the skin. Attempts were made to mark thirteen of these neurones
by iontophoresis ofHRP and four marked cells were recovered after histological preparation.
The location of these neurones is indicated diagramatically in Fig. 2. All had their cell bodies
and their main dendrites within the marginal zone (lamina I). The dendrites were distributed
in a flattened sheet over the surface of the dorsal horn and the size, location and general
morphology were typical of the Waldeyer or marginal cells of the lamina I (Waldeyer, 1888;
Ramon y Cajal, 1909; Kerr, 1975). A full reconstruction of one of these neurones (No.
1710/11) is illustrated in Fig. 3. Only the basal dendrites of the other three neurones were

adequately stained and reconstruction was not attempted. The cell body of the reconstructed
neurone was relatively large (20 x 25 pm) and lobed into an H-shape, and lay within the
marginal zone. As Fig. 3 shows, the two main groups of dendrites are restricted to the
marginal zone; a medially oriented group spreads 550 pm across the dorsal horn, and a
more lateral group spreads 650 pm caudally and 300 pm rostrally across the surface of the
dorsal horn. A few short dendrites are directed ventrally into the outermost part of the

RESULTS
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(m.z.), Lissauer's tract (L.t.), substantia gelatinosa outer (s.g.o.) and inner (s.g.i.) are labelled in the same way.
Indications of structure and outlines of some blood vessels have been included to help relate the cells and their
processes to boundaries which are difficult to define. The dashed lines (—) indicate the border between lamina
II and lamina III. Small arrow heads indicate the axon and its branches. The inset shows the location of the
cell body on an outline of the quadrant of the spinal cord.

substantia gelatinosa (lamina II outer). The axon runs almost directly laterally at the level
of the cell body and joins Lissauer's tract without giving off collaterals close to the cell body.
In Lissauer's tract the axon runs rostrally for about 100 pm before giving off the first of
three branches spaced about 150 jum apart. These three branches run ventrally from
Lissauer's tract around the lateral aspect of the dorsal horn and were traced as far as the
lateral part of lamina V. No continuation of the parent axon could be found in Lissauer's
tract and the most rostral branch was followed 600 pm rostral to the cell body; no en passant
or terminal swellings were seen. This neurone was excited by high intensity mechanical and
high intensity thermal stimulation of toes 2 and 3 of the ipsilateral foot. Electrical
stimulation of both AS and 'C' afferent fibres in the tibial nerve excited the neurone which

corresponds to a Class 3b neurone of Cervero et al. (1976). The neurone could not be excited
antidromically by electrical stimulation of the spinal cord two segments rostral, and is
consequently a propriospinal neurone; in this respect it is like many Class 3 neurones

reported by Cervero et al. (1979a).

'Inverse'substantia gelatinosa neurones. Forty-eight neurones showed characteristics
similar to those described previously as 'inverse' (Cervero et al. 19796). These neurones
had ongoing background activity at rates that were generally less than 10/sec. and could
be inhibited easily by nocuous and/or innocuous stimulation of the skin. The background
activity often slowly decreased over a period of about 5 min in the absence of further
electrical or natural stimulation. Excitatory receptive fields in the skin could rarely be found
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Fig. 4. An 'inverse' substantia gelatinosa neurone (No. 1710/16) reconstructed from nineteen serial 50/tm
transverse sections of the lumbar spinal cord. See Fig. 3 for details of labelling.

even when electrical stimulation of the tibial nerve or the L7 dorsal root showed the presence
of excitatory primary afferent inputs to the neurone.

The forty-eight neurones could be sub-divided into three groups according to the
inhibition brought about by nocuous and innocuous stimulation of the skin, as previously
reported by Cervero el al. (19796). Seven (15%) were inhibited only by innocuous
mechanical stimulation, twenty-nine (60%) were inhibited by both nocuous and innocuous
stimulation and seven (15%) were inhibited only by nocuous stimulation. In five (10%) it
was only possible to record the responses to low intensity cutaneous stimulation before
proceeding with iontophoresis.

Attempts were made to mark twenty-nine of these forty-eight neurones by iontophoresis
of HRP and seven were recovered after histological preparation. The location of these
neurones within the superficial dorsal horn is indicated in the composite diagram (Fig. 2).
Drawings reconstructed from the serial sections of four neurones are shown in Figs. 4, 5,
6 and 7. The cell bodies of all seven neurones lay within the substantia gelatinosa and all
had small cell bodies (5-10 fim x 10-30 /^m).

The dendrites of the cells were mainly distributed within the s.g., but terminal dendrites
also extended into laminae I, III and IV in some cases. Three of the neurones showed
numerous dendritic appendages.

Fig. 4 shows the reconstruction of a small, fusiform neurone (s.g. No. 1710/16) which is
typical of many described in Golgi studies of transverse sections of the spinal cord (Ramon
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Fig. 5. An 'inverse' substantia gelatinosa neurone (No. 3110/13) reconstructed from sixteen 50/im serial transverse
sections of the lumbar spinal cord. See Fig. 3 for details of labelling.

y Cajal, 1909; Scheibel & Scheibel, 1968; Suguira, 1975). The cell body is spindle-shaped
(8 x 25 pm) and is oriented dorso-ventrally across the s.g. The dendrites leaving the dorsal
pole run dorsally and caudally for 600 /tin, and those leaving the ventral pole run ventrally
and rostrally for 300 /tm. All the dendrites are restricted in the medio-lateral plane to a thin
sheet less than 70 /tm thick. Terminal dendrites extend dorsally into lamina I and ventrally
into lamina III. The axon which was readily identified ran ventrally from the cell body and
was traced into lamina III. No collateral branches were seen to leave this axon in the 200 pm
length that was examined and no terminal or en passant swellings were seen. This neurone
showed background activity at 5-6/sec and was inhibited by low-intensity mechanical
stimulation of the ipsilateral foot, but it was not possible to test for the effects of high
intensity stimulation before deterioration of the neurones occurred and iontophoresis was
commenced.

Fig. 5 shows the reconstruction of another fusiform neurone (s.g. No. 3110/13) with a
more superficial location than that shown in Fig. 4. It is typical of many descriptions of
Golgi-stained s.g. neurones which have their cell bodies adjacent to the marginal zone and
which Ramon y Cajal (1909) called limiting neurones. The cell body is spindle-shaped
(8 x 20 pvtl) and is oriented mainly rostro-caudally with dendrites originating from the two
extremities. The dendrites which are restricted to the mediolateral plane, in a sheet less than
100 pm thick, extend rostrally for 250 pm, caudally for 500 pm and ventrally away from
the cell body down into the s.g., to which they are restricted. The axon of this cell arises
from the cell body and ramifies within the s.g. lateral and rostral to the soma. A few-
collateral branches are given off within the neurone's own dendritic field, most being
distributed laterally; no terminal or en passant swellings were seen. This neurone showed
background activity at 1-6/sec and was inhibited by low-intensity mechanical, high-intensity
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Fig. 6. An 'inverse' substantia gelatinosa neurone (No. 29119/3) reconstructed from seven 50fim serial transverse
sections of the lumbar spinal cord. See Fig. 3 for details of labelling.

mechanical and high-intensity thermal stimulation of a large receptive field on the ventral
part of the ipsilateral foot encompassing toes 3, 4 and 5 (an 'inverse' 2 s.g. neurone). No
excitatory receptive field was found, although electrical stimulation of the tibial nerve
and of the L7 dorsal root excited the cell.

Fig. 6 shows the reconstruction of a neurone (s.g. No. 29119/3) lying in the inner part
of the substantia gelatinosa (lamina II inner). The cell body is multipolar (9 x 30 pm) and
eight major dendrites arise directly from it. The dendritic field extends for 150 pm rostrally
and caudally from the cell body and for 150 pm in the medio-lateral plane. The dendrites
are relatively thick and have few appendages. The axon arises from the distal extremity of
a ventrally directed dendrite and could be traced ventrally as far as lamina IV. Two collateral
branches were formed but no terminal or en passant swellings were seen. The neurone
showed background activity at 1-3/sec and was inhibited by low-intensity mechanical,
high-intensity mechanical and high-intensity thermal stimulation of a receptive field of
3 x 1 cm on the ventral part of the ankle (an inverse 2 s.g. neurone). No excitatory receptive
field could be found but background activity increased after heating the inhibitory receptive
field.

Fig. 7 shows the reconstruction of a neurone (No. 3089/11), the cell body of which lies
in the inner part of the s.g. (lamina II inner). It has a small cell body of 10 x 10 pm with
numerous very fine dendrites arising from it. The dendrites are restricted medio-laterally
to less than 75 /<m, dorso-ventrally to less than 150 pm and extend rostrally for 200 pm and
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Fig. 7. An 'inverse' substantia gelatinosa neurone (No. 3089/11) reconstructed from eleven 50^m serial transverse
sections of the lumbar spinal cord. No axon was positively identified for this neurone. See Fig. 3 for details
of labelling.

caudally for 300 pm. Most of the caudal extension of the cell consists of one slightly thicker,
smooth, parallel-sided process which leaves the ventral part of the cell body and meanders
caudally for 200 /tm before breaking up within laminae II and III into two branches which
are covered in numerous fine appendages. This process has the appearance of an axon for
the first part of its course, but its terminal branches look like dendritic branches. Therefore
it has not been identified as the axon of this cell although no alternative could be found.
This neurone showed a low level of background activity at about 1/sec and was inhibited
by low and high intensity mechanical stimulation of a receptive field of about 2 and 1 cm
on the lateral part of the foot (an 'inverse' 2 s.g. neurone).

Other types of superficial dorsal horn neurones. The only requirements for inclusion in
this group of twenty neurones were that the recording was from a neuronal cell body within
the limits of the superficial dorsal horn as described above and that it could not be included
in either of the other two groups. Attempts were made to mark eight of these neurones by
iontophoresis of HRP; none was recovered after histological preparation.

Six neurones lacking background activity gave transient responses to gentle brushing or
blowing of a few hairs. Electrical stimulation of the tibial nerve or L7 dorsal root
demonstrated that these inputs were carried by AS axons. This pattern of activity is similar
to the responses shown by down hair afferents (Brown & Iggo, 1967). No other excitatory
or inhibitory input to these neurones was found.

Three other neurones lacking background activity gave long-lasting responses (more than

197



220 V. MOLONY, W. M. STEEDMAN, F. CERVERO AND A. IGGO

\
V

7

li
\\

Fig. 8. Axon of a mechanoreceptive (Class 1) neurone (No. 720/1) situated in lamina III. The axon was stained
by intra-axonal iontophoresis of HRP after penetration within the substantia gelatinosa (arrow head). The cell
body and basal dendrites showed pale staining. The reconstruction is from seven 50 fim serial transverse
sections, X marks the limit of reconstruction of the axon in the dorsolateral fasciculus. See Fig. 3 for details
of labelling.

10 sec duration) to nocuous mechanical stimulation of a small (<10 cm2) receptive field.
This activity could be inhibited by low intensity mechanical stimulation of a larger (2x2 cm)
receptive field surrounding this excitatory receptive field.

Five other neurones lacking background activity were excited by high intensity mechanical
stimulation of tissues lying deep to the skin.

Four neurones showed persistent background activity of 2-5/sec, but no excitatory or
inhibitory receptive field could be found for them.

Two neurones were excited by innocuous cooling and inhibited by innocuous warming
of receptive fields on the toes. Both neurones showed background activity (3-4/sec and
4-8/sec).

No neurones were found which were excited both by high and low intensity mechanical
stimulation of the skin. Numerous recordings from axons of neurones responding in this
way were, however, encountered.

Axons. Five units identified as axons from the shape of their action potentials and the
absence of post-synaptic potentials were marked by intracellular iontophoresis of HRP.
All were recorded within the superficial dorsal horn. One is illustrated in Fig. 8, which shows
the reconstruction of part of the axon. The cell body of this axon (No. 720/1) was stained
by retrograde movement of HRP and lies in lamina III. Of particular note is the tortuous
path of this axon through the dorsal horn, including the s.g., before reaching the
dorsolateral fasciculus. Similar features have been described for the axons of some

spino-cervico-thalamic neurones (Brown, Rose & Snow, 1977).
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DISCUSSION

This study was designed to obtain direct morphological evidence that the electrical
recordings previously described by our research group were in fact from neurones in the
superficial layers of the dorsal horn. To achieve this, the method of intracellular marking
of physiologically identified neurones developed by Snow et al. (1976) for larger dorsal horn
neurones was refined to allow injection of the smaller cells of the superficial dorsal horn.
In particular, two issues are discussed here: first, the identification of the specific
nocireceptive cells of lamina I with the Waldeyer marginal cells and second, confirmation
that the electrical recordings described in previous publications (Cervero et al. 1979a, b)
as being generated by s.g. neurones, were in fact produced by s.g. cells.

Christensen & Perl (1970) first suggested that the specific nocireceptive and thermoreceptive
neurones of the lamina I were Waldeyer marginal cells. In a recent study, Light, Trevino
& Perl (1979) have described several specific nocireceptive and thermoreceptive lamina I
neurones intracellularly marked with HRP. Their morphology was typical of Waldeyer
marginal cells. The results presented in this paper are in agreement with these reports and
thus confirm the identity between the functional type of specific neurone in lamina I and
the 'marginale Zellen' of Waldeyer (1888). One point of caution is necessary in order to
qualify the previous statement. It is now clear that most Waldeyer marginal cells are specific
nocireceptive or thermoreceptive, but the reverse is far from being demonstrated. Bennett,
Hayashi, Abdelmoumene & Dubner (1979) have shown several s.g. neurones of the
'limiting' type (or stalked cells in their nomenclature) intracellularly marked with HRP.
About half of them were specific nocireceptive cells. This observation, together with the
wealth of evidence in favour of many specific nocireceptive cells being local interneurones
(see Cervero & Iggo, 1980 for review) clearly suggests that a significant number of the
nocireceptive cells of the superficial dorsal horn are not Waldeyer marginal cells, but are
other, presumably smaller, cells of the s.g.

The second issue concerns the s.g. neurones that were marked by the intracellular
iontophoresis of HRP. In spite of the large number of cells recorded and the attempts to
inject many of them with HRP, only a few cells were actually recovered after histological
preparation. The small numbers prevent us from making generalisations about morpho¬
logical groups or common anatomical features.

Traditionally s.g. cells have been classified into two main groups: limiting cells and central
cells (Ramon y Cajal, 1909). It is now apparent that these types represent the extremes of
a spectrum of transitional forms (Cervero & Iggo, 1980). This view is shared by several
groups on the basis of both histological studies (Beal & Cooper, 1978) and HRP injections
(Light et al. 1979). In this paper typical exaples of both limiting and central s.g. cells have
been obtained, a result which gives support to Cajal's classification as a useful practical
simplification. Nevertheless we adhere to the view that these cell types should be considered
the extremes of many transitional forms, and that the division of s.g. neurones into two
or three morphological types does not accurately represent the real situation.

Thus the main conclusion from this study is that the units described in previous reports
from this laboratory as s.g. neurones are in fact so. We have stained with HRP typical s.g.
cells which had functional characteristics similar to those described previously and can now-
state that the neurones described as 'inverse' s.g. cells are in fact s.g. neurones. It has not
been possible to recover any cell of the minority group in this study: namely, those neurones
classified as heterogeneous. Whether they are morphologically similar to the other
functional group remains unknown. Other research groups have also stained s.g. cells with
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HRP after functional identification. Bennett et al. (1979) stained several 'limiting' s.g.
neurones with either nocireceptive or multireceptive properties. These neurones could be
some of the heterogeneous group which were not recovered in the present study. Light et al.
(1979) have stained limiting and central s.g. neurones and have classified them according
to their excitatory responses. Their neurones rarely had background activity and therefore
the responses evoked by cutaneous stimulation were excitatory. Nevertheless, Light et al.
(1979) also describe inhibitory receptive fields in their sample of s.g. neurones. It might well
be that the absence ofbackground activity in their study enhanced excitatory responses while
obscuring the inhibitory ones. The differences in animal preparations and technical
approaches between the two research groups could explain the disparity in the main
criterion for classification.

Finally, it is worth pointing out that the axons from deeper dorsal horn neurones pursue
tortuous paths within the s.g. Only a combination of rigorous electrophysiological criteria,
and in some cases, intracellular marking with dyes or HRP, can serve as unequivocal
evidence that recordings taken in the superficial dorsal horn are actually generated by s.g.
neurones.

This work was supported by grant GR/A/82352 from the Science Research Council. We wish to
thank Miss A. Thorburn, Mr C. M. Warwick and Mr J. G. Greenhorn for their skilled technical
assistance and the Wellcome Animal Research Unit of the Faculty of Veterinary Medicine for the
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Summary

Electrophysiological evidence has been obtained suggesting the presence of re¬

ciprocal excitation between descending pathways from the nucleus raphe magnus
(NRM) and adjacent reticular formation (Ret.F) and spinal cord neurones project¬
ing to these brain stem areas.

In decerebrate and decerebellate cats, 40 spinal cord neurones were recorded
whose recording sites were in or close to lamina VIII of the lumbar spinal cord. All
40 neurones recorded in the lumbar cord were postsynaptically excited by electrical
stimulation of the NRM, the Ret.F. or most commonly, of both. The excitation was
mediated by fast-conducting fibres and lasted for over 100 msec after a single shock.
The shortest latency responses were obtained following stimulation of the con¬
tralateral Ret.F. These neurones had complex peripheral inputs subjected to de¬
scending control's. All the neurones could be excited by deep pressure of the
ipsilateral and/or contralateral hind limbs. Peripheral inhibitory inputs were also
observed. Eighteen out of the 40 neurones had axons that projected to NRM and the
adjacent Ret.F. Conduction velocities ranged between 31.6 and 91 m/sec. In
addition, 11 other axons were recorded in the white matter of the cervical cord from
neurones projecting to NRM and Ret.F. Conduction velocities of this group of
axons ranged between 13 and 70 m/sec. The majority of the axons projecting to
NRM and Ret.F. were found to join pathways in the ventro-lateral quadrant of the
spinal cord either ipsi- or contralaterally to their Ret.F. destination.

Recordings were also made from 12 neurones whose recording sites were located
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in the NRM and Ret.F. Their responses to electrical stimulation of sites within
lamina VIII of the lumbar spinal cord were studied. Only excitatory responses could
be evoked by such stimulation.

These results are discussed in relation to the mechanisms of activation of central

antinociceptive systems.

Introduction

It is now well established that neurones in some areas of the brain stem can

modify transmission of nociceptive signals through the spinal cord by descending
actions [13,14,45]. The nucleus raphe magnus (NRM) and the immediately adjacent
areas of the reticular formation (Ret.F.) are prominent among the antinociceptive
regions of the brain stem [2-4,12,16,23,24,35,42.44], Descending pathways that
originate from these brain stem areas terminate within the dorsal horn of the spinal
cord [2-4.14,16,45] where they inhibit transmission of nociceptive inputs through
dorsal horn neurones including those cells at the origin of ascending sensory
pathways [5.18,21,26,37,47]. It is generally acknowledged that this descending inhibi¬
tion represents the neuronal mechanism for the increase in nociceptive threshold that
follows electrical stimulation of brain stem antinociceptive areas in intact prepara¬
tions [13,41,47],

Neurones in the NRM and adjacent areas of the Ret.F. are driven by peripheral
inputs [see ref. 49 for review] but their mode of activation is not clear, as there is
little information on which spinal cord pathways convey peripheral signals to these
regions of the brain stem and hence trigger the antinociceptive descending system.
The present experiments were designed to study which ascending pathways in the
spinal cord establish excitatory connections with neurones in the NRM and adjacent
Ret.F. and the kind of peripheral inputs that would excite these particular pathways.
It was found that a group of neurones located in laminae VII and VIII of the spinal
cord and projecting mainly through the ventro-lateral funiculus had axonal projec¬
tions to the NRM and adjacent Ret.F. All these spinal cord neurones were
postsynapticallv excited by stimulation of the NRM and Ret.F. This arrangement
suggests a positive feedback loop between the brain stem and the spinal cord that
maintains enhanced activity of NRM and Ret.F. neurones on peripheral noxious
stimulation and triggers descending inhibition onto dorsal horn neurones.

Preliminary results have been reported previously [9],

Methods

Experiments were conducted on 10 male cats weighing 2.1-4.1 kg. All animals
were decerebrated at mid-collicular level under halothane anaesthesia (2.5% in 1/3
O- and 2/3 N;0) which was discontinued thereafter. The dorsal surface of the brain
stem was exposed following the removal by suction of the central portion of the

i
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cerebellum. The general methods for the monitoring and maintenance of physiologi¬
cal constants have been described previously in detail [7,11]. The animals were
mounted on a rigid frame and were ventilated with a positive pressure pump after
gallamine paralysis. Pools were made with skin flaps over the exposed areas of the
brain stem and spinal cord which were covered with warm paraffin oil kept at 38°C.
Two types of preparation were used. In the first group of 8 animals, an array of 9
concentric bipolar electrodes (200 /im tip diameter, 500 nm tip separation, 250 fim

exposed tip) was placed in the brain stem. Electrodes were arranged on a 3x3
matrix with an inter-electrode separation of 1.5 mm. The middle row of electrodes
was positioned over the midline of the brain stem with the central electrode located 4
mm rostral to the obex, and then the whole array was inserted 4 mm into the brain
stem. This array was used to stimulate electrically locations in the NRM and
adjacent Ret.F. while searching for antidromically driven neurones in the spinal

Fig. 1. Experimental arrangement for the preparations in which electrical activity was recorded from
lumbar spinal cord neurones (L6-L7) and ascending axons were antidromically stimulated from an
electrode array in the brain stem (3x3 matrix). The diagram also shows the position of the 4 quadrant
electrodes in the cervical cord (C3). Two electrodes were placed over the dorso-lateral funiculi (DLF) and
another two in the ventro-lateral quadrants (VLQ). A representative example of VLQ locations is
presented in a transverse section of the cervical cord. The cross-hatched areas indicate the size of
electrolytic lesions made at the end of the experiment. Also shown in the diagram is the thermode placed
on L2 for reversible spinalization by cold block.

Decerebration
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cord. In 2 of the 8 cats, recordings were made in the white matter of the cervical cord
(C3 and C4 segments) through glass microelectrodes filled with 4 M NaCl (impe¬
dance measured at 1 kHz was 10-30 MI2). In the other 6 animals recordings were
made in the grey matter of the lumbar cord (L6 and L7 segments) using similar
electrodes. When recordings were made in the lumbar cord a thermode was placed
on the spinal cord at the L2 segment to permit reversible spinalization of the animals
by cold block [8,10]. To identify antidromically the projection pathways of the
neurones recorded in the lumbar cord 4 sets of electrodes were placed on the 4
quadrants of the cord at cervical level. Fig. 1 shows a diagram of this first
experimental arrangement.

The second type of preparation, used in 2 animals, followed a reverse experimen¬
tal arrangement. In this case, 3 stimulating electrodes were inserted in the lumbar
spinal cord at a depth and in a medio-lateral position which would place the
electrode tips within lamina VIII of the grey matter. In those experiments recordings
were made from neurones in the NRM and adjacent areas of the Ret.F. through
glass microelectrodes filled with 4 M NaCl.

In all types of experiments, the position of the recording microelectrode was
marked by iontophoretic deposition of pontamine sky blue as previously described
[10,11]. The positions of all stimulating electrodes within the central nervous system
were also marked by passing a DC current of 200 /xA for 10-20 sec. Electrode marks
were recovered from frozen or fixed sections counterstained with haematoxylin-eosin
or cresyl violet.

Results

Brain stem stimulation
As described above an array of stimulating electrodes was placed in the brain

stem of 8 animals. Fig. 2 shows the locations of the electrode tips in one of the cats
as estimated by electrolytic lesions. The middle row of electrodes covered a rostro-
caudal extension of more than 2 mm within the NRM whereas the lateral electrodes
were located in the adjacent Ret.F., mainly within the nucleus magnocellularis
(NMc). These locations are representative of the electrode sites of all the animals
studied and show that the stimulating electrodes covered several areas within the
NRM and the adjacent Ret.F. (mainly NMc). Parameters of stimulation are indi¬
cated where appropriate.

Recordings in the spinal cord
Recordings were made from axons in the white matter of the cervical spinal cord

or from neurones in the grey matter of the lumbar spinal cord.
(i) Cervical cord. In 2 cats, 11 axons were recorded in the white matter of the

upper cervical cord (C3 and C4 segments) which were driven antidromically from
the array of brain stem electrodes (threshold intensities: 30-100 fiA: pulse duration:
0.2 msec). The presence of collisions with spontaneous or evoked spikes indicated
that these axons belonged to ascending pathways terminating in. sending axonal
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collaterals to, or located in the vicinity of the stimulated areas. Five axons were

activated only from the NRM. four were driven from NRM and Ret.F. areas and
two were activated only from the Ret.F. Conduction velocities ranged between 13
and 70 mm/sec indicative of myelinated axons.

Ten of the 11 axons were recorded in the white matter of the ventro-lateral

quandrant. They were antidromically activated from the NRM, from the con¬
tralateral Ret.F. or from both. The remaining axon was located in the dorso-lateral
funiculus and was antidromically activated from the contralateral Ret.F. These
results indicated the presence of a mainly ventro-lateral pathway projecting to NRM
and the Ret.F. Thus, experiments were designed to record activity from neurones at
the origin of this pathway.

(ii) Lumbar cord. In 6 cats, a total of 40 neurones were recorded in the grey matter
of the lumbar cord (L6 and L7 segments) which were orthodromically excited by
electrical stimulation from the brain stem electrodes. The recording sites of all these
neurones were located mainly in lamina VIII of the ventral horn with a few in
adjacent areas of lamina VII (Fig. 3).

All 40 neurones could be driven by mechanical stimulation of the hind limbs but
they lacked a well-defined receptive field and their responses were often complex.
All neurones responded to intense pressure (pinching or squeezing) applied to deep

Fig. 2. Typical locations of the stimulating array of electrodes in the brain stem. The diagrams show the
positions of the electrode tips in one animal as revealed by electrolytic lesions made at the end of the
experiments (cross-hatched areas) or extrapolated by the location of the electrode in the array (asterisks).
Gc = nucleus reticularis gigantocellularis; Mc = nucleus reticularis magnocellularis; V = spinal nucleus of
the trigeminal nerve; VI1 = facial nerve nucleus.
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tissues (subcutaneous, muscles, joints) either in the ipsilateral hind limb (Fig. 3A) or
the contralateral hind limb (Fig. 3B). In addition, all neurones could be inhibited by
mechanical stimulation of the hind limbs either the contralateral limb (Fig. 3A) or
the ipsilateral limb (Fig. 3B). The most effective stimulus for inhibition was also
deep pressure of the limb. Thirteen neurones could be driven by low threshold
mechanical stimulation of the skin covering the excitatory areas, and of these
neurones, four were also excited by pinching or squeezing folds of skin. Noxious
mechanical stimulation of the skin was the only cutaneous input to 5 neurones.

Receptive fields were large (Fig. 3), often extending over the entire ipsilateral limb
and in 13 cases included parts of the contralateral limb. Inhibitory fields were also
large and were present in either the ipsi- or the contralateral limb (Fig. 3A and B).
Absence of background activity was noted in only 5 units. The majority of the
neurones recorded showed ongoing activity that was modulated by the peripheral
stimulation.

In 8 neurones, the receptive field properties were analysed before and after
reversible spiralization of the animals by cold block at upper lumbar levels. All but
two of the-neurones studied showed changes in their receptive fields when descend¬
ing influences were suppressed by cold block of the cord.

Three neurones showed decreased levels of background activity and decreased

81181 IBB —

1 sec 2 sec

Fig. 3. Left: locations of the recording sites of 40 neurones in the lumbar spinal cord. Most neurons were
recorded in lamina VIII or nearby areas of lamina VII. Right: responses of two of those neurones to hind
limb mechanical stimulation. A = neurone excited (e) from the ipsilateral limb (I) by deep pressure

(record) but inhibited (i) by deep pressure of the contralateral (C) limb. B = neurone with a reverse

pattern of peripheral drives (i.e.. inhibited from the ipsilateral limb (record) and excited from the
contralateral limb).

deep pressdeep press
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responses to peripheral stimulation in the spinal state. The size of their excitatory
receptive fields was also reduced. Two other neurones did not change the level of
background activity but the size of their receptive fields was reduced. The remaining
neurone increased its level of background activity after the block. All these changes
after reversible spinalization of the animals indicate that the neurones studied are

subjected to complex descending influences which appear to be excitatory in some
cases.

Of the 40 neurones studied, thirteen were driven antidromically from stimulating
electrodes in the brain stem. In addition, 5 neurones were antidromically activated
from the cervical cord but could not be antidromically driven from the brain stem
electrodes. Fig. 4 shows the locations of the recording sites of these neurones and the
main criterion for antidromic identification namely, collisions with orthrodromic
spikes. The presence of collisions indicates that these axons belong to ascending
pathways projecting to the stimulated brain stem areas. Antidromic activation of the
neurones was obtained at stimulus intensities of 75-500 /iA (pulse duration: 0.2
msec). Some neurones could be activated antidromically from more than one brain
stem site. In these cases, the electrode site from which the neurone could be

antidromically fired with the lowest intensity was considered to be the area of axonal
projection. If antidromic spikes were evoked from more than one site with similar

Fig. 4. Locations of the recording sites of 18 neurones antidromically driven from the upper cervical cord
and/or brain stem. The records show the main criterion for antidromic identification namely, collisions
between the antidromic spike (upper record. 4 superimposed traces) and an orthodromically evoked spike
(lower record).
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intensity of stimulation intensities the neurone was considered to have multiple
projection sites. The conduction velocities of the projecting axons ranged between
31.6 and 91 m/sec indicative of myelinated axons.

Table I describes the projections of the lumbar neurones which could be anti-
dromically activated from the brain stem and/or upper cervical cord. Most of these
neurones projected through the ventro-lateral quadrant of the cord (13 neurones),
nine via the ipsilateral quadrant and four via the contralateral quadrant. One
neurone projected via the ipsilateral dorso-lateral funiculus. As for the area of
projection within the brain stem, 4 neurones were antidromically activated from
NRM. 6 neurones from the Ret.F. (four from the ipsilateral Ret.F. and two from the
contralateral side) and 3 neurones sent projections to both NRM and the ipsilateral
Ret.F. Five neurones had axons in the ventro-lateral quadrant of the cord but could
not be activated from the brain stem electrodes.

All 40 neurones in this sample were activated postsynaptically by electrical
stimulation of the brain stem sites. Excitatory effects were observed at intensities of
stimulation of 80-300 jrA and were probably due to activation of structures in the
close vicinity of the electrodes. The latency of the excitatory responses varied
between 40 and 100 msec indicating that the excitation was mediated by fast-con¬
ducting descending axons (typical conduction distance: 310 mm). Fig. 5 shows the
postsynaptic excitation of a lamina VIII neurone by stimulation of the NRM. and
the Ret.F. (both ipsi- and contralateral). Typically, the shortest latency and most
intense response was obtained by stimulation of the contralateral Ret.F., followed by
the NRM and the ipsilateral Ret.F.

No inhibitory effects of NRM and Ret.F. stimulation were observed in these
neurones. Stimulation of these brain stem areas with similar intensities was however

very effective in evoking inhibition of the responses of neurones in lamina V of the
dorsal horn. This was used as a test to check the effectiveness of the brain stem

stimulation.

TABLE I

NUMBER. DESTINATION, SPINAL CORD PATHWAY AND CONDUCTION VELOCITY OF 18
SPINAL CORD NEURONES PROJECTING TO THE BRAIN STEM

N Projecting neurones (18/40)

. To Via Cond. vel. (m/sec)

4 NRM (2) VLQ (ipsi) 77. 31.6

(2)i 45. 64

4 PF (ipsi) (4) VLQ (ipsi) 40. 64. 65. 83
2 RF (contra) (1) VLQ (ipsi) 81

(1) VLQ (contra) 77

3 NRM + (1) DLF (ipsi) 47.5

RF (ipsi) (2)i 91. ?

5 0 (3) VLQ (contra) 67. 67. 46

(2) VLQ (ipsi) 46.78

18 31.6-91
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Recordings in the brain stem
Two animals were prepared to record the effects of intra-spinal lamina VIII

stimulation onto neurones in the NRM and adjacent Ret.F. Recordings were made
from 12 brain stem neurones all of which could be activated by innocuous as well as
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Fig. 5. Postsynaptic excitation of a lamina VIII spinal cord neurone by single shock (arrows) electrical
stimulation of the NRM. the ipsilateral reticular formation (RF) and the contralateral RF. Diagrams are

post-stimulus time histograms of 100 sweeps.

RF (contra)

Fig. 6. Postsynaptic excitation of an NRM neurone and a reticular formation (RF) (contralateral) neurone
bv double shock (arrows) electrical stimulation of the lamina VIII area in the lumbar spinal cord.
Diagrams are post-stimulus time histograms of 100 sweeps.
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noxious stimulation of the skin. Receptive fields were large, particularly those of
neurones recorded in the Ret.F. Six recording sites were located in NRM, three in
the ipsilateral Ret.F. and three in the contralateral Ret.F.

All 12 neurones were excited by electrical stimulation of locations within the
spinal cord corresponding to lamina VIII and medial lamina VII. Fig. 6 illustrates
the excitatory responses of two such neurones (one in NRM and another in the
contralateral Ret.F.) to spinal cord stimulation. Excitatory effects were observed at
intensities of stimulation of 100-500 /xA (typically 250 ju.A) and at a latency
consistent with the excitation being mediated by fast ascending axons of the type
recorded in earlier experiments (see above). No inhibitory effects onto NRM or
Ret.F. neurones were observed in these two experiments following stimulation of
spinal cord sites in laminae VII/VIII.

Discussion

The main purpose of the present study was the identification of the peripheral
inputs and spinal cord ascending pathways capable of activating descending inhibi¬
tory systems from the NRM and adjacent Ret.F. A group of spinal cord neurones
has been found here, whose activity was recorded in or around lamina VIII and
whose axonal projections reached NRM and the Ret.F. via spinal cord pathways
located in the ventro-lateral quadrant. Those neurones had complex peripheral
inputs and they were all affected by deep noxious stimulation of the limbs.

Many of the projecting neurones had axonal projections to the Ret.F. and can
thus be classified as spino-reticular neurones. Ln fact, their location within the cord,
their pathway of projection, and particularly their ill-defined receptive fields and
complex responses to peripheral stimulation are akin to the known properties of
spino-reticular tract (SRT) cells [15,17,27,30.36.38]. However, SRT neurones are not
the only type of projecting neurone in lamina VIII of the cat's spinal cord. A
subpopulation of spino-thalamic tract (STT) neurones with functional properties
similar to those of the neurones reported here has been described in this region of
the cat's spinal cord [6,19.20,39,46.48]. Since it is known that some STT neurones
can send collaterals to the Ret.F. and other brain stem areas [28.29] it could be that
some of the neurones described here are in fact STT neurones sending collaterals to
the medial brain stem. It could be suggested that peripheral inputs to NRM and
Ret.F. are conveyed by ventro-lateral pathways that take origin in a population of
neurones that include SRT and STT neurones located in laminae VII/VIII of the
spinal cord and having complex receptive fields dominated by noxious inputs from
deep somatic structures.

The description of a direct projection from the spinal cord to the NRM had been
previously suggested [49] but it is at variance with the view stated by Abols and
Basbaum [1] that the NRM of the cat does not receive a direct projection from
spinal cord ascending pathways. This view was based on histological examination of
the spinal cord following injections of horseradish peroxidase (HRP) into the NRM.
However, it is important to point out that Abols and Basbaum [1] described a few
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HRP-positive cells in lamina VII of the cervical cord when HRP was injected into
the NRM and that they suggested that their inability to find similar neurones on the
lumbar cord could be the result of short HRP transport times. In a similar HRP
study, T.A. Lovick (personal communication) has found larger numbers of HRP-
positive neurones in laminae VII/VIII of the cervical spinal cord after HRP
injections into the NRM. Since the number of cells found in our study projecting to
the NRM is small and as these cells were found to be part of a subpopulation of
neurones located in laminae VII/VIII, it is possible to suggest that our electrophys¬
iological results agree with the HRP studies and that a small direct projection to
NRM from the spinal cord does exist in the cat.

Electrical stimulation of areas within lamina VIII produced excitatory effects on
NRM and Ret.F. cells. No evidence was obtained of inhibition of NRM or Ret.F.
neurones following electrical stimulation of areas within lamina VIII of the cord.
This agrees with the known responses of NRM and Ret.F. neurones to peripheral
stimulation [25,40,43,49] and leads to the conclusion that activation of the lamina
VIII ascending system results in excitation of NRM and Ret.F. neurones.

The descending excitation of lamina VIII neurones by electrical stimulation of
NRM and adjacent Ret.F. is of special interest. Such excitation closes a positive
feedback loop between the lamina VIII ascending system and the NRM and Ret.F.,
a mechanism that could maintain activity within the loop on noxious stimulation of
the periphery. Some evidence has alreay been obtained by other laboratories on the
existence of such a positive feedback loop. Giesler et al. [22] have described a

subpopulation of STT neurones in the monkey, located in or around laminae
VII/VIII, driven by noxious stimulation of deep structures in the limbs whose axons
send collaterals to the Ret.F. This group of STT neurones were excited by descend¬
ing pathways that originated in the Ret.F., and were therefore very similar to the
neurones reported here. Equally, Haber et al. [26] have reported excitation of
primate STT neurones by electrical stimulation in the region of nucleus reticularis
gigantocellularis. They reported that the excitation sometimes increased on repeated
stimulation, suggesting the existence of positive feedback loops. Excitation of cat
ventral horn neurones, including those projecting through ascending VLQ pathways
has also been reported to be mediated by supraspinal loops following activation of
visceral afferent fibres [8]. The results reported here, concerning the presence of
reciprocal excitation between spinal cord ascending pathways and descending axons
from NRM and Ret.F. are therefore in line with the evidence obtained in other
animal species or using different peripheral inputs.

This positive feedback loop is presented here as a possible mechanism of
activation of, descending inhibition from the brain stem. Stimulation of peripheral
nociceptors from one area of the body results in the activation of the positive
feedback loop and the maintenance of activity within the NRM and Ret.F. This in
turn leads to the enhancement of descending inhibition onto dorsal horn neurones,

particularly those in laminae IV and V of the spinal cord. Recent anatomical
evidence [34] indicates that the descending system from NRM is diffuse and can

produce widespread inhibition throughout the dorsal horn of the spinal cord. In the
spinal cord segments activated from the periphery, neurones in laminae IV and V
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would not be inhibited as their powerful drives from peripheral nociceptors could be
sufficient to maintain excitation. Moreover, it could be argued that the descending
projection from NRM and Ret.F. to the spinal cord is only excitatory and that the
presence of inhibitory interneurones intercalated in some areas of projection, such as
the dorsal horn, will determine the final inhibitory effects of the descending axons
onto dorsal horn projection neurones.

■ This model offers a possible neuronal mechanism for the activation of brain stem
systems of antinociception that enhance contrast between the neurones directly
driven by peripheral noxious inputs and other neurones within the same sensory
systems not driven by the peripheral stimuli. Such a system of contrast between
excitation and inhibition has been proposed on the basis of observations showing the
presence of inhibition of dorsal horn neurones by remote noxious stimuli, the
so-called 'diffuse noxious inhibitory controls' (DNIC) [31-33], The DNIC system
has been shown to be mediated via brain stem loops and its organization closely
resembles that proposed by the model suggested here. The positive feedback loop
between the ascending lamina VIII system and the NRM and Ret.F. areas of the
brain stem could therefore be part of the spino-bulbar mechanisms responsible for
DNIC and other forms of contrast enhancement following noxious peripheral
stimulation.
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9
Dorsal Horn Neurons and Their

Sensory Inputs
Fernando Cervero

A. Introduction

The mammalian skin is innervated by a variety of afferent nerve fibers con¬
nected to highlv specialized sensory detectors whose adequate stimulation
leads to the experience of tactile, thermal, or painful sensations. Microneu-
rographic studies of human sensory nerves have demonstrated a direct cor¬
relation between the functional properties of a given sensory detector and
the elementarv sensor)' experience evoked by its stimulation (Ochoa and To-
rebjork, 1983). Under normal circumstances, this elementary specificity of
cutaneous sensorv receptors (see Winkelmann, Chapter 2. and Campbell and
Mever. Chapter 3) is subjected to the integrative and modulatory influences
of the central nervous system. Therefore, complex sensory perceptions are
the consequence of the activation of specific sensor)' channels whose output
can be profoundlv modified bv the activity of other pathways within the central
nervous svstem.

Sensorv processing can occur at every level of svnaptic relav in the so-
matosensorv pathwav. The link between the terminals of primarv afferent
fibers in the spinal cord and the second-order neurons of the dorsal horn
provides the first opportunitv for interactive modulations between sensors
channels or for the action of descending systems from supraspinal areas.
Discussion of such modulating substrates may be found in Chapters 8. 10.
and 15. Indeed, the concept of modulation plays an important role in the
spinal svstems that encode the vast amount of afferent input (see Chapter 18
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and 19). In this discussion, the properties of the dorsal horn neurons that
receive the afferent inflow are reviewed in relation to the contributions that
this relay system makes to somatosensory processing.

Our current knowledge of dorsal horn structure and function comes from
a variety of sources and has been gathered by scientists whose' particular inter¬
ests in research were also varied. A major contribution to this field has been made
by scientists interested in somatosensory mechanisms, but many key observa¬
tions on dorsal horn physiology come from studies on motor control, spinal or¬
ganization of reflex activ ity, development of sensory systems, degeneration and
regeneration in the central nervous system, altered sensory perception after
peripheral nerve injury, and, more recently, on neurochemical and neuro-
pharmacological aspects of synaptic transmission in sensory pathways.

Most of these lines of research are based on the 150-year-old "Law of
Bell and Magendie," which proposed the dorsoventral separation of sensory
and motor organization in the spinal cord (see Coggeshail, Chapter 4). It is
to some extent surprising that this rigid separation has been questioned only
very recently. For many years, sensory physiologists did not cross the dividing
line between the dorsal and the ventral horn of the spinal cord, whereas those
interested in the organization of spinal reflexes studied the relevant neuronal
circuitrv entirelv within the ventral horn. A close examination of the common

paths for sensory and motor function within the spinal gray matter is still
lacking, but it is very likely that many dorsal horn neurons contribute to both
sensory processing and reflex activity. It is also well known that some soma¬
tosensory pathways originate from neurons whose cell bodies are located in
the ventral horn. The traditional close association between sensory mecha¬
nisms in the spinal cord and the functional organization of the dorsal horn
should be reexamined and a less rigid distinction established between sensorv
and motor functions of the spinal cord. This also applies to the analysis of
nociception and pain, an area of research responsible for many studies on
the anatomy and physiology of dorsal horn sensory systems. Transmission of
nociceptive information through the spinal cord is often regarded as the
interactive work of a relay station in or around the superficial layers of the
dorsal horn. But. on the other hand, nociceptive thresholds are not uncom¬
monly measured as variations in latency and intensity of spinal reflexes (i.e..
the tail-flick test).

Although the stud)' of peripheral inputs to dorsal horn neurons can be
a useful tool to analyze the organization of the afferent projection to the
central nervous system, a full understanding of the way in which the spinal
cord integrates incoming sensory information requires a more comprehensive
view of the whole svstem. Account has to be taken of the contributions made
to the integrated message bv motor and reflex activitv as well as bv the im¬
mediate sensory relay. Therefore, the data reviewed here on the electrophy-
siologv of dorsal horn neurons should be linked to other pieces of information
on spinal cord structure and function before models for the organization of
spinal sensorv svstems can be proposed.
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B. Dorsal Horn Nomenclature

Having gone through the looking glass, Alice finally came face to face
with Humpty Dumptv, who confused her with his strange use of words. But
when Alice objected, Humpty Dumpty replied in rather a scornful tone:
"When I use a word it means just what / choose it to mean—neither more
nor less." "The question is," insisted Alice, "whether you can make words
mean so many different things." "The question is," replied Humpty Dumpty,
"which is to be master, that's all" (Carroll, 1872).

The lack of a common and meaningful nomenclature has been, and still
is, one of the greatest obstacles for the understanding of the anatomy and
physiology of the dorsal horn. This lack of uniformity applies to the nomen¬
clature used for the topography of the dorsal horn, for the anatomic descrip¬
tions of the different cell types, for the names used to designate functional
categories of neuronal response and even for the type of incoming signals to
dorsal horn neurons produced by a given form of peripheral stimulation.
Dorsal horn nomenclature is a beginner's nightmare and a continuous scource
of conflict between individual scientists. There have been several attempts to
agree on a common nomenclature and, more important than that, on a com¬
mon meaning of concepts and hvpotheses. So far these attempts have had
little success. "The question is"—one should remember—"which is to be mas¬
ter, that's all."

It is not the intention of this chapter to make matters worse by supporting
one or another nomenclature, or even worse still by suggesting a new clas¬
sification. Rather, the following paragraphs give the equivalences between
different nomenclatures with a short comment on their use. An excellent
account of the various classifications and a comprehensive table of dorsal horn
nomenclature was published by Willis and Coggeshall (1978).

1. Dorsal Horn Topography

Nomenclature of dorsal horn topographv has gone through two distinct
historical eras: before Rexed and after Rexed. In 1952. Rexed proposed the
anatomic division of the spinal cord grav matter into ten regions or laminae
oriented along the dorsoventral axis of the cord and designated by Roman
numerals I to X (Figure 1). Before Rexed. the nomenclature of dorsal horn
topographs' was a lot more colorful and a lot less precise, largelv but looselv
based on Latin terms from the Xomina Anatomica. Rexed's propositi met with
some criticism, particularly on the grounds of the somewhat artificial bound¬
aries between some of the laminae. However, its simplicity and the chance to
replace a complicated set of long Latin words with a list of ten Roman numerals
have made Rexed's lamination a universalis accepted nomenclature, extrap¬
olated without objections from the cat. where it svas originally proposed, to
practically evers mammal studied.
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Figure 1. Schematic diagram indicating the locations of Rexed's laminae in the segments C5,
T-4. and L7 of the adult cat's spinal cord. The dorsal horn is generally considered to correspond
to laminae I to VI. (From Rexed, 1952.)

A certain amount of confusion was created as a consequence of the dif¬
ferent equivalence assumed bv a number of authors between some of Rexed's
laminae and those dorsal horn regions that retained pre-Rexed names, such
as the substantia gelatinosa and the marginal zone. This particular dispute is
now over—or nearlv over—and the interested reader is therefore referred to

a review article in which the matter was discussed at some length (Cervero
and Iggo, 1980). It is now generally accepted that the marginal zone corre¬
sponds to Rexed's lamina I and the substantia gelatinosa to Rexed's lamina
II. In the past, the substantia gelatinosa was referred to by some as Rexed's
laminae II and III together.

2. Histology of Dorsal Horn Xeurons

Current reports on the anatomy and physiologv of the substantia gelati¬
nosa (lamina II) tend to use the nomenclature of histological cell types pro¬
posed recently by Gobel. who has conducted comprehensive anatomic exami¬
nations of the superficial lavers of the trigeminal nucleus caudalis and of the
dorsal horn (Gobel. 197(3, 1978a.b; Falls and Gobel, 1979). Other reports still
maintain the nomenclature for cell types in the substantia gelatinosa that has been
available since Cajal's histological examinations of the spinal cord (Ramon y Cajal.
1891, 1909). Cajal described two main cell types in the substantia gelatinosa:
central cells and limiting cells, renamed islet cells and stalked cells by Gobel. Cajal's
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terms are topographical; Gobel's relate to the appearance of the cells. Both are
perfectly adequate, although users of Cajal's or of Gobel's nomenclature seem
to have different perceptions of historical time scales. However, a recent re¬
port by Bicknell and Beal (1984) suggests that islet, stalked, central and limit¬
ing cells of the substantia gelatinosa may be four anatomically different kinds
of neurons. Further discussion of the histochemistry and anatomy of the dor¬
sal gray can be found in Chapters 5 and 7.

3. Functional Classification of Dorsal Horn Neurons

The need to classifv dorsal horn neurons according to their peripheral
inputs has stimulated the imagination of sensory neurophysiologists. Several
classifications coexist in the literature so that the same kind of functional

response can be described by three or four different names depending on
individual preferences. Wall (1967, 1973) calls "lamina 4-type neurons" those
that are driven only by innocuous stimulation of the skin and "lamina 5-type
neurons" those that are driven bv noxious and by innocuous stimulation. This
arose from the now outdated concept of a "cascade" of neurons in the dorsal
horn in which neurons of one lamina projected onto cells located in the
immediately ventral lamina. As it is possible to find "lamina 4-type neurons"
outside lamina IV and "lamina 5-type neurons" outside lamina V, this no¬
menclature is not widely used.

Iggo and co-workers (Iggo. 1974; Handwerker et al., 1975; Cervero ft
ai, 1976) have used a numerical system of classification: class 1 neurons are
those driven only by low-threshold mechanoreceptors from the skin; class 2
neurons are driven by low-threshold mechanoreceptors and by nociceptors;
and class 3 neurons are driven only by nociceptors, either mechanonociceptors
(class 3a) or mechano- and thermal nociceptors (class 3b).

A nomenclature first proposed by Mendell (1966) and used now by manv
laboratories describes those dorsal horn neurons driven by noxious and bv
innocuous stimuli as "wide dynamic range (WDR)" and those with only one
kind of peripheral input as either "low threshold (LT)" or "nociceptive specific
(XS)." Other names found in current reports include "convergent neurons"
for those with noxious and innocuous inputs (Le Bars and Ghitour. 1983),
"deep neurons" for those with inputs from subcutaneous structures (Willis et
at.. 1974), "cold units" for those with an input from cold thermoreceptors
(Iggo and Ramsey, 1976), and so on (see Willis and Coggeshall. 1978, for
further details).

An attempt was made in 1980. on the occasion of an international svm-
posium on dorsal horn sensorv mechanisms (Brown and Rethelvi. 1981). to
establish a common and universally acceptable nomenclature for the different
functional types of dorsal horn neuron. The recommendations are contained
in the symposium proceedings and suggest a new set of terms: mechanore-
ceptive neurons if they have inputs exclusively from skin inechanorecepiors.
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nocireceptive neurons if the)' are driven only by nociceptors, and muitire-
ceptive neurons if they are driven by both types of cutaneous receptor. In
addition, the new proposal suggests that the denomination of a neuron should
include information on the location of the cell body, destination of the axon,
and nature of the peripheral drive. One of the examples used to illustrate
this proposal is "hair-mechano-noci-multireceptive lamina V postsynaptic dor¬
sal column neuron," or HNM-V-PSDC for short. This is a high-precision
nomenclature but one unlikely to be received with a great deal of enthusiasm
by authors and editors alike.

C. Receptive Fields of Dorsal Horn Neurons

Somatosensory functions of dorsal horn neurons are commonly analyzed
in terms of their cutaneous receptive fields. Properties of peripheral receptive
fields such as their location, size, type of afferent input, and strength of
excitatory drives are usually interpreted as powerful indicators of the role
plaved by central neurons in the processing of sensory information.

A cutaneous receptive field is generally defined as the area of skin from
which the activitv of a neuron can be influenced. This definition needs to be

qualified when applied to the analysis of cutaneous receptive fields of dorsal
horn neurons. Caveats to take into account include the following:

1. Cutaneous stimulation can influence the activity of a dorsal horn neu¬
ron through either excitation or inhibition. Many dorsal horn neurons
have an excitatory and an inhibitory receptive field, either adjacent to
each other or far apart (ipsi- or contralaterally). In some cases, exci¬
tatory and inhibitory drives coexist within the same skin area.

2. The development of neural connectivity between a cutaneous region
and the dorsal horn and the long-term maintenance of such linkage
are influenced by chemical as well as by electrical signals traveling back
and forth between the spinal cord and the periphery. Rigorous studies
of this long-term trophic relationship are much needed.

3. Mapping cutaneous receptiv e fields of dorsal horn neurons is usually
carried out in acute electrophysiological experiments on decerebrate,
spinalized. or anesthetized preparations. Under these conditions, pe¬
ripheral inputs to the spinal cord may be subjected to central influences
that are not necessarily present in the intact animal. Neurons may be
described as having (or not having) a particular peripheral input when
in fact that input is only active (or inactive) under the experimental
procedure. This obstacle can be negotiated bv careful use of combined
electrical and natural stimulation of the peripheral input so that the
hard-wired connectivity can be established as well as the functional
linkage under the particular experimental circumstances.

4. The final caveat, and perhaps the most important of all, points to the
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lack of direct evidence to link neuronal responses obtained in acute
electrophysiological experiments with the sensory experiences of intact
animals. It is assumed that a dorsal horn neuron that receives exci¬

tatory drives from the skin and sends this information to the brain
must be involved in the processing of cutaneous sensory experiences.
However, it is also likely that many of these neurons play a role in the
control of reflex activity, in the triggering of autonomic reactions, or
in the mechanisms of arousal. Resolving this ambiguity does indeed
offer a considerable challenge to sensory physiologists.

D. Afferent Input to Dorsal Horn Neurons
Aside from the organization of the receptive fields, one can distinguish

dorsal horn neurons on the basis of the particular physical stimulus that gives
rise to their excitation. As noted above, and as is discussed further in a later
section, manv neurons in the spinal cord may be concurrently driven by sev eral
different stimulus modalities.

I. Cutaneous Mechanoreceptors

The mechanoreceptive input to the dorsal horn originates in the low-
threshold, sensitive mechanoreceptors of the skin and is mediated by large
and small myelinated afferent fibers (A fibers) (Brown and Iggo. 1967). Most
species, with the apparent exception of man, have, in addition, a low-threshold
mechanoreceptive input to the dorsal horn mediated by unmyelinated affer¬
ent fibers (C fibers) (Iggo, 1960).

Intracellular filling of primary afferent terminals with horseradish per¬
oxidase (HRP) has demonstrated the existence of a close association among
the functional type of peripheral mechanoreceptors, the morphology of their
spinal cord terminals, and the area of projection of their afferent collaterals
within the dorsal horn (Brown, 1981). The large A-[3 afferent fibers connected
to sensitive mechanoreceptors distribute their axons to some or all of laminae
III, IV, V. and the dorsal part of VI. Hair-follicle afferent fibers have dorsal
horn collaterals that form the "flame-shaped arbors" described by Ramon v
Cajal (1909). Synaptic buttons from these terminals are confined to lamina
III, but occasionally a few buttons may be seen in the inner portion of lamina
II or in the dorsal part of lamina IV. Hair-follicle mechanoreceptors con¬
nected to thin A-8 fibers distribute their dorsal horn collaterals in the same

way as and with a similar morphology to the hair-follicle mechanoreceptors
connected to thicker A-fi fibers (Light and Perl, 1979b). Axons from other
cutaneous mechanoreceptors have collaterals that terminate in a wider area
of the dorsal horn, including the innermost part of lamina II and laminae
III. IV, V, and dorsal VI (Brown, 1981). There is no projection from Iow-
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threshold mechanoreceptors with myelinated axons to laminae I and outer
II. Figure 2 shows, in schematic form, some features of the distribution of
primary afferent collaterals within the dorsal horn.

It has not been possible to inject markers into single, functionally iden¬
tified C-fiber terminals, and therefore there is no direct evidence on the mode
of termination within the spinal cord of single C-mechanoreceptive afferents.
However, the type of cutaneous drive to neurons in the inner substantia
gelatinosa (inner lamina II) and the general belief that most cutaneous C
fibers terminate within lamina II point to the inner lamina II as a likely
projection area for C-mechanoreceptive afferents (Light and Perl, 1979a,b).

Two types of dorsal horn neurons can be distinguished according to their
mechanoreceptive input: (1) neurons with an exclusive mechanoreceptive drive
from the skin (mechanoreceptive/class 1/low threshold/lamina 4-tvpe) and (2)
neurons with excitatory inputs from other types of cutaneous receptor (mul-
tireceptive/class 2/wide dynamic range/lamina 5-type). The properties of this
second type of neuron are discussed below under a separate heading.

Mechanoreceptive neurons tend to be located in laminae III and IV.
Some have long ascending axons that project through the spinocervical tract
or the postsynaptic dorsal column pathway. Mechanoreceptive neurons have

Figure 2. Schematic diagram of the neuronal organization of and af ferent input to the super¬
ficial dorsal horn. To the left of the diagram, the types of af ferent fiber and relevant receptor
groups associated with them are listed. Fiber endings in the dorsal horn are schematized diagrams
taken from published morphological studies. Neurons in the diagram represent standard neuron
types in the superficial dorsal horn. Indicated at the right of the diagram are the laminar divisions
of the superficial dorsal horn and corresponding anatomic nomenclature. (From Cervero and
Iggo. 1980.)
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also been found with axons in the spinoreticular or spinothalamic tracts. It is
assumed that mechanoreceptive neurons encode tactile information by main¬
taining peripheral specificity (Willis and Coggeshall, 1978).

The responses of some neurons in the substantia gelatinosa to cutaneous
stimulation suggest that their input is dominated by drives from C-mechan-
oreceptors. These are the neurons described as "slow-brush" (Light et at.,
1979) by reference to the type of cutaneous stimulation that activates them.
Their functional role is obscure.

2. Cutaneous Nociceptors

Nociceptive information from the skin reaches the spinal cord via small
A-8 fibers (mechanonociceptors) and C fibers (polymodal nociceptors). The
former distribute their terminal arborizations within lamina I (the marginal
zone) and send further collaterals to lamina V (Light and Perl, 1979b). The
latter probably terminate within the substantia gelatinosa (lamina II), espe¬
cially in the outer portions of this dorsal horn region (Light and Perl, 1979a)
(Figure 2).

As with the mechanoreceptive input, two groups of neurons can be dis¬
tinguished according to their responses to noxious stimulation of the skin: (1)
neurons with an exclusive drive from cutaneous nociceptors (nocirecep-
tive/class 3 (a and b)/nociceptor specific) and (2) neurons with excitatory inputs
from other types of cutaneous receptor (muhireceptive/class 2/wide dynamic
range/lamina 5-type). Nocireceptive neurons can have an input from either
mechanonociceptors only (class 3a) or from both mechano- and polymodal
nociceptors (class 3b) (Cervero et at., 1976). They are preferentially, but not
exclusively, located in or around the marginal zone (lamina I), and it is gen¬
erally acknowledged that most of the flat and relatively large marginal cells
(Waldeyer cells) in this region are nocireceptive (Molony et at., 1981). A pro¬
portion of nocireceptive lamina I neurons send their axons to supraspinal
regions (Cervero et at. 1979a). notably through the spinoreticular and spi¬
nothalamic tracts (Willis and Coggeshall, 1978). For this reason, and in view
of their responses to cutaneous noxious stimulation, nocireceptive cells are
believed to play a key role in the transmission of sensory information that
will eventuallv lead to the experience of cutaneous pain.

3. Cutaneous Thermoreceptors

Cutaneous thermoreceptors (cold and warm receptors) are connected to
small A-5 and C fibers (Iggo. 1969). Little is known about the pattern of
termination within the dorsal horn of identified cutaneous thermoreceptors.
Some of the neurons in the superficial dorsal horn appear to be exclusivelv
driven bv thermoreceptors, particulariv cold receptors ("cold units"), whereas

225



206 Fernando Cervero

other neurons in these regions show convergence from thermo- and noci¬
ceptors (Christensen and Perl, 1970; Hellon and Misra, 1973). There seem
to be great differences in the processing of thermoreceptive information be¬
tween different animal species and between different somatosensory relay
areas within the same species. Thermoreceptive neurons are more numerous
in the dorsal horn of primates and in the trigeminal region of cats and rats
(Iggo and Ramsey, 1976; Dickenson et al., 1979). Thermoreception is an area
of sensory neurophysiology that requires further and detailed examination.

4. Muscle Receptors

Muscle afferent fibers that con\ev proprioceptive information to the spinal
cord include a group la axons (A-a) from the primary endings in muscle spin¬
dles, group II axons (A-(3) from secondary endings in muscle spindles, and group
lb axons (A-a) from Golgi tendon organs. Group la axon collaterals terminate
in laminae VI and VII and in lamina IX (the motoneuronal pool); group II axon
collaterals are found in laminae IV, V, VI, VII. and IX, and group lb axon col¬
laterals terminate in a wide region between laminae V and VII (Brown, 1981).
Dorsal horn neurons with proprioceptive inputs are generally found in or around
lamina VI. and those with long ascending projections join pathways such as the
spinocerebellar tracts (Willis and Goggeshall, 1978).

The spinal cord projections of small myelinated afferent fibers from
muscle (A-5 or group III) have also been traced by intracellular HRP injections
(Mense et al.. 1981). These fibers, connected to muscle nociceptors, provide
afferent terminals to laminae I and V with a similar pattern of projection to
that of the cutaneous mechanonociceptors connected to A5 afferents. How¬
ever. the pattern of termination of muscle G-Hbers (group IV) appears to
differ from that of their cutaneous counterparts. Graig and Mense (1983)
have shown that fine afferent fibers from muscle terminate within laminae I
and V of the dorsal horn but do not send projections to the substantia ge-
latinosa (lamina II). Dorsal horn neurons activated bv fine muscle afferents
are located in laminae I and V and include some cells whose long ascending
axons join pathwavs such as the spino thalamic tract (Willis and Goggeshall.
1978). I hese neurons are supposed to be involved in the signaling and in¬
tegration of muscle pain.

5. Visceral Receptors

Another source of afferent inputs to dorsal horn neurons is provided bv
the central endings of visceral afferent fibers, particularly in those spinal cord
regions—thoracic and sacral segments—that receive a projection from svm-
pathetic and parasympathetic nerves. These visceral afferents represent a verv
small proportion of the total afferent inflow to the spinal cord (Cervero et al..
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1984a) but can activate a large number of neurons in the spinal cord through
extensive functional divergence (Cervero, 1983b). Anatomic studies have shown
that visceral afferent fibers terminate in laminae I and V of the dorsal horn
with little or no projection to the substantia gelatinosa or to laminae III and
IV of the dorsal horn (Morgan et al., 1981; Cervero and Connell, 1984).

Dorsal horn and other spinal cord neurons can be classified into two
groups depending on the presence or absence of an excitatory visceral input.
Some neurons are not driven by visceral afferent fibers and can only be excited
from their somatic receptive fields (somatic neurons). Other cells have, in
addition to their somatic input, an excitatory visceral drive (viscerosomatic
neurons) (Pomeranz et al., 1968; Gokin, 1970; Guilbaud et al., 1977; Foreman
and Ohata, 1980; Cervero, 1982, 1983a,b). Thus, visceral sensation can onlv
be mediated through convergent signals via somatosensory pathways. No evi¬
dence has been found for the presence of a sensory pathway exclusively
concerned with the transmission of visceral sensory signals.

In agreement with the anatomic data on the mode of termination of
somatic and visceral afferent fibers within the spinal cord, the locations of the
recording sites of somatic and of viscerosomatic neurons show a differential
distribution in the gray matter. Somatic neurons are mainly located in laminae
II, III, and IV of the dorsal horn, whereas viscerosomatic cells are located in
lamina I, lamina V, and in the ventral horn. The majority of somatic cells are
mechanoreceptive, whereas viscerosomatic neurons are driven by nociceptors
either specifically (nocireceptive) or in addition to their low-threshold inputs
(multireceptive). As for the nature of the visceral input to viscerosomatic
neurons, no evidence has so far been produced for a spinal cord projection
of the larger A-p fibers in visceral nerves. These fibers, connected to mes¬
enteric Pacinian corpuscles, are known to project to other areas of the central
nervous system via the dorsal columns, but the available evidence indicates
that they do not send collaterals to the dorsal horn.

Viscerosomatic neurons are driven by the fine A-5 and C afferent fibers
of visceral nerves (see comments by Foreman in Chapter 10). When natural
stimulation of viscera was used to ascertain the nature of the visceral input,
it w^as found that noxious intensities of visceral stimulation were necessarv to

drive viscerosomatic neurons (Foreman and Ohata, 1980; Cervero, 1982. 1983a;
Milne et al., 1981). Not all somatosensorv spinal cord pathways contain axons
of viscerosomatic cells. In fact, a clear segregation exists between pathways of
projection of somatic and of viscerosomatic neurons. The latter have been
found to project through pathwavs in the ventrolateral funiculus of the cord,
including the spinothalamic and spinoreticular tracts (Hancock et al.. 1975;
Foreman and Weber, 1980; Cervero, 1983b). On the other hand, pathwavs
such as the spinocervicothalamic tract and the postsvnaptic dorsal column
pathway appear to contain exclusively somatic neurons (Cervero and Iggo.
1978; Cervero, 1983b).

I he observations that visceral afferent fibers converge onto somatosen¬
sory spinal cord neurons, that most of these neurons have a somatic nocicep-
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tive input, that the visceral input to these cells is also of nociceptive nature,
and that some of these viscerosomatic neurons project through nociceptive
pathways provide strong experimental support for all the main postulates of
the "convergence—projection" theory of referred visceral pain (Ruch, 1947).
The referral of the visceral sensation is therefore the consequence of the
activation of pathways normally concerned with the integration of somatic
nociceptive signals. These pathways will be activated by their visceral inputs
with a different spatial and temporal pattern than that normally generated
by their cutaneous drives. Therefore, the sensation produced by visceral stim¬
ulation is that of a vaguely localized pain referred to the somatic structures
whose afferent fibers project to the same spinal cord area. Further discussion
of the characteristics of the spinal processing of visceral input is given by
Foreman in Chapter 10.

E. Multireceptive Neurons in the Dorsal Horn
As described above, many neurons in the dorsal horn can be activated

by several qualities of cutaneous sensory stimulation. These are the neurons
termed class 2, convergent, lamina 5-type, wide dvnamic range, or multire¬
ceptive (Figure 3). They have been the object of many electrophysiological
studies, partly because it is not very difficult to record from them and partly
because their lack of specificity poses some interesting questions regarding
the mechanisms of sensory processing in the dorsal horn. It is indeed true
that multireceptive neurons are abundant in the dorsal horn, but it is also a
fact that sensory-specific neurons, particularly nocireceptive cells, are consid¬
erably smaller than most multireceptive units and consequently more difficult
to record from. These technical difficulties play a part in the protagonism
given to multireceptive neurons in dorsal horn function.

Multireceptive neurons receive convergent inputs from several categories
of cutaneous receptor (i.e., mechanoreceptors and nociceptors) and in some
cases from several peripheral organs (i.e., skin, muscle, and viscera). Thev
tend to be located in or around lamina V. but their presence has also been
described in other dorsal horn laminae. Some multireceptive neurons have
long ascending axons that join soinatosensorv pathways. All ascending path-
wavs from the spinal cord contain a proportion of axons from multireceptive
neurons (Willis and Coggeshall, 1978).

The role of multireceptive neurons in the mechanisms of sensorv pro¬
cessing in the dorsal horn has been the object of a certain amount of spec¬
ulation. Some authors have suggested that supraspinal centers, which are
known to exert a modulatory influence over dorsal horn function (see Ham¬
mond. Chapter 15), are able to decode the original source of input to a
multireceptive neuron bv contrast-enhancing mechanisms and selective in¬
hibitions of one or another of their multiple drives (Le Bars and Chitour,
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1983). This proposal is based on the observation that the nociceptive input
to multireceptive neurons can be modified bv noxious volleys f rom other parts
of the bods. This concept, described as DXIC (diffuse noxious inhibitorv
controls) is discussed further in the contribution by Le Bars and colleagues
(see Chapter 19).

An alternative interpretation of multireceptive neuronal function could
be proposed in which the presence within the dorsal horn of both specific
and nonspecific sensory channels takes a central role. Everv cutaneous sen¬
sation has two elementary components; the nature of the sensation and its
origin, location, intensity, and relationship with the sensorv state of surround¬
ing tissue. It could be suggested that the specific sensorv channel carries
information about the first component and the nonspecific multireceptive
channel deals with the processing of the second component. Sensorv discrim¬
ination is a function that requires considerable more central integration than
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the simple transmission of a signal through a labeled line; therefore, the larger
population of multireceptive neurons could be a reflection of their more

sophisticated sensory role. Other conceptualizations on the "coding" of dorsal
horn afferent input are presented by Price in Chapter 18.

F. Neurons in the Substantia Gelatinosa

Over the last few years a number of laboratories have published accounts
of the electrophysiological responses of neurons in the substantia gelatinosa
(lamina II). Initially, some of the descriptions appeared to be in conflict (see
Cervero and Iggo, 1980, for a review), but the continuous use of intracellular
HRP labeling by some of the groups and the exchange of information between
laboratories have produced a more uniform picture. Three broad categories
based on functional response characteristics have been identified in the sub¬
stantia gelatinosa:

1. Nocireceptive neurons. These are located mainlv in the marginal zone
(lamina I) and identified as either VValdeyer cells or limiting (stalked)
cells.

2. Inverse neurons. These neurons have a variable amount of back¬

ground activitv and are more readily inhibited than excited bv cuta¬
neous stimulation (Figure 4). Many also have an excitatory drive from
concentric, overlapping, or distant, but not remote, receptive fields.
These neurons are both central (islet) and limiting (stalked) cells.

3. Neurons with an input dominated by drives from peripheral C-me-
chanoreceptors. These cells tend to be located in the inner substantia
gelatinosa and are described as "slow brush." Morphologically they
are of the central (islet) type.

It is possible that the same unit response could have been classified in a
different categorv depending on the functional classification used in a par¬
ticular laboratory, since the proportions of the three different response groups
varv widelv from laboratorv to laboratorv. Nevertheless, the varietv of func¬
tional responses found in the substantia gelatinosa strengthens the view that
this region of the spinal cord contains cells with a diversity of roles including
the relay of af ferent signals from the skin and their sensory integration (Cerv¬
ero and Iggo. 1980).

An interesting development regarding the functional significance of the
substantia gelatinosa has been the finding that fine muscle and visceral aff erent
fibers do not terminate in this area of the dorsal horn. This would indicate
that neurons of this region are onlv concerned with the processing of cuta¬
neous sensorv signals and not. as was thought, with the relav of till afferent
information mediated bv C fibers.
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G. Special Consideration of C-Fiber Input to Dorsal Horn Neurons

It has now become clear that the input to the dorsal horn mediated bv
C fibers has enough anatomic and functional peculiarities to warrant the
proposal of a fundamental difference in the roles played bv A and C Rbers
in sensors' function. Special properties of the C-fiber input to dorsal horn
neurons include the following:

1. Anatomic distribution. Afferent C fibers can activate dorsal horn neu¬

rons in a diffuse manner. Yet. destruction of up to 959c of afferent
C fibers with the neurotoxin capsaicin reduces the number of dorsal
horn neurons driven bv the surviving C fibers bv only 50% (Cervero
el ill.. 1984b) with no evidence of sprouting of the central terminals
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of the remaining C fibers (Ribeiro da Silva and Coimbra, 1984). This
indicates a great deal of divergence and a lack of precision in the
anatomic distribution of afferent C fibers to the spinal cord.

2. Functional properties. Many of the dorsal horn neurons driven by
afferent C fibers increase their responses and their levels of back¬
ground activity on continuous and repetitive C fiber stimulation. This
"wind-up" phenomenon is interpreted as a sign of neuronal arousal
and of a general increase in excitability following the activation of a
C-fiber input (Figure 5).

3. C-fiber neurochemistrv. Many biologically active peptides whose pres¬
ence has been detected in the spinal cord are concentrated in the
terminals of afferent C fibers (Hunt et al., 1981) but not on those of
myelinated afferent fibers. Enzymes such as flouride-resistant acid
phosphatase (FRAP) (Coimbra et al., 1974) are also exclusive to affer¬
ent C fibers. The functional significance of these compounds is far
from clear, but their differential distribution according to the type of
afferent fiber points to a further diversity between the two sets of
afferent fibers. Further discussion of the potential neurotransmitters
associated with primary afferents and the second-order systems that
they drive is given in Chapters 5, 7, and 11.

Animals with severe reductions in the number of afferent C fibers as a

consequence of neonatal injections of the neurotoxin capsaicin show profound
changes in the organization of the dorsal horn. These changes include alter¬
ations of somatotopic maps and decreased responses to stimulation of the
surviving C fibers (Wall et al., 1982: Cervero et al., 1984b). In addition, many
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central inhibitory mechanisms appear depressed after a life-long absence of
afferent C fibers (Cervero et al., 1984b). These results strongly suggest that
the lack of a normal afferent C-fiber input prevents the development of
adequate central inhibitory controls, which are normally needed to regulate
the powerful excitation mediated by afferent C fibers. The role of the C-fiber
input to the dorsal horn could be that of a general alerting and arousing drive
that evokes the perception of an unpleasant experience as part of the whole-
body response to its peripheral activiation.

H. The Sensory Spinal Cord
The perception of a sensorv experience is a complex and coordinated

phenomenon that cannot be explained with a simplistic neural circuit placed
at the first synaptic relay in the dorsal horn. The greatest advance made in
the last few years in the field of somatosensory physiology has been the re¬
alization that the afferent input to the spinal cord can activate a variety of
systems, not all of which will immediately be concerned with the perception
of one or another sensory experience. Peripheral receptor specificity is pre¬
served in the spinal cord by second-order systems likely to transmit sensorv
information related to the nature of the stimulus. Nonspecific systems in the
dorsal horn may help the discrimination of the sensory experience or mav be
concerned with general mechanisms of arousal and with the triggering of
reflex activity and autonomic reactions. The chemistry of the afferent fiber
terminals may play an important role in the immediate synaptic modulation
or in the long-term maintenance of the sensory channel.

It will not be long before some of the obstacles that still prevent a full
understanding of the sensory spinal cord can be effectively removed.
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SUMMARY

1. Single-unit electrical activity has been recorded from dorsal horn neurones in
the sacral (S1-S2) segments of the spinal cord of barbiturate-anaesthetized rats.
Fiftv-tvvo neurones responding to a manually applied pinch of their receptive fields
in the tail were selected. They were subsequently tested for their responses to four
successive 2 min pinches at noxious intensities delivered by a feed-back-controlled
mechanical device.

2. Neurones were tested with both innocuous (i.e. brushing and stroking) and
noxious (i.e. pinching, pin-prick, and in some cases heating about 45 °C) stimulation
of their cutaneous receptive fields. Three of the tested cells were driven exclusively
by innocuous skin stimulation (mechanoreceptive or class 1), thirty-six were driven
by both innocuous and noxious skin stimulation (multireceptive or class 2) and
thirteen were driven exclusively by noxious skin stimulation (nocireceptive or
class 3).

3. All of the multireceptive and nocireceptive neurones responded to the 2 min
noxious pinch with an initial phasic discharge followed by sustained firing that
showed little evidence of adaptation throughout the stimulus period. The three
mechanoreceptive neurones responded to the 2 min noxious pinch with a short
discharge at the stimulus onset, but were silent for the remainder of the stimulus
period.

4. Thirty-one cells were tested with successive 2 min pinches of 4. 6 and 8 N (and
in some cases, a further 4 N pinch) applied at 10 min intervals. Different encoding
properties were observed during the sustained part of the neuronal response

according to: (i) the afferent fibre input characteristics of the cell: (ii) whether or not
the tail had received a test series of pinches earlier in the same experiment.

5. None of the multireceptive cells with only an A-fibre afferent input encoded the
stimulus strength. However, the multireceptive cells with both an A- and a C-fibre
afferent input and all nocireceptive cells did encode the stimulus strength, providing
that no previous noxious test stimuli had been applied to the tail. The encoding
nocireceptive neurones had in general a steeper stimulus-response curve than the
encoding multireceptive neurones, though the two groups overlapped to some
extent.

IM
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6. Three encoding cells (two multireceptive and one nocireceptive) were tested
with a second series of pinches (4. 6, 8 and 4 X), 40 min subsequent to the initial test
series. These cells did not encode this second test series, but were more excitable,
producing a greater response to a given test force.

7. These results demonstrate that nocireceptive and multireceptive dorsal
neurones respond throughout a 2 min noxious pinch of their receptive fields and
suggest that nocireceptive neurones are better suited to encoding the intensity of this
type of stimulus than multireceptive neurones. However, these encoding properties
appear to be disrupted by a previous noxious stimulus.

INTRODUCTION

When a human skin fold is pinched at a constant intensity above the pain
threshold for a period of 2 min. the subjects report that the sensation becomes
increasingly painful even though the pinch force is constant. However, micro-
neurographic recordings during the pinch from single afferent fibres supplying the
skin fold show that all types of cutaneous receptors, including nociceptors, adapt
during this stimulus period. A clear mismatch therefore exists between the magnitude
of the cutaneous input to the central nervous system and the resulting pain sensation
in humans (Adriaensen. Gvbels. Handwerker & van Hees, 1984).

In the present study an attempt has been made to identify the central mechanisms
responsible for this paradoxical increase in pain sensation that occurs in parallel with
a decrease in cutaneous afferent activity. This has been done by examining the
responses of dorsal horn neurones of the rat's spinal cord to 2 min noxious pinches
applied to their peripheral receptive fields in the tail. This animal model has been
used since it is known that a prolonged noxious stimulus applied to the tail of
anaesthetized rats evokes responses on cutaneous primary afferents that adapt like
the responses from human afferent fibres (Handwerker. Anton & Reeh. 1987).

The spinal dorsal horn contains the first synaptic relay for all afferent input and
this is therefore the first point of integration and modulation of peripheral messages
by the central nervous system. The spinal relay encompasses mechanisms of
segmental and descending inhibition that could profoundly influence nociceptive
input (Handwerker. Iggo & Zimmermann. 1975; Willis. 1985). In the experiments
described here the same stimulating device and stimulus protocol as were used in the
studies of primary afferent fibres have been employed to examine the responses of all
classes of dorsal horn neurones in rat sacral spinal cord to this type of prolonged
noxious mechanical stimulus.

In the human psychophysical experiments the subjects were able to distinguish
the intensity of the force applied, reporting pain sensations that were more intense
with stronger stimuli. Also, some categories of primary afferents (polymodal C
nociceptors and Ad high-threshold mechanoreeeptors) in both humans and rats
exhibit increasing responses to stimuli of increasing force. Therefore, we have also
examined the encoding properties of dorsal horn cells, that is. their potential to
distinguish between noxious stimuli of different intensities. A preliminary report of
this study has been published (Cervero. Handwerker & Laird. 1988).
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METHODS

Results are described from experiments on thirty adult male Wistar rats, with body weights
between 2(55 and 420 g. The rats were anaesthetized with sodium pentobarbitone ((50 mg kg"1 i.p.).
and further injections of the same anaesthetic (approximately 10 mg kg"1 h"1 i.v.) were given to
maintain a level of anaesthesia such that no precipitate cardiovascular responses were observed on

application of intense noxious stimuli. The trachea, the right femoral artery and the right femoral
vein were cannulated to allow artificial ventilation, the recording of systemic arterial blood

Fig. I. Schematic diagram showing the experimental arrangement including the
mechanical stimulation of the tail with the feed-back-controlled device: for further details
see text.

pressure, and the t.v. injection of drugs and solutions respectively. The experiments were
terminated if the mean blood pressure fell below 75 mmHg. Body temperature was recorded with
a rectal probe and maintained at 37 °C by an electric blanket with feed-back control. A
laminectomy (L1-L3) exposed the sacral spinal cord segments. The animal was mounted in a rigid
frame and a pool made with skin flaps around the laminectomy. To improve stability, the pool was
tilled with 4% agar, sufficient to surround the spinal cord: this was then covered with warm
paraffin oil. to prevent drying. The animal was then paralysed with pancuronium bromide (1-5 ma
kg"1 induction: 0.5 mg kg 1 h"1 maintenance), and artificially ventilated. The end-tidal CO., was
continuously monitored and kept at around 3%. A schematic representation of the general
experimental set-up is shown in Fig. 1.

Recording techniques
Extracellular single-unit recordings were made using glass micropipettes tilled with 4 M-XaCl

(impedance measured at 1 kHz was 10-25 .MQ) from neurones in the dorsal horn on both sides of
segments SI and S2. Recordings were displayed on an oscilloscope, stored on magnetic tape and
analysed 'on-line' and 'off-line using a microcomputer (Cervero. 1985). The search stimulus for
dorsal horn neurones was electrical stimulution of the coccygeal nerves (0-2 ids. I Hz) at an
intensity supramaximal for myelinated fibres (A fibres) but subthreshold for unmyelinated fibres
((' fibres). Stimuli were delivered by means of fine stainless-steel needle electrodes inserted through
the skin at the base of the tail (Fig. 1).

Input properties of the neurones
Once a neurone was found responding to the search stimuli, its receptive field was mapped and

its responses to natural cutaneous stimulation tested. Natural stimuli included innocuous stimuli
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such as brushing and stroking, as well as noxious stimuli such as pinching, squeezing, pin-prick, and
in some cases heating above 45 °C. The presence of an unmyelinated (('-fibre) afferent input to the
cell was also tested. The centre of the receptive field was electrically stimulated (I ms. 0-5 Hz)
through intradermal electrodes at an intensity at least ten times that found to be threshold for the
A-fibre response. If no response was initially seen, short trains of stimuli were used (three stimuli.
0'5 Hz. up to 100 V stimulus intensity).

Noxious mechanical stimulation

Neurones responding to noxious squeezing or pinching of their cutaneous receptive field were
selected for testing with a series of noxious pinches. The stimuli were delivered by a feed-back-
controlled device previously described (see Handworker et al. 1987). It consisted of an electric-
motor which generated the pinching force, and a force transducer that provided the feed-back
signal. The pressure to the tail was applied to the centre of the receptive field of the cell to be tested,
using a Perspex stylus with a circular contact area of 3 5 mm diameter and smooth edges. A
complete series of stimuli consisted of four pinches at increasing intensities of 4. 6 and 8 X followed
by a final 4X pinch. Each stimulus lasted for 2 min. with an interval of 10-15 min between
successive pinches (Fig. 1). A period of at least an hour was allowed to elapse after the test series
was completed on any given cell before any further neurones were tested in the same experiment.

Histological methods
The position of the recording microelectrode was marked by ionophoretic deposition of

Pontamine Sky Blue in the track in which the unit was recorded. Several marks were made in this
track at 300 fim intervals in order to provide a scale that would be subjected to the same amount
of shrinkage as the rest of the tissue (Molony. 1978). The cord was removed and frozen. The
recording sites of the neurones were calculated from these marks recovered in 00 //.m transverse
sections counter-stained with gallocyanin. On those occasions when marks were not recovered,
estimates of location wete made from depth measurements.

RESULTS

Sample of neurones

Dorsal horn neurones recorded in the sacral spinal cord that appeared to respond
to a noxious pinch manually applied to their receptive fields in the tail were selected
for testing with the 2 min press delivered by the feed-back-controlled device.
Recordings judged to originate from axons rather than cell bodies (characterized by
monophasic spikes with very steep rising phases) were excluded, as were units with
proprioceptive input (responding to innocuous movements of the tail) as opposed to
cutaneous nociceptive input. Fifty-two dorsal horn neurones were tested with at
least one 2 min press and the results reported in this paper are based on these
cells.

Types of cell
The sample of cells comprised three neurones which had no nociceptive input (class

1 or mechanorcceptive). thirty-six neurones with both nociceptive and 11011-
noeiceptive inputs (class 2 or multireceptive) and thirteen neurones with only
nociceptive input (class 3 or noeireceptive). The three class 1 neurones were tested
with the 2 min pinch as they appeared to give a response to a manually applied pinch
of the tail. However, their lack of responsiveness to the feed-back-controlled pinch
confirmed that they did not respond to noxious mechanical stimulation and were
thus classified as class 1 neurones.

None of the three class 1 cells had a ('-fibre input. Of the class 2 neurones in the
sample, seventeen out of thirty-six (47'Hi) had only an A-fibre input, and the
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remaining nineteen (53%) had both an A- and C-fibre input. Four of the thirteen
class 3 cells (31 %) had only an AS fibre input (class 3a subgroup) and nine out of
thirteen (69%) had both an A- and a C-fibre input (class 3b subgroup).

Receptive field properties
The lengths of the receptive fields of the neurones were measured along the main

axis of the tail. They ranged from 1 to 18 cm, the latter being the length of the whole

Fig. 2. Locations of the recording sites of the neurones tested, pooled on a standard (SI)
transverse section of rat sacral spinal cord. Open circles indicate locations reconstructed
from depth readings and dye marks on the surface of the cord. Closed circles indicate
locations reconstructed from dye marks.

tail. Class 3 cells had smaller receptive fields (mean size + 2-8 cm. s.D. = T3) than
class 2 cells (mean size = 6-8 cm. S.D. = 4T). The three class 1 cells had receptive
fields of 3. 8 and 18 cm in length. All of the cells in the sample had somatic receptive
fields restricted to the tail: none extended past the base of the tail to the skin of the
rump, scrotum or hindquarters. The position of a given neurone's receptive field on
the tail did not appear to be related to its input properties, and receptive fields of all
cell classes were distributed along the whole length of the tail.

Locations of neurones within the dorsal horn
The estimated locations of the cells in the sample are shown in Fig. 2. Cells were

recorded in both the superficial and deep regions of the dorsal horn. All (/? = 8) of the
neurones recorded in the superficial laminae were class 3 neurones. The other five

500 Mm
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class 3 cells were found deep in lamina V or in lamina VI. The class 2 cells were
distributed widely in laminae IV. V and VI, across the whole mediolateral extent of
the grey matter. One class 2 cell was found in lamina X. The three class 1 neurones
were recorded in laminae III and IV.

Background activity
Before testing with the 2 min noxious pinches, sixteen out of thirty-six (44%) class

2 cells exhibited regular spontaneous firing (at rates greater than 1 Hz), thirteen
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Fig. 3. A representative example of the response of a dorsal horn ceil to a 2 min pinch. A.
histogram showing the firing rate of the cell over the whole duration of the 120 s stimulus
(shown below the histogram is the output of the feed-back-controlled stimulating device).
B. selected portions of the original record, showing the response of the cell to the onset
of the stimulus, during the tonic phase of the response, and at the end of the stimulus
period as the force is removed.

(36%) had no background activity and the rest (seven out of thirty-six. 19%)
produced occasional spontaneous spikes (at rates of less than 1 Hz). None of the class
3 cells had background firing rates greater than 1 Hz and the majority (eight out of
thirteen. 62%) were totally silent in the absence of stimuli. None of the class 1 cells
in the sample were spontaneously active.

Responses to a 2 min noxious pinch
All class 2 and class 3 cells tested responded in a broadly similar way to the 2 min

noxious pinch and the type of response was consistent in all subsequent tests on the
same neurone. Figure 3 shows the response of one of these neurones to a pinch of
8 X. At the onset of the press, the cell responded with an initial burst of activity.
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followed by a sustained response, which continued until the end of the 2 min stimulus
period. As the force was removed, the firing rate returned to the original levels.

The distinct initial phasic response shown by the neurone in Fig. 3 was also seen,
to a greater or lesser degree, in most neurones at the onset of the stimulus. This
phasic component (lasting between 10 and 20 s) varied between cells, and also
between the responses of the same cell to the first and subsequent tests.

Fig. 4. Histogram showing an example of a neurone whose firing rate increased during the
sustained component of the response to the 8 X pinch lasting for 2 min.

All of the class 2 and 3 neurones responded for the whole duration of the 2 min
noxious pinch. The majority (twenty-eight out of fifty-two. 54%) showed little or no
adaptation during this sustained or tonic component of the response: in some cells
(twelve out of fifty-two. 23%). the firing rate increased over the course of the tonic
response (see Fig. 4).

The three class 1 neurones tested responded with an initial burst of activity as the
force was applied, followed by a few (two or three) spikes for the remainder of the
120 s stimulus period. They also produced a final short burst as the force was
removed. These cells were tested because they appeared to respond to a manually
applied sustained pinch, despite not responding to noxious heat or pin-prick.

In thirty-one cells (60%). the background activity was raised, and in five cells
(10%) it was decreased, immediately after the 2 min test press. In all but nine of
these cells, the level of spontaneous firing returned to control values before the next
test stimulus. 10-15 min later.

Responses to different stimulus intensities
Thirty-one cells were tested with three successive 2 min stimuli, with intensities of

4. 0 and 8 X respectively. This group of neurones was studied to observe differences
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in the responses of the cells with the increases in stimulus strength. Many of these
cells (twenty-five out of thirty-one. 81 %) were tested with a fourth press of 4 X. to
test for a return to baseline levels.

An increased neuronal response with increased stimulus intensity could be seen in
the sustained component of the responses of one group of the neurones tested. This
was regarded as evidence that these neurones encoded the stimulus strength. The rest
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Fig. 5. Histograms showing the responses of two neurones to successive 4. 6 and 8 X
pinches. .4. a non-encoding cell (the sustained or tonic response does not increase in
parallel with increasing stimulus strength). B. an encoding cell.

of the cells did not show an increase in firing rate in the tonic component of their
responses with increasing stimulus intensities. Figure 5 shows the responses of a cell
that encoded the stimulus strength (Fig. 5B). and one that did not (Fig. 5A).

The analysis of the phasic components of the neuronal responses (first 10-20 s).
revealed little evidence for encoding of the stimulus strength with the exception of
half of the class 2 neurones with both A- and C-fibre inputs (seven out of fourteen.
50%). Therefore, we have concentrated our analysis on the encoding properties
exhibited by the tonic components of the neurones.

The encoding properties of a given cell appeared to be related to two factors: the
afferent fibre input properties of the neurone, and whether there had been 2 min test
stimuli applied to the tail earlier in the same experiment. In order to compare the
encoding capabilities of different cells during the tonic phase of their response to the
test stimuli, the mean firing rate of each cell during this sustained part of their
response to each test stimulus was calculated.

Xon-encoding cell*. None of the class 2 (multireceptive) neurones with only A-fibre
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input (A-only) showed any evidence of encoding, despite all having been the first cells
tested in a particular experiment, that is, no previous test stimuli had been applied
to the tail ('naive' animals). Figure 6 shows the mean firing rate over the sustained
or tonic part of the response to the stimuli for each of the class 2 A-only cells.

About half (seven out of thirteen. 54%) of those class 2 cells with both A- and C-
fibre input (class 2 A + C) failed to encode the intensity of the stimuli applied. All of

Force IN)

Fig. 6. Mean firing rates over the tonic component of the response of those class 2 (A-only)
cells tested with a sequence of presses (4. 6 and 8 X. and in some cases a further 4 X).
n = 6.

the neurones in this group were recorded subsequent to having applied noxious
pinches to the tail in the same experiment ('non-naive' animals). Figure 7 shows the
level of the tonic responses of the class 2 A + C neurones tested in 'non-naive
animals.

Similarly, class 3 neurones (both with and without C-fibre input) which did not
encode the stimulus strength (four out of eleven. 36%) were tested in animals in
which 2 min test stimuli had previously been applied to the tail (Fig. 8).

Encoding cells. The majority (seven out of eleven, 64%) of class 3 neurones did
encode the stimulus strength, as did six out of thirteen (46%) of the class 2 A + C
cells. All of these cells were tested in 'naive' animals. The mean tonic responses of
these cells to the different test stimuli are shown in Fig. 7 (class 2 A + C) and Fig. 8
(class 3) and can be clearly seen to increase with increasing stimulus intensity.

Three encoding cells (two class 2 A + C and one class 3) were held long enough to
be tested with a second series of presses (4. 6. 8 and 4 X respectively) 40 min after the
end of the initial test series. The cells were more excitable, producing a greater
response to a given test force than in the previous series, but although they had
encoded the strength of the stimuli in the first test sequence, they did not do so
40 min later when tested again. The change in the encoding ability of one of these
cells can be clearly seen in Fig. !).
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4 6 8 4 (2nd)
Force (N)

Fig. 7. Mean firing rates over the tonic component of the response of those class 2 A + C
cells tested with a sequence of presses (4. 6 and 8 X. and in some cases a further 4 X). .4.
cells tested in 'naive' animals, in which no previous presses had been applied to the tail
(n = 6). B. cells tested in 'non-naive' animals (n = 7).

Naive

Force (N)

Fig. 8. Mean firing rates over the tonic component of the response of those class 3 cells
tested with a sequence of presses (4. 0 and 8 X. and in some eases a further 4 X). including
cells tested both in naive' (continuous lines) and in non-naive' (dashed lines) animals.
n = 11.
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Fig. 9. Mean firing rates over the tonic component of the response to each test pinch of
one class 2 A + C neurone that was tested with two series of pinches. Continuous line: first
series of pinches; dashed line: second series of pinches.

4 6 8

Force (N)

Fig. 10. Coding index for all encoding neurones: six class 2 neurones (dashed lines) and
seven class 3 neurones (continuous lines). All responses are normalized to the neuronal
rate of firing of the 4 X pinch (unity index).

Coding index
Both class 3 and class 2 A + C neurones recorded in naive' animals encoded the

intensity of the stimuli delivered to their receptive fields, but there was a difference
in the degree of encoding between the two types of neurone. The magnitude of the
change in the response of a particular neurone to a greater or smaller stimulus
intensitv varied within this group of neurones. The cells with the greatest change in
firing rate over the tonic period of the response were class 3 neurones, and those with
the least increases in response were class 2 A + C' cells, though the two groups
overlapped to some extent.

The responses of each cell were normalized to the response to the first 4 X pinch.
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The mean firing rate over the tonic period of the response to the 4 X pinch was made
equal to one, and the firing rate during the tonic response to the subsequent 6. 8 and
4 X tests expressed as a multiple of the level of the response to the initial 4 X* test;
hence a 'coding index' was calculated for each cell. Figure 10 shows the coding
indices of all of the neurones that encoded the stimulus strength. The increase in
firing rate between the 4 and 6 X tests, and again between the 6 and 8 X presses, is
less than twice the original response in some cells, as compared with firing rates up
to twenty times greater in others. From this it can be seen that, although there is
some overlap, class 3 cells are in general more effective at encoding the intensitv of
this type of prolonged stimulus.

DISCUSSION

Four main observations have been made in this study: (i) class 2 and class 3 dorsal
horn neurones respond in a sustained manner to a prolonged noxious, mechanical
stimulus; (ii) the strength of the stimulus is encoded by some cells in the sustained
part of their responses : (iii) the encoding ability of a particular cell appears to depend
upon (a) its afferent fibre input properties and (b) whether or not previous noxious
stimuli have been applied to the animal earlier in the same experiment; (iv) class 3
(nocireceptive) cells seem to be better suited to encoding the strength of this type of
stimulus than class 2 (multireceptive) cells.

Consideration must be given when discussing these results to the criteria used in
the selection of the'neurones. Our sample of fifty-two dorsal horn cells was drawn
from a much larger number of cells recorded during the experiments. All cells
recorded were tested for their responses to a noxious pinch manually applied to their
receptive fields. Three class 1 (mechanoreceptive) cells were tested with the feed¬
back-controlled device because they appeared to respond to the manual noxious
pinch but turned out to be extremely rapidly adapting and thus sensitive to small
tremor movements of the hand. Xo true slowly adapting dorsal horn cell with only
a low-threshold cutaneous input was found during the course of this investigation. It
is important to point out that such cells are probably very rare and have been
described very infrequently in the literature. Hence the cells capable of responding
to this type of prolonged noxious mechanical stimulus were all class 2 or class 3
cells.

There are some methodological problems when discussing the relevance of the
present data to the observation in the human studies of a mismatch between a

decreasing primary afferent response and a parallel increase in pain sensation
(Adriaensen et al. 1!)84). For instance, we have no information as to whether or not

any of the neurones in our sample projected to supraspinal centres. However, the
locations of the recording sites of our neurones coincide with those of cells at the
origin of pathways such as the spinothalamic trace (STT), known to be involved in
the transmission of nociceptive information (Willis. 1985). A second caveat, even

assuming that some of our cells were likely to send information to the brain, is the
lack of direct evidence linking neuronal responses in acute electrophysiological
experiments conducted in anaesthetized animals with sensory events experienced
and reported by humans. There is also a danger in assuming that dorsal horn
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neurones receiving excitatory drives from the skin and sending information to the
brain must be involved in the processing of a cutaneous sensory experience. It is also
possible that many of these neurones are involved in mechanisms of autonomic
regulation, in the triggering of arousal or in the control of reflex activity.

We do have information from previous studies in humans and in rats showing that
all kinds of primary afferent fibres from both species adapt in a very similar fashion
to a 2 min noxious mechanical stimulus of constant intensity. Also, behavioural data
from nociceptive tests in rats, such as the paw-pressure test (Randall & Selitto.
1957), demonstrate that these animals avoid noxious mechanical stimuli and can
sensitize to them. We therefore conclude that our animal preparation is a valid model
in which to study the increased excitability in the central nervous system that
follows the application of a prolonged noxious stimulus known to evoke adapting
responses in all primary afferent fibres.

Sustained responses to a prolonged pinch
The time course of the response of the neurones in our sample to the 120 s noxious

mechanical stimulus was very similar to that seen in primate STT cells in response
to a 120 s noxious thermal stimulus (Kenshalo, Leonard, Chung & Willis. 1979). In
both cases the response consisted of an initial phasic component lasting 10-20 s
followed by a sustained or tonic discharge. However, the responses of the class 2 and
3 neurones of our sample to the 2 min mechanical stimuli were quite different from
the responses to the same stimuli of the primary afferent fibres which provide their
peripheral input. Three types of afferent unit respond for the whole duration of a
120 s pinch stimulus: (i) C-polvmodal nociceptors; (ii) AS high-threshold mechano-
receptors (A5-HTMs); and (iii) type I slowly adapting sensitive mechanoreceptors
(SA I) (Handwerker et al. 1987). All three types show an initial phasic response

lasting for about 10 s followed by a tonic response which adapts exponentially over
the course of the stimulus period. Thus, a fundamental difference was observed
between dorsal horn neurones and primary afferents in the rate of adaptation seen
in the tonic component of their responses. There was no adaptation in the responses
of the dorsal horn cells and in almost a quarter of them their tonic discharges
increased during the noxious pinch.

There are several well-documented features of dorsal horn information processing
that could account for this maintenance of firing rate despite a decrease in afferent
input. For example, dorsal horn cells are known to be under tonic descending
inhibition. This form of inhibition has "been shown to have preferential effects on
neuronal responses of class 2 neurones to noxious stimuli (Handwerker et al. 1975)
and to affect class 3 neurones to a lesser extent (Cervero. Iggo & Ogawa. 1976). It is
therefore possible that a gradual lifting of this central inhibition, perhaps by means
of a supraspinal positive feed-back system (Haber. Martin. Chung & Willis. 1980:
Cervero & Wolstencroft. 1984) could result in an increase in the excitability of the
cells and a consequent lack of adaptation. The majority of cells in our sample
exhibited an increase in background activity immediately after the application of the
noxious stimulus. Increases in background activity are a feature of the removal of
tonic descending inhibition by spinalization (Cervero. Iggo & Molony. 1977).

Dorsal horn cells with an afferent C-fibre input display a phenomenon known as
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'wind-up' (Mendell. 1966; Cervero, Schouenborg, Sjolund & Waddell. 1984). This is
a progressive increase in neuronal responsiveness on repeated electrical stimulation
of peripheral nerves at C-fibre intensity. Similar forms of temporal summation by
dorsal horn cells have also been described in response to repetitive noxious
stimulation of their receptive fields (e.g. Price. Hayes. Ruda & Dubner, 1978). It is
possible that this increase in excitability could contribute to the sustained response
of our neurones since the noxious pinch used in this study is known to activate
receptors connected to afferent C fibres (Handwerker et al. 1987). However, 'wind-
up' is usually seen only in dorsal horn neurones with an afferent C-fibre input and.
in our sample, all class 2 and 3 neurones both with and without a detectable afferent
C-fibre input showed the same kind of non-adapting response.

Another possible contribution to the tonic response observed in our sample is the
recruitment, during the course of the 2 min stimulus period, of primary afferents
connected to receptors located in areas surrounding the press site. Reeh and
colleagues (Reeh, Bayer, Kocher & Handwerker, 1987) found that the AS high-
threshold mechanoreceptors are sensitive to lateral stretch, and that if a press
stimulus is applied just outside their receptive field, they are recruited during the
course of a 4 X stimulus. The delay between the stimulus onset and the beginning of
the afferent response is longer with greater distances from the receptive field border.
It is therefore possible that such a gradual recruitment of adjacent A5-HTMs
contributes to the non-adapting tonic response. However, the primary afferents
remain sensitive to farther stimuli for periods of time longer than 10 min. which was
the gap left between stimuli in our study. Therefore, unless there is an increase in the
area of skin recruited with each subsequent stimulus beyond the original receptive
field of the fibres this mechanism cannot account for the non-adapting response to
the later 6 and 8 X presses and particularly to the second and final 4 X press.

Encoding of stimulus intensity
Only the nociceptive primary afferents (Ad-HTMs and C-polymodal nociceptors)

encode the strength of a noxious pinch in their firing rate: the greater the stimulus
intensity the higher the firing rate of the afferent fibre over the 120 s stimulus period
(Handwerker et al. 1987). This ability to encode the stimulus intensity was observed
in some dorsal horn neurones but not in others. Two factors seem to be involved: the

presence of a C-fibre input to class 2 neurones and the application of a previous 2 min
noxious pinch to the tail of the animal.

Non-encoding cells
Class 2 (A-only) neurones did not encode the stimulus strength in either the initial

phasic part of their response or the later tonic component. One possible factor in this
lack of encoding ability could be that Ad-HTM afferents encode the stimulus
intensity mainly at the onset of the stimulus. Towards the end of the 120 s stimulus
period, the difference in the responses of this kind of afferent fibre to different
intensities of mechanical stimuli is very slight. However, an explanation for the lack
of encoding ability of class 2 (A-only) cells based entirely on the properties of A6-
HTMs cannot be sustained since class 3 neurones in our sample with only an A-fibre
input (class 3a) did encode the stimulus strength well. Therefore, the presence of an
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afferent C-fibre input to class 2 neurones must play a role in determining the encoding
ability of this group of neurones.

All class 2 A + C and class 3 neurones tested as the second or third cell in any
particular experiment, after an initial test series of pinches had been applied to the
tail, failed to encode the strength of the stimulus. This was the case even when tested
up to 2-3 h after the initial series of stimuli or when the receptive field of the neurone
was located at a different point on the tail. The possibility that this group of cells
represents a special sub-population of non-encoding cells was examined in three cells.
These neurones (two class 2 A + C and one class 3) were tested as the first cell of the
experiment and were found to encode the stimulus strength. Forty minutes after the
first series of stimuli a further series of four presses were applied to their receptive
fields on the tail in order to examine the effect of the first series of stimuli upon the
cell's responses to the second series. All three cells were tested twice in this way and
all failed to encode the stimulus strength on the second trial. They also became more
excitable and produced more spikes per stimulus than in the first series of
pinches.

These changes in neuronal responsiveness following a noxious stimulus are

probably due to central changes in the spinal cord. Sensitization of primary afferents
as a result of this type of stimulation is very short-lasting in C-polymodal
nociceptors, and declining in A<5-HTMs 40 min after an initial stimuli (Reeh et al.
1987). Our finding is in line with other results suggesting that a relatively brief
nociceptive input can, cause an increase in the receptive field size of rat dorsal horn
neurones (Cervero et al. 1984) and long-lasting increases in the excitability of spinal
reflexes (Woolf, 1983: Cook. Woolf & Wall. 1986). and of dorsal horn cells (Dickenson
& Sullivan. 1987). However, primary afferent fibres are still able to encode noxious
stimuli (Handwerker et al. 1987) and human subjects do not lose the ability to
discriminate the strength of the pinch even after several series of pinches (Forster.
Anton. Reeh, Weber & Handwerker. 1988). This latter observation indicates that
some neurones must retain an encoding ability but we have not found evidence for
this.

Encoding cells
Class 2 cells with both an A- and C-fibre input and all class 3 cells encoded the

stimulus intensity in the tonic component of their responses to the 2 min noxious
pinch. This encoding ability was only present if the tail had not been subjected to a
previous 2 min series of stimuli.

Kenshalo et al. (1979) tested STT neurones in monkeys with noxious thermal
stimuli lasting 120 s. They reported that the skin temperature was encoded in the
peak firing rate of the neurones and also in the number of impulses produced between
the stimulus onset and the peak firing rate. This encoding of stimulus intensity in the
first part of the response was not present in most cells with the exception of half of
the class 2 A + C neurones. This is probably due to the noxious stimulus used in our
study being mechanical rather than thermal and therefore capable of exciting low-
threshold mechanoreceptors at the stimulus onset. The later tonic component of the
response to the 120 s noxious heat stimulus is not discussed in the Kenshalo et al.
(1979) study and therefore comparison is difficult.
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Neurones in the trigeminal nucleus caudalis of monkeys also encode the intensity
of heat stimuli in the noxious range, in both anaesthetized, acute preparations (Price.
Dubner & Hu. 1976) and in awake animals (Hoffman. Dubner. Hayes & Medlin.
1981: Bushnell. Duncan. Dubner & He. 1984). In the latter, the encoding ability of
the neurones was shown to be sufficient to account for the reaction of the animal to

the stimulus.
Dorsal horn cells in the rat spinal cord have been shown to differentiate between

short (5-10 s) constant-force pinch stimuli of non-noxious and noxious intensities
(0-6 and 14 X respectively) (Sehouenborg & Dickenson. 1987). However there arc no
other reports, to our knowledge, of the responses of dorsal horn neurones to
quantitative noxious mechanical stimuli.

In our experiments it was found that, as a group, class 3 cells appeared to be better
suited to encoding the strength of prolonged noxious mechanical stimuli than the
class 2 A + C cells. Although the two groups overlapped to some extent, the
stimulus-response curves of class 3 cells were steeper than those of class 2 neurones.
This contrasts with the results reported by Kenshalo et al. (1979) who examined the
responses of STT neurones in the monkey to a 120 s noxious thermal stimulus and
concluded that there were no substantial differences between the two neuronal types.
However, as pointed out earlier, they did not comment on the tonic component of the
response which, in our study, was found to carry the encoding information.

In their analysis of the encoding properties of trigeminal neurones. Hoffman et al.
(1981) and Bushnell-.ef al. (1984) suggest that class 2 neurones arc better suited to
encoding noxious thermal stimuli. Their conclusion was based on the greater
sensitivity of this group of cells to brief thermal stimuli applied to the face of an
awake and restrained monkey. It is not surprising to note differences in the cell class
found to be more effective at encoding the intensity of noxious stimuli between our
study and those in awake monkeys. The experimental conditions are completely
different : recordings from neurones in the spinal cord in anaesthetized rats and
application of 2 min noxious mechanical stimuli as compared to recording from
trigeminal neurones in trained conscious monkeys and application of very short
(2-3 s) thermal stimuli. It is very likely that class 2 neurones are better at detecting
the onset of a stimulus whereas class 3 cells can encode more effectively noxious
stimuli of long duration.

We conclude that dorsal horn neurones do not merely reflect their peripheral
inputs in response to a prolonged noxious stimulus but perform a considerable
amount of processing of the signal. The ability of the cells to encode the strength of
a noxious mechanical stimulus depends upon the afferent input properties of the cell.
Also, the application of such noxious stimuli can disrupt the coding ability of dorsal
horn neurones as a result of central changes. Finally, class 3 (nocireceptive) cells seem
to encode the strength of this type of prolonged stimulus more effectively than class
2 (multireceptive) cells.

The expert technical assistance of S. Allen. M. Bohm. S. Lishman and R. Wheatlev and the
helpful comments and contributions of M. B. Plenderleith and P. W. Reeh are gratefully
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The superficial dorsal horn is a morphologically distinct region of the grey matter of
the spinal cord that has been recognized as a separate anatomical entity for over 150
years. It contains the first synaptic relay of fine afferent fibres from skin, muscle and
viscera and for this reason has been regarded as an important site for the initial
processing of signals directly related to the transmission and modulation of pain. Every
neurobiological technique (light microscopy, immunohistochemistry, single unit
electrophysiology, electron microscopy) has shown more and more distinct features of
this region of the dorsal horn which make it clearly different from the rest of the spinal
grey matter. Moreover, some of these peculiarities point to fundamental differences -

functional as well as anatomical - in the processing of the sensory information mediated
by fine afferent fibres as opposed to the processing of the signals carried by large
myelinated afferents.

HISTORICAL BACKGROUND

The superficial dorsal horn was the first region of the spinal cord to be described as
a separate anatomical entity. This was done in 1824 by the anatomist L. Rolando who
was impressed by the gelatinous appearance of the dorsalmost region of the grey matter.
His description led to the naming of this zone as the Substantia Gelatinosa and by the
end of the nineteenth century the superficial dorsal horn had been subdivided into a
more dorsal Marginal Zone and a larger and more ventral Substantia Gelatinosa proper
(see Cervero and Iggo, 1980 for references). Our current nomenclature originates from
the work of Rexed (1952) who divided the entire grey matter of the spinal cord into ten
laminae of which the superficial dorsal horn took the first two: lamina I for the
Marginal Zone and lamina II for the Substantia Gelatinosa.

The light microscopic anatomy of the superficial dorsal horn was examined in great
detail in the second half of the nineteenth century. In 1859, J.L. Clarke (of Clarke's
column fame) published a thorough study of the grey matter of the spinal cord using, for
the first time, fixed specimens of cords (largely from cattle) rendered transparent with
the help of clearing agents. He described all the neuronal elements of the superficial
dorsal horn and illustrated his descriptions with drawings of outstanding artistic quality
(Fig. 1). Included in his illustrations are the fusiform cells of the Marginal Zone whose
dendritic trees extend in a medio-lateral orientation. These cells were rediscovered 30

years later by Waldeyer in a study of the spinal cord of the gorilla and have been known
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FIGURE 1: A drawing by Clarke (1859) of a transverse section through the dorsal horn of
a calf. Note the clear border between the superficial and deep dorsal horns and the
different cell types including marginal and substantia gelalinosa cells.

ever since as Waldeyer cells. Clarke also described and illustrated the boundary between
the superficial and deep dorsal horn as well as the small cells of the Substantia
Gelatinosa whose dendritic trees show a dorso-ventral orientation.

All these cellular elements were described in considerable detail, and in the light of
the neuron theory, by Ramon y Cajal (1890, see Fig. 2). Cajal's descriptions of fibres and
nerve cells and, to some extent, his nomenclature - Marginal Cells, Central Cells,
Limiting Cells - have survived almost untouched until this day (see Beal et al, this
volume). He also highlighted the close relationship between fine primary afferents and
superficial dorsal horn neurones, a concept that was further developed at the beginning
of this century by Ranson (1914) and Ranson and von Hess (1915). Using combined
anatomical and physiological techniques they demonstrated that the gelatinous
appearance of the superficial dorsal horn was due to the presence of large numbers of
unmyelinated fibres and axons; they proposed that this region of the cord was the relay
of fine afferent fibres concerned with the transmission of pain.

In the mid 1960's and as a result of the first single unit recordings of neuronal
activity in the dorsal horn, the small neurones of the Substantia Gelatinosa were given a
protagonist's role in the Gate Control theory of pain mechanisms (Melzack and Wall,
1965). This hypothesis, an elaboration of the older Pattern theory of pain, denied the
existence of specific nociceptors and of neurones specifically concerned with the
transmission of nociceptive signals and hypothesized that the small neurones of the
Substantia Gelatinosa controlled the flow of convergent inputs onto non-specific dorsal
horn neurones.

Experimental evidence was already available at the time of the Gate Theory on the
existence of specific cutaneous nociceptors, and more recent work has produced
evidence for the presence of specific nociceptor-driven cells in the superficial dorsal

2

256



FIGURE 2: A drawing by Ramon y Cajal (1890) of the different cells and fibres seen in a
transverse section of the dorsal horn of a newborn dog (Golgi stain). Note the illustration
of Marginal (O, Z), Limiting (A, F) and Central (S, T, H) ceils of the superficial dorsal
horn.

horn (Christensen and Perl, 1970). These observations and the numerous

electrophysiological studies on the properties of superficial and deep dorsal horn
neurones have fuelled a controversy on the roles in pain perception of the two main
types of nociceptive dorsal horn neurone: specific and convergent. The reader will be
able to appreciate the intensity of the arguments in some of the following chapters.

A very recent development in the history of the superficial dorsal horn has been the
discovery of numerous neuropeptides in the fibres and nerve cells of this region of the
cord. The functional significance of most of these compounds is far from clear, but this
is a very active area of research and several of the contributions to this symposium deal
with the presence, biochemistry and putative functions of many of these biologically
active peptides.

CURRENT OPINIONS

It is hard to summarise in a few paragraphs the considerable amount of information
about the superficial dorsal horn that has emerged from recent studies; much of this
information is, indeed, reviewed in detail in the following chapters. At the risk of gross
oversimplification, it is, nevertheless, possible to highlight a few main conclusions which
represent points of general agreement on the anatomical and functional organization of
the superficial dorsal horn.

1. The superficial dorsal horn (laminae I and II) is the main region of termination of
small myelinated and unmyelinated afferent fibres from skin, muscle and viscera.
However, lamina II does not receive a major projection of fine afferent fibres from
muscle and viscera whereas many of these fibres and some small myelinated afferents
from skin nociceptors project directly to the deep dorsal horn (mainly lamina V).
Because of the nociceptive nature of many of the fine afferent fibres that terminate in
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FIGURE 3: Nocireceptive neurones of the superficial dorsal horn. A: Neurones recorded
in cat's lumbar cord. Note the absence of background activity and the strong responses to
noxious stimuli applied to the cutaneous receptive field. The recording sites of 61 such
cells are also illustrated. Closed symbols indicate intracellular recordings. Circles:
neurones with only an AS input; Triangles: neurones with AS and C fibre inputs; Squares:
fibre input not established. Data from Cervero el al (1979). B: Neurone recorded in the
sacral spinal cord of the rat. The histogram shows the response of the cell to a 2 minute
noxious pinch of the tail of 8N intensity. Selected portions of the original record are also
shown. Data from Laird and Cervero (unpublished).

the superficial dorsal horn it is believed that this region of the spinal grey matter is
concerned with the relay and modulation of pain-related signals.

2. There are essentially two main categories of nociceptive dorsal horn neurone:
those with an exclusive input from skin nociceptors (Nocireceptive, Class 3 or
Nociceptor-specific) and those with convergent inputs from peripheral nociceptors and
sensitive mechanoreceptors (Multireceptive, Class 2 or Wide-dynamic-range). Both
categories of cell are represented in the superficial dorsal horn with a concentration of
Nocireceptive cells in the Marginal Zone or lamina I. Both categories of cell include
interneurones and projection neurones, the latter being able to transmit their specific or
convergent information to supraspinal centres via a number of ascending pathways.

3. The synaptic terminals of the fine primary afferents that project to the superficial
dorsal horn, and many of the neurones of this region, contain a variety of putative
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neurotransmitter compounds including several neuropeptides. These substances are
produced, released and taken up as a result of functional activity in the primary
afferents that terminate in the superficial dorsal horn. However, their specific functional
roles are not fully understood.

4. Most superficial and deep dorsal horn neurones are under some form of
descending control from supraspinal centres. This control can take the form of
excitation as well as inhibition of transmission through the spinal relay. It is assumed
that this descending control represents some form of central modulation of the sensory
message as it is first processed in the spinal cord.

5. The input properties of certain classes of superficial and deep dorsal horn
neurones can be altered by repetitive noxious stimulation of the periphery or by injury
or lesion of peripheral nerves and of central pathways. Thus, the responses of some
dorsal horn neurones and the sensory consequences of their activation can vary

depending on the past experience of the subject and on the presence of a lesion in the
sensory pathway.

THE SUPERFICIAL DORSAL HORN AND PAIN

As it has been pointed out in previous paragraphs, the superficial dorsal horn is
regarded as an important area of relay and modulation of nociceptive signals. The
existence of two classes of nociceptive neurone in the dorsal horn - Nocireceptive and
Multireceptive - and the concentration of Nocireceptive cells in the most dorsal layer of
the superficial dorsal horn have produced substantial differences of opinion as to the
roles of the two classes of cells in nociception and pain.

Nocireceptive cells were first described by Christensen and Perl (1970) and have
been the object of numerous further investigations (for reviews see Cervero and Iggo,
1980 and, in this volume, Hylden et al, Kniffki, McMahon and Wall, Dubner et al). They
constitute a well defined population of neurons located mainly in lamina I, having small
cutaneous receptive fields, little or no spontaneous activity, an input from As and C
afferent fibres and being exclusively activated by noxious stimulation of the skin (see
examples in Fig. 3). Nocireceptive cells include some with axons projecting to
supraspinal regions. In addition some of them can also be driven by non-cutaneous
inputs such as those originating in muscle or viscera (Cervero 1983, Craig and Rniffki,
1985).

Nocireceptive cells are concentrated in lamina I which also contains Multireceptive
neurones. Cervero and Tattersall (1987) have recently shown that when consideration
is given to additional inputs from viscera some important properties of lamina I
neurones appear. Thus, most lamina I neurones with an exclusive somatic input were
found to be Nocireceptive whereas lamina I neurones responding to both somatic and
visceral inputs included many Multireceptive cells. In another study Cervero and Lumb
(1988) have also shown that lamina I neurones with a restricted ipsilateral visceral input
are all Nocireceptive whereas those with bilateral visceral inputs are largely
Multireceptive cells. These results suggest that the more restricted the input to lamina I
cells - somatic only rather than viscero-somatic, ipsilateral visceral rather than bilateral
visceral - the higher the chances of the cell being Nocireceptive. On the other hand the
greater the convergence of inputs from different peripheral sources the higher the
chances of the cell being Multireceptive. These observations show further differences
between Nocireceptive and Multireceptive cells in the superficial dorsal horn and
highlight the Nocireceptive system of neurones as a distinct group of cells with restricted
inputs and little afferent convergence.

5

259



There is, of course, the possibility that Nocireceptive cells normally have low
threshold inputs that are weakened or inhibited by the other inputs to the cell or by the
anaesthetics given to the experimental animal. This is the thinking behind
interpretations of dorsal horn function contrary to any idea of a modality labelled line of
sensory transmission in the dorsal horn (see for instance McMahon and Wall, this
volume). However, there is enough experimental evidence to support the view that
Nocireceptive cells constitute a - separate category of dorsal horn neurons whose
peripheral inputs are dominated in the normal animal by inputs from nociceptors.
Nocireceptive cells have been recorded in the superficial dorsal horn of several species
of higher mammals and at all spinal cord levels. They have been described in animals
under a variety of anaesthetic regimes as well as in decerebrate and spinal animals.
They show a number of fundamental differences from Multireceptive cells in receptive
field size, level of spontaneous activity and fibre input threshold and latency.

In a recent examination of the responses of dorsal horn neurones to prolonged
noxious mechanical stimuli (Cervero et al, 1988) it was found that Nocireceptive cells
were better suited to encode these stimuli than were Multireceptive cells. This
conclusion was reached by analysing the phasic and tonic components of the responses
of dorsal horn neurones of both kinds to a noxious pinch stimulus applied to the
receptive fields of the cells for 2 minutes (see Fig. 3B). Little evidence of encoding was
found in the phasic component of the responses; however, the stimulus response curves
for the tonic components showed that the slopes of Nocireceptive cells were

considerably steeper than those of Multireceptive neurones (Cervero et al, 1988).
Moreover, the cutaneous receptive fields of Nocireceptive cells are more stable than
those of Multireceptive neurons and are less likely to be influenced by a previous
noxious stimulus (Laird and Cervero, this volume). Although we have observed small
increases in the receptive fields of Nocireceptive cells after a noxious pinch, these could
easily be explained by changes in the responses of the peripheral receptor rather than by
central alterations of responsiveness. These observations have led us to the suggestion
that Nocireceptive cells are a more hard-wired system of sensory neurones than are

Multireceptive cells.
The existence of two nociceptor-driven systems of cells in the dorsal horn - a

convergent and plastic system of Multireceptive cells and a specific and relatively hard¬
wired system of Nocireceptive cells - does not necessarily give immediate clues as to the
role of these two systems in pain and nociception. Hylden et al and Dubner et al (this
volume) argue that Multireceptive cells are concerned with the sensory-discriminative
aspects of pain whereas Nocireceptive neurones are part of the pathway that deals with
the autonomic and emotional reactions evoked by injury. Because of their ability to
relay nociceptive signals in a consistent and stable way, it could also be argued that
Nocireceptive neurones carry the sensory signal and Multireceptive neurones play a part
in its modulation and discrimination. These questions cannot be definitively answered
on the basis of current experimental evidence. To a large extent the opinions on this
matter are heavily tinted with individual views about the neurophysiological
mechanisms of pain. However, the existence of the two separate populations of
nociceptive dorsal horn neurone must be taken into account by all pain models.

Recent reports have shown that the input properties and receptive fields of
Nocireceptive cells of the superficial dorsal horn can change after damage to peripheral
nerves or after cutaneous inflammation (see Hylden et al and Dubner et al, this
volume). These are interesting results, for they clearly show a reactive capacity of the
Nocireceptive system to nerve damage or to persistent noxious stimuli applied to its
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peripheral receptive field. Such properties can also help to explain the mechanisms of
the abnormal sensations that sometimes follow either damage to nerve pathways or
persistent noxious states. However, these abnormal sensations are not part of the
normal set of responses of the Nocireceptive system to acute injury, nor of the reactions
of its cells to brief noxious events.

It is extremely important to separate what is part of the physiological repertoire of
responses of dorsal horn cells from what is the consequence of continuing damage to
the periphery or of lesion of the nerve pathways that mediate nociceptive transmission.
The responses of a cell to a brief noxious stimulus express the capacity of the
nociceptive system to signal the onset of a pain-evoking event. Changes induced by
noxious states are due to a continuous noxious input or to a lesion somewhere along the
nerve pathway. It is indeed possible that a hard-wired system involved in the signalling
of noxious events could become hyperexcitable as a reaction to a noxious state and thus
lead to pathological sensations including persistent, abnormal or intractable pains.

NON-CUTANEOUS INPUTS TO THE SUBSTANTIA GELATINOSA

Over the last few years a number of anatomical studies using transport of
horseradish peroxidase (HRP) along a variety of visceral and muscle nerves have shown
that afferent fibres from non-cutaneous structures do not terminate in significant
numbers in lamina II (the Substantia Gelatinosa) of the dorsal horn, for reviews see
deGroat (1986) and Mense (1986). The more recent results of Sugiura (this volume),
based on injections of individual visceral afferents with tracer substances show that
lamina II receives not more than 10% of the total number of terminals generated by
visceral afferent fibres in the dorsal horn. In addition, electrophysiological recordings in
the dorsal horn have failed to detect significant numbers of neurones in lamina II driven
by visceral afferents (Cervero and Tattersall, 1987).

Since the majority of muscle and visceral afferent fibres are small myelinated or
unmyelinated, these findings have called into question traditional interpretations of the
Substantia Gelatinosa as the region of termination of all unmyelinated afferent fibres.
Moreover, these results have also raised the question of whether or not lamina II
neurons are only concerned with the processing of sensory information from the skin.

It is now very clear that unmyelinated afferent fibres from deep and visceral organs
terminate outside lamina II, particularly in laminae I and V (see Sharkey et al, this
volume). It is also well established that lamina II receives little input from non-
cutaneous structures and that the balance of its inputs is definitely tilted towards a
substantial cutaneous projection of fine afferent fibres. These observations suggest that
the Substantia Gelatinosa is mainly (or exclusively) concerned with the processing of
sensory information from the skin. Also, they indicate that the spinal processing of
nociceptive inputs from muscle and viscera differs substantially from the processing of
nociceptive signals of cutaneous origin.

FUTURE TRENDS

Much progress has been made in the understanding of the functions of the
superficial dorsal horn but much more remains to be done. A good deal of the scientific
interest in this region of the spinal cord stems from its relation to pain processing and it
is obvious that a detailed knowledge of dorsal horn function will provide new leads for
the treatment of certain pain conditions. However, we should not lose sight of the fact
that other sensory modalities are also well represented in the superficial dorsal horn

7
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and that a nociceptive input to the spinal cord could be involved in functions other than
the appreciation of pain.

Many of the recent results from superficial dorsal horn studies point to the
inadequacies of our current techniques. For instance, the observation that brief periods
of noxious stimulation can alter the responses of some spinal neurones argues against
the use of extensive surgery in acute preparations. Moreover, acute electrophysiological
experiments require the use of anaesthetics or decerebration, procedures that are
known to alter the responsiveness of spinal neurones to their peripheral inputs.

Some of these problems can be bypassed by the use of awake animal models (e.g.
Collins, this volume). This is a relatively new field in dorsal horn studies and more of
this kind of work is therefore expected in the future. An alternative approach is to
conduct minimally invasive experiments in humans where the subjects can report their
sensory experiences in parallel with the recording of neural activity. Microneurography
of peripheral nerves has already helped to settle many questions about the specificity of
cutaneous receptors and the elementary sensations evoked by the stimulation of single
afferent fibres. Studies of the response properties of thalamic neurones to peripheral
stimuli in patients undergoing neurosurgery have also been reported (Lenz et al, 1987).
More of these kinds of studies could perhaps help us to understand better the spinal
processing of afferent information.

An interesting development that has taken place over the last few years has been the
introduction of many new neurochemical techniques for the labelling and identification
of neuronal elements and of their chemical contents. Some of the more recent

developments permit the identification of neurones and pathways activated by specific
stimuli and of the sites of release of biologically active neuropeptides. In combination
with traditional physiological techniques, or applied to some of the recent models of
neuropathic pain, they may prove a valuable new tool for the analysis of the spinal
afferent relay.

Most of the new techniques currently used in studies of the superficial dorsal horn
are represented in the following chapters and are described in some detail by the
scientists that have developed them. It is hoped that the review of the advances made in
this field over the last decade, and the description of the new directions of study, will
help and stimulate further research in this important area.
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SUMMARY AND CONCLUSIONS

1. Single-unit electrical activity has been recorded from 42
dorsal horn neurons in the sacral segments of the rat's spinal cord.
The sample consisted of20 multireceptive (class 2) cells with both
A- and C-fiber inputs and 22 nocireceptive (class 3) cells. All
neurons had cutaneous receptive fields (RFs) on the tail.

2. The RF sizes of the cells and their response thresholds to
mechanical stimulation of the skin were determined before and
after each of a series of 2-min noxious mechanical stimuli. Up to
five such stimuli were delivered at intervals ranging from 10 to 60
min. In most cases, only one cell per animal was tested.

3. The majority of neurons were tested in barbiturate-anesthe¬
tized animals. However, to test whether or not this anesthetic
influenced the results obtained, experiments were also performed
in halothane-anesthetized and decerebrate-spinal preparations.
The results from these experiments are considered separately.

4. All of the neurons responded vigorously to the first noxious
pinch stimulus and all but one to the rest of the stimuli in the
series. The responses ofthe neurons varied from stimulus to stim¬
ulus, but there were no detectable trends in the two groups of
cells.

5. The RFs of the class 2 cells showed large increases (624.3 ±
175.8 mm2, mean ± SE) after the application of the pinch stimuli.
The RFs of the class 3 neurons, which were initially smaller than
those of the class 2 cells, either did not increase in size or showed
very small increases after the pinch stimuli (38.3 ± 11.95 mm2,
mean ± SE).

6. Some cells in both groups (6/10 class 2 cells and 7/16 class 3
cells) showed a decrease in mechanical threshold as a result of the
noxious mechanical stimulus, but none ofthe class 3 cells' thresh¬
olds dropped below 20 mN into the low-threshold range.

7. The results obtained in the halothane-anesthetized and de¬
cerebrate-spinal animals were very similar to those seen in the
barbiturate-anesthetized experiments, with the exception that in
the decerebrate-spinal animals, the RFs of the class 2 cells were
initially larger and showed only small increases.

8. We conclude that 1) the class 2 cells show large increases in
their RF size after a noxious mechanical stimulus and that these
changes must involve a central mechanism, probably with both
supraspinal and spinal components; 2) the class 3 cells are more
resistant to change and that the small increases in RF that some of
them show after the pinch stimuli may be explained by primary
afferent sensitization; and 3) the lack ofchange we observe in class
3 neurons is not due to anesthesia, because similar results were
obtained in unanesthetized, decerebrate-spinal preparations.

INTRODUCTION

A noxious stimulus applied to the skin evokes responses
in a number of primary afferent fibers, which in turn will

854

activate several classes of central neurons, resulting in the
perception of a painful sensation. If the noxious stimulus is
repeated at frequent intervals, the sensations it evokes can
change in magnitude, particularly if the stimulus is intense.
These changes in sensation may result from peripheral
changes because the physical properties of the skin and the
mechanical thresholds and receptive field (RF) sizes of cu¬
taneous nociceptors are altered by damage. However, in
addition to these peripheral changes, noxious stimuli are
known to produce changes in the response characteristics
of central neurons.

A variety of dorsal horn cell properties have been re¬
ported to change as a result of noxious stimuli of different
kinds being applied to their RFs. These alterations appear
to reflect changes in the excitability of the neurons and may
provide a substrate for the variability of the sensory experi¬
ences. An increase in spontaneous activity and a greater
responsiveness to innocuous mechanical stimuli and to
further noxious stimuli are observed after a noxious heat
stimulus (Kenshalo et al. 1979, 1982) and to some extent
after electrical stimulation at C-fiber intensity of a muscle
nerve (Cook et al. 1987). The excitatory RF size of some
dorsal horn neurons increases after C-fiber intensity elec¬
trical stimulation of a nerve (Cervero et al. 1984; Cook et
al. 1987), and the RFs of lamina I neurons have been re¬
ported to enlarge to incorporate a nearby burn injury
(McMahon and Wall 1983). The mechanical threshold of
neurons decreases as a result of the burn injury (McMahon
and Wall 1983) and also after the injection of capsaicin
into the skin (Simone et al. 1988) and after C-fiber inten¬
sity electrical stimulation of a muscle nerve (Cook et al.
1987).

We have previously shown (Cervero et al. 1988) that the
ability of both multireceptive (class 2) and nocireceptive
(class 3) dorsal horn neurons to encode the relative intensi¬
ties of a series of graded noxious mechanical stimuli is
altered if a series of noxious pinches has previously been
applied to their RF. The noxious pinch stimuli appear,
therefore, to produce a relatively long-lasting change in one
dorsal horn cell property, namely, the encoding ability of
the cell.

In the present study, we have looked at the effect of a
series of noxious pinch stimuli on the RF properties (excit¬
atory RF size and mechanical threshold) of the two types of
dorsal horn neurons known to encode the intensity of the
noxious pinch stimuli, 1) multireceptive neurons with both
an A- and a C-fiber input, and 2) nocireceptive neurons.

0022-3077/89 $1.50 Copyright © 1989 The American Physiological Society
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The majority of neurons in this sample were tested in bar¬
biturate-anaesthetized rats with an intact CNS. However,
experiments were also performed using halothane-anesthe-
tized and decerebrate-spinal preparations to test whether or
not the results obtained were due to barbiturate anesthesia.

Some of the results presented in this paper have been
published previously in short form (Laird and Cervero,
1989).

METHODS

Results are described from experiments on 35 adult male Wis-
tar rats, with body weights between 250 and 430 g. Three different
preparations were used. 1) pentobarbital-anesthetized rats (n =

22) (60 mg/kg ip induction, 10 mg • kg"' • hr~' iv maintenance), 2)
halothane-anesthetized rats (n = 3) (4% in 100% 02 induction, 2%
during surgery, and 1% during recording), and 3) 10 experiments
in which the animals were decerebrated at supracollicular level by
suction under halothane anesthesia (2% in 100% 02), which was
discontinued thereafter. Decerebrate rats were subsequently spi-
nalized at T9-T!0 level. In the anesthetized animals, the level of
narcosis was adjusted such that no precipitate cardiovascular re¬
actions were evoked by noxious stimuli.

Surgical procedures

In all animals, the trachea, the right femoral artery, and the
right femoral vein were cannulated to allow artificial ventilation,
the recording of systemic arterial blood pressure, and the intrave¬
nous injection of drugs and solutions, respectively. The experi¬
ments were terminated if the mean blood pressure fell below 75
mmHg Body temperature was recorded with a rectal probe and
maintained at 37°C by an electric blanket with feedback control.
In three animals, one of the two ventral coccygeal nerves was
prepared for electrical stimulation. The nerve was dissected free of
surrounding tissue for a length of 1-2 cm at the base of the tail,
and two small platinum wire electrodes were wrapped around the
nerve and fixed in position with dental impression material
(Xantopren; Bayer).

A laminectomy (L,-L3) was performed to expose the sacral
spinal cord segments. The animal was mounted in a rigid frame
and a pool made with skin flaps around the laminectomy. Stabil¬
ity was improved by filling the pool with 4% agar, which was
covered with warm paraffin oil to prevent drying. The animal was
paralyzed with pancuronium bromide (1.5 mg/kg induction; 0.5
mg- kg-1 • hr-1 maintenance) and artificially ventilated. End-tidal
C02 was continuously monitored and kept at ~3%.

Recording techniques

Single-unit electrical activity was recorded from dorsal horn
neurons on both sides of segments S| and S2. Recordings were
made through glass micropipettes filled with 4 M NaCl (imped¬
ance measured at 1 kHz was 10-25 MQ) and displayed on an
oscilloscope, stored on magnetic tape, and analyzed on-line and
off-line by using a microcomputer (Cervero 1985). The search
stimulus for dorsal horn neurons was electrical stimulation of the
coccygeal nerves (0.2 ms, 1 Hz) at an intensity supramaximal for
A-fibers but subthreshold for C-fibers. Stimuli were delivered ei¬
ther by means of fine stainless steel needle electrodes inserted
through the skin at the base of the tail or directly via platinum
wire electrodes in contact with one coccygeal nerve. To test the
effectiveness of these stimuli in activating A- and C-fibers, three
control experiments were carried out in which compound action

potentials were recorded from the coccygeal nerves in response to
the types of electrical stimulation described above. These control
experiments validated the stimulus parameters used in the present
investigation. However, we did not regularly record compound
action potentials in the experiments in which dorsal horn neurons
were studied, to avoid surgical trauma in areas close to the RFs of
the neurons.

Input properties of the neurons

Natural stimulation of the cutaneous RFs of the neurons in¬
cluded innocuous stimuli, such as brushing and stroking, as well
as noxious stimuli, such as pinching, squeezing, and pinprick.
The presence of a C-fiber input to the cell was also tested by
electrical stimulation of the coccygeal nerves (1 ms, 0.33 Hz) at an
intensity at least ten times that found to be threshold for the
A-fiber response. No more than five C-fiber intensity stimuli, at
frequencies of ^0.2 Hz, were delivered to the nerve. This protocol
was designed to minimize changes in RF size induced by electrical
stimulation of afferent C-fibers (Cervero et al. 1984, Cook et al.
1987).

Neurons selected for further testing were those found to be
either multireceptive cells with both an A- and a C-fiber input or
nocireceptive neurons. Multireceptive neurons responded to both
noxious and innocuous cutaneous stimuli, and nocireceptive
neurons responded only to noxious cutaneous stimulation. In
general, only one cell was tested in each experiment. The RF of
each cell was carefully mapped using a stiff von Frey hair (181
mN) or a pin. The RF was considered to be the area of skin from
which the cell could be activated by these stimuli. In the case of
multireceptive cells, this area included and completely encom¬
passed a smaller region from which responses were also evoked by
low-intensity stimuli (e.g., brush, touch). The extent of each RF
and any observed changes were drawn on the skin of the tail with
waterproof colored pens, transferred at the end of the experiment
to tracing paper, and measured with a digitizing tablet and mi¬
crocomputer. The mechanical threshold of the cells was deter¬
mined using a set of von Frey hairs made of nylon monofilaments
and calibrated in millinewtons (mN). The whole area of the RF of
the cell was tested with von Frey hairs, and the lowest value
encountered was taken to be the mechanical threshold of the cell.

A series of up to five noxious mechanical stimuli were delivered
to the RFs of the neurons over a period of ^3 h. Each stimulus
lasted for 2 min, at an intensity of 8 N, and was applied to the
center of the receptive field of the cell to be tested by a perspex

stylus with smoothed edges (contact area = 2.5 mm2). These me¬
chanical stimuli were delivered by a feedback-controlled device
previously described (see Handwerker et al. 1987) consisting ofan
electric motor that generated the pinching force and a force trans¬
ducer that provided the feedback signal.

The RF properties of the cells were reexamined immediately
after each 2-min stimulus and subsequently at 5-10 min intervals
until the application of the next stimulus.

Histological methods

At the end of the experiment, the recording microelectrode was
removed and replaced with one containing Pontamine Sky Blue.
Several marks were made (by iontophorectic deposition of ponta¬
mine) in the track in which the unit was recorded at 600-jxm
intervals to provide a scale that would be subjected to the same
amount of shrinkage as the rest of the tissue (for details see Cer¬
vero and Tattersall 1987; Molony 1978). The cord was removed
and frozen. The recording sites of the neurons were calculated
from these marks recovered in 60-jzm transverse sections coun-
terstained with gallocyanin. On those occasions when marks were
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not recovered, estimates of locations were made from depth mea¬
surements.

results

Sample ofneurons

Extracellular recordings were made from dorsal horn
neurons in the sacral spinal cord. Recordings judged to
originate from axons rather than from cell bodies (charac¬
terized by monophasic spikes with very steep rising phases)
were excluded, as were units with only proprioceptive
inputs, that is, responding to innocuous movements of the
tail but not cutaneous noxious stimulation.

The results reported in this paper are based on a sample
of42 dorsal horn neurons. Of these, 20 were driven by both
innocuous and noxious stimuli (multireceptive or class 2),
and 22 had only nociceptive inputs (nocireceptive or class
3). All cells were tested before, during, and after a series of
noxious pinch stimuli. The RF properties of all these cells
remained stable before the application of these condition¬
ing stimuli.

All of the class 2 neurons had both an A- and a C-fiber
afferent input. Five of the class 3 neurons had only an
A-fiber input (class 3a subgroup); the remaining 17 had
both A- and C-fiber inputs (class 3b subgroup) (Cervero et
al. 1976).

The majority of the cells (10 class 2 and 16 class 3
neurons) were tested in barbiturate-anesthetized animals.
To examine the responses of neurons under a different
anesthetic or in the absence of anesthetic, 3 cells of each
class were tested in halothane-anesthetized rats, and a fur¬
ther 10 neurons (7 class 2 and 3 class 3) were tested in
decerebrate-spinal preparations. The results obtained from
these other neurons will be considered separately.

Locations ofneurons

The estimated locations of the recording sites of the
neurons in the sample are shown in Fig. 1. Class 2 and class
3 cells were distributed across the whole mediolateral ex¬

tent of the gray matter. However, there were differences in
the dorsoventral distribution of the two cell types. The
majority of the class 2 neurons were recorded in the deep
dorsal horn, although one was recorded in lamina I. Only
one class 3 cell was located in the deep dorsal horn; the rest
were recorded in laminae I and 11. Neurons of the same

class were recorded in similar locations in all three prepara¬
tions (barbiturate-anesthetized, halothane-anesthetized,
and decerebrate-spinal).

Barbiturate-anesthetized preparations

class 2 neurons. Neuronal properties before noxious
mechanical stimulation. The mean initial size of the RFs in
the sample of class 2 cells was 896.7 ± 174.5 (SE) mm2.
Before a noxious pinch was applied, all of the neurons had
RFs restricted to the skin of the tail that did not extend
onto the skin of the rump, scrotum, or hindquarters. RFs
were found distributed along the whole length of the tail,
and their position did not seem to be related to either input
properties or location of the neuron in the dorsal horn. All
of the class 2 neurons had mechanical thresholds below 22
mN when first measured. Six of the 10 cells had some

degree of resting activity, and, in 2 cells, the spontaneous
firing rate was > 1 Hz.

RF changes after noxious mechanical stimulation. All of
the neurons, including the one class 2 cell recorded in the
superficial dorsal horn, showed large increases in their RF
area immediately after the application of the first pinch in
the test series, and one-half of them increased to even larger
sizes after subsequent pinch stimuli. The maximal in¬
creases seen in six class 2 cells are shown in Fig. 2. In two of
the class 2 neurons, the RF increases included an area of
the rump. The mean size of the peak increase for the entire
population was 624.3 ± 175.8 (SE) mm2 (Fig. 3). Some
degree of recovery was seen in four neurons, ranging from
36 to 70% of the initial increase, but it was not observed
until at least 15 min had elapsed after the end of the nox¬
ious pinch. A complete return to the originally mapped RF
boundaries was not seen in any of these neurons, although

Class 2 Class 3

FIG. 1. Locations of the recording sites of the
neurons tested, pooled on standard transverse
sections of rat sacral spinal cord. Lamination ac¬

cording to S, segment in Molander et al. (1984).
Circles indicate the locations of neurons recorded
in barbiturate-anesthetized animals, squares the
locations of neurons recorded in halothane-anes¬
thetized animals, and diamonds the locations of
neurons recorded in decerebrate-spinal animals.
Closed symbols indicate locations reconstructed
from dye-marks. Open symbols indicate loca¬
tions calculated from depth readings and dye-
marks on the surface of the cord.

i barbiturate anaesthesia ■ halothane anaesthesia ♦decerebrate i.
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Ab

y///a Initial Area

Ab
Peak Area

FIG. 2. Standardized diagrams of rat
tails showing the RF areas of 12 class 2
neurons. Ab indicates neurons tested in
barbiturate-anesthetized animals, Ah cells
tested in halothane-anesthetized animals,
and Ds neurons tested in decerebrate-spi-
nal animals. Hatched areas indicate the
initially measured RF sizes and the solid
area the maximum observed size of the
RFs. Closed circles show the sites of the
noxious pinches and are drawn to scale of
the actual stimulus probe.

Site of Pinch 5 cm

observations were made for £55 min after each pinch. Fig¬
ure 4 shows the time course of the RF size changes for one
of these ceils in detail. The remaining five cells showed no
signs of recovery during the 20-55 min that they were
monitored after each noxious pinch.

Mechanical thresholds after noxious mechanical stimu¬
lation. No change was seen in mechanical threshold as a
result of the pinch in four neurons (Fig. 5). The thresholds
of the remaining cells dropped after the first stimulus, and,
with the exception of one cell, showed some recovery. No
recovery was seen after the second or subsequent pinches in
the series.

Response to the noxious mechanical stimulation. All of
the class 2 neurons responded for the whole duration of all
of the 8-N noxious pinches. As we have previously de¬
scribed (Cervero et al. 1988), this response consisted of an
initial phasic burst lasting 10-20 s, followed by steady,
tonic firing for the rest of the stimulus period. The back¬
ground firing rate and various components of the response
were analyzed to obtain some indication of possible
changes in the excitability of the cells. The background
firing rate in the majority of neurons was raised immedi¬

Class 2 (N=10) Class 3 (N=16)

Initial arva Peak ar»a Initial araa P«ak ar*a

fig. 3. Histograms showing the mean RF areas of class 2 and class 3
cells seen initially and at the peak of the increases observed after pinch
stimuli in barbiturate-anesthetized animals. Error bars are the standard
errors of the mean.

ately after the end of each pinch stimulus, but only two
cells had sustained increases in their level of spontaneous
activity after the test series of pinches. None of the compo¬
nents of the response to the pinch stimulus that were ana¬

lyzed (tonic firing rate, firing rate during the first 20 s,
number of spikes to peak) revealed any overall trends. A
few cells exhibited increases in activity, but the majority
responded less well after several pinches.
class 3 neurons. Neuronal properties before noxious
mechanical stimulation. The class 3 neurons in the sample
had RFs distributed along the entire length of the tail, and
all were restricted to the skin of the tail. The RFs were, in
general, smaller in size than those of the class 2 neurons

(331.6 ± 49.6 mm2, mean ± SE), although the two popula¬
tions overlapped to some extent. The mechanical thresh¬
olds of the class 3 neurons ranged between 40 and 180 mN
before the application of the first pinch, but only 4 of the 16
cells had thresholds below 80 mN. As shown in Fig. 5, one
class 3 cell had an initial threshold of 20 mN, which in¬
creased to 40 mN after the second pinch was applied to the

CN 900
E

600

300

•• Class 3

-15 0 15 30 45 60 75 90

Time (mins)
FIG. 4. Change in size of the RFs of 1 class 2 neuron and 1 class 3

neuron over time during a series of noxious pinches. Applications of 3
pinch stimuli (Pi. P2. and P3) are indicated by closed inverted triangles.
Measurements of the RF area between pinches are indicated by small
circles.
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Class 3
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fig. 5. Mechanical thresholds of the class 2 and class 3
neurons tested in barbiturate-anesthetized animals. Graph
shows the thresholds (measured with von Frey hairs) initially
and immediately after each pinch stimulus in the series.

before 1 st 2nd 3rd 4th 5th before 1 st 2nd 3rd 4th 5th

Pinch Stimulus

RF. This cell was one of three tested as the second cell in an

experiment (i.e.. after an earlier series of pinch stimuli had
been applied to the tail). Seven cells in the sample were
silent in the absence of stimulation. Nine showed some

degree of spontaneous activity, but only 4/16 had resting
firing rates > 0.5 imp/s.

RF changes after noxious mechanical stimulation. Five
neurons showed no detectable changes in RF size through¬
out the test series, including the one class 3 cell in the
sample that was recorded in the deep dorsal horn. The
remaining nine cells showed relatively restricted increases
after the first pinch. The time course of the changes of one
of these cells is shown in Fig. 4. Some degree of recovery
was observed in all cells, and the RFs of six neurons re¬
turned to their original size within 10 min. A second pinch
produced similar or larger increases in five of these cells.
Two pinches were required to produce observable changes
in the remaining two class 3 neurons, which returned to
their original size within 15 min. Only two cells in the
sample showed further increases after the third or subse¬
quent pinches. The mean maximum observed increase for

the population was 38.3 ± 11.95 (SE) mm2 (Fig. 3). All of
the increases seen in the class 3 neuron RFs were in the
immediate vicinity of the pinch stimulus, that is, within 2
cm of the point of application of the stimulus (Fig. 6), and
all were restricted to the skin of the tail.

Mechanical thresholds after noxious mechanical stimu¬
lation. More than one pinch was required to produce any
change in mechanical threshold in one-halfof the cells. The
thresholds of seven neurons dropped during the course of
the stimulus series, and the thresholds of the remainder
were constant or varied without a trend (Fig. 5). A return to
the original mechanical threshold was observed in all but
two cells after the first and second pinches, but recovery
was not seen after subsequent pinches. No threshold below
20 mN was ever observed.

Response to the noxious mechanical stimulation. All of
the class 3 neurons responded for the whole duration of the
first pinch. The form of the response was similar to that of
the class 2 cells and as previously reported (Cervero et al.
1988) (an initial phasic burst, followed by tonic firing; see
Fig. 7). Likewise, none of the components analyzed re-
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fig. 6. Standardized diagrams of rat
tails showing the RF areas of 12 class 3
neurons. As in Fig. 2, Ab indicates neurons
tested in barbiturate-anesthetized animals,
Ah cells tested in halothane-anesthetized
animals, and D, neurons tested in decere-
brate-spinal animals. Hatched areas indi¬
cate the initially measured RF sizes and
the solid area the maximum observed size
of the RFs. Closed circles show the site of
application of the noxious pinch.
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40n

150
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FIG. 7. Representative example of the response of a
dorsal horn neuron recorded under barbiturate anesthe¬
sia to a 2-min pinch (8 N). Data from a class 3 cell. Top:
histogram showing the firing rate of the cell over the
whole duration of the 2-min stimulus. Shown below the
histogram is the output signal of the feedback-controlled
stimulating device. Bottom: selected portions of the orig¬
inal record, showing the response of the cell to the onset
of the stimulus, during the tonic phase of the response,
and at the end of the stimulus period as the force de¬
creases.

2s.

vealed any overall trend, although most cells showed some
changes. Four of the 16 cells showed a decrease in their
tonic firing rate after several pinches. One of these four
cells produced only an initial phasic burst in response to
the third, fourth, and fifth pinches, suggesting a decrease in
excitability. The majority of neurons had increased levels
of background activity immediately after a pinch stimulus,
but only 4 of the 16 showed a sustained increase in their
levels of spontaneous firing after the test series.

Halothane-aneschetizedpreparations

Three experiments were carried out under halothane an¬
esthesia. In each one, a class 3 neuron was tested, followed
by a class 2 cell. An interval of between 50 and 145 min
elapsed between the application of the last test pinch stimu¬
lus to the RF of the class 3 neuron and the initial mapping
of the class 2 cell RF. The results were very similar to those
obtained in barbiturate-anesthetized preparations.
class 2 neurons. All three class 2 cells were tested after
several noxious pinch stimuli had already been applied to
the tail of the animal. The neuronal properties observed
initially were nevertheless similar to those seen in the barbi¬
turate-anesthetized rats. The mean RF size was 897.7 ±
256.7 (SE) mm2. All three cells had mechanical thresholds
of <22.6 mN and showed no background activity in the
absence of stimulation.

The three class 2 neurons responded vigorously to the
conditioning stimulus. The RFs of all three increased after
the first and second noxious pinches, at points on the RF
boundary distant from the site of the pinch (between 54
and 95 mm away) (Fig. 2). The RF of one of the three cells
recovered to the size initially measured within 35 min of
the second pinch. The RFs of the other two cells showed
some recovery during the 15-20 min for which they were
observed after the pinch stimulus but did not return to

their original size. The mechanical thresholds changed as a
result of the pinch stimuli, but no obvious trend was detect¬
able. There was no increase in the general level of back¬
ground activity or in responsiveness to the pinch stimuli.
class 3 neurons. The RF properties of the class 3
neurons were also very similar to those described in barbi¬
turate-anesthetized preparations. The mean RF size was
213 ± 58.7 (SE) mm2 (Fig. 8), and the mechanical thresh¬
olds measured ranged from 128 to 22.6 mN. None of the
cells showed any spontaneous activity, and all of them re¬
sponded for the whole duration of the 2-min noxious pinch
stimulus. All three showed very small increases in their RF
area after the noxious pinch, and these increases were close
to the site ofapplication of the pinch (see Fig. 6). The mean
increase was only 22 ± 4.0 (SE) mm2 (Fig. 8). No detectable

I I initial
■■ peak

barbiturate halothane decerebrate
(n=16) (n=3) Spinal (n=3)

FIG. 8. Histograms showing the mean RF areas of class 3 cells seen
initially and at the peak of the increases observed after pinch stimuli. The
RF changes seen in the 3 different preparations (barbiturate-anesthetized,
halothane-anesthetized, and decerebrate-spinalized) are compared. Error
bars are the standard errors of the mean.
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trend was observed in the variations of the mechanical
thresholds of the class 3 neurons, none of which dropped
below 22.6 mN. There were no changes in background
activity or in the responsiveness of the cells after the pinch
stimuli.

Decerebrate-spinalized animals

Ten cells were tested in decerebrate-spinal animals, one
cell per experiment. Seven of these cells were class 2
neurons and three were class 3.

class 2 neurons. The properties of the class 2 neurons
recorded in the decerebrate-spinal preparations were, in
general, similar to those seen in the anesthetized intact
animals. However, the RFs of the cells were larger when
initially mapped, the mean size being 1241 ± 241.1 (SE)
mm2. All of the neurons had mechanical thresholds <

22.6 mN.
The application of one or two pinch stimuli to the center

of the RF on the tail elicited an increase in RF size in all of
these class 2 neurons (160.9 ± 36.0 mm2, mean ± SE), but
the size of the increase was smaller than that observed in
intact barbiturate-anesthetized animals (Fig. 2). Four of the
seven cells showed no change in mechanical threshold as a
result of the pinch stimuli. The remaining three showed a
decrease in threshold. No marked increase in background
activity or in responsiveness to the pinch stimulus was ob¬
served.

class 3 neurons. The initial properties of the class 3
neurons tested in decerebrate-spinal preparations were
very similar to those of the class 3 neurons tested in the
anesthetized preparations. The mean initial RF size of the
three neurons was 276 ± 122.8 (SE) mm2; all had mechan¬
ical thresholds > 90.5 mN and background activities of ~ 1
imp/s.

The three neurons responded vigorously to the condi¬
tioning stimulus. All showed small increases in RF, close to
the site of the pinch (Fig. 6). The mean increase was 18.3 ±
2.8 (SE) mm2 (Fig. 8). The mechanical thresholds of the
neurons dropped slightly as a result of the pinch stimulus,
but none fell below 64 mN. There was no change in the
responsiveness of the class 3 neurons to the conditioning
stimulus or in their background activity.

discussion

The results of this study show that the application of a
noxious mechanical pinch to the cutaneous RF of class 2
dorsal horn neurons produces large increases in the RF
sizes of these neurons. In contrast, class 3 cells show very
small or no changes in RF size as a result of the pinch
stimuli under the same experimental conditions. The nox¬
ious stimulus had only minor effects on the mechanical
thresholds of the neurons or on their subsequent responses
to the pinch stimuli. The lack of observed RF increases in
the class 3 neurons did not appear to be related to the
barbiturate anesthesia used in the majority of the experi¬
ments, because the same results were obtained in both
halothane-anesthetized rats and decerebrate-spinalized
preparations.

There are several methodological problems involved in
examining possible changes in the size of RFs. It is ob¬
viously impossible to determine the extent of the cutaneous
RF without stimulating the skin, but the test stimulus itself
rhay affect the observations made. Accurate RF mapping
in neurons that are firing spontaneously is more difficult
than in those that are silent, because the excitatory RF can
only be identified as the area in which the test stimuli
applied produces a response greater than the background
activity. Further, rapid changes are difficult to follow in
detail, since the accurate mapping of even a small RF will
take a few minutes. Spontaneous variations in RF size have
been reported in decerebrate animals (Dubisson et al. 1979;
McMahon and Wall 1983), but we did not see any varia¬
tions in our experiments greater than the margin of error
involved in mapping and remapping a RF on the tail. Be¬
cause this mapping and remapping of the RFs of the cells
involved a large amount of low-intensity mechanical stim¬
ulation, it would appear that this kind of input is insuffi¬
cient to produce the kind of large changes in RF size ob¬
served in some cells as a result of the noxious pinch.

It is also important to point out that measurements of
mechanical thresholds by the use of calibrated von Frey
hairs are only semiquantitative. Determining the threshold
accurately is difficult in the presence of spontaneous activ¬
ity, especially bursting or erratic firing. Care must also be
taken to avoid hair movement, which may give a false
reading. However, von Frey hairs do give a reasonable indi¬
cation of changes in threshold, with the advantage of being
a quick and simple test.

The responsiveness of neurons to noxious stimuli was
tested only by examining their response to the conditioning
pinch stimulus. Other forms of noxious test stimuli were
not used to avoid the possibility ofeither damaging the skin
of the RF or of raising the excitability of the cells before the
conditioning stimulus was applied.

Neuronal properties before noxious mechanical stimulation

In general, the class 2 neurons had larger RFs than the
class 3 cells, although the two populations overlapped to
some extent. This is as we found in our previous study of
rat dorsal horn neurons with RFs on the tail (Cervero et al.
1988), and as has been reported in other species and other
body areas (Applebaum et al. 1975; Tattersall et al. 1986).

The mean mechanical (von Frey) threshold measured
for the class 3 cells (108 mN) compares with those reported
for the cutaneous nociceptors in the rat's tail. C-polymodal
nociceptors have a mean threshold of 80 mN, and A<5-
high-threshold mechanoreceptors (A5-HTMs) have a mean
threshold of 170 mN (Handwerker et al. 1987). The low
mechanical thresholds of the class 2 cells must therefore be
because of their input from sensitive mechanoreceptors.
Slowly adapting mechanoreceptors in the rat's tail have
thresholds below 20 mN (Handwerker et al. 1987).

RF changes after noxious mechanical stimulation

Changes in the RF size of some dorsal horn neurons as a
result of noxious stimuli (other than noxious mechanical
stimuli) have previously been reported. A brief period of
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electrical stimulation of a cutaneous nerve at C-fiber in¬
tensity produces a transient (5-10 min) increase in RF size
(Cervero et al. 1984, Cook et al. 1987). Similar electrical
stimulation of a muscle nerve (Cook et al. 1987) produces a
much larger and longer-lasting change in just over one-half
of the dorsal horn cells tested, including some lamina I
class 3 cells. The excitatory RFs of lamina I projection cells
with high-threshold inputs enlarge to include the area of a
burn injury (McMahon and Wall 1983), and also increase
greatly 6-8 h after the intradermal injection of Freund's
adjuvant, which produces a local inflammation (Hylden et
al. 1989). Increases in RF size of class 2 neurons are seen in
the polyarthritic rat model produced by systemic adminis¬
tration of Freund's adjuvant (Calvino et al. 1987). It is also
known that a short-lasting noxious stimulation of deep tis¬
sues leads to increases in RF size of spinal neurons process¬
ing deep sensory input (Hoheisel and Mense, 1989).
mechanisms of rf increase. An observed change in the
RF size of a dorsal horn neuron may be because ofeither a
peripheral or a central effect.

Peripheral changes. Because the RF of a dorsal horn cell
is composed of the RFs of the primary afferents which
connect with it, it follows that a change in the RF size of
primary afferents can produce a change in the size of the
RF of the second-order neuron in the dorsal horn. The
sensitization of receptors in the rat's tail by noxious me¬
chanical stimuli has been examined by Reeh and col¬
leagues (1987), with the use of the same stimulating device
as was used in the present study. They found that the RFs
of C-polymodal nociceptors did not change as a result of
the pinch stimulus. However, the RFs of the Ao-HTMs
increased by <2 cm toward a pinch stimulus applied out¬
side their original RF. Because the increases observed in
the class 3 cells were of this order, and were concentrated
around the site of application of the pinch, it is possible to
explain the increases in RF seen in the class 3 cells entirely
on the basis of sensitization of the primary afferents. In
contrast, the class 2 cells all showed increases at some dis¬
tance from the pinch site and of a much greater magnitude,
which, therefore, must involve a central mechanism.

Centra! changes. Considered in terms of central mecha¬
nisms, a change in the RF ofa dorsal horn cell is likely to be
an indicator of a change in the excitability of the cell or an
increase in synaptic efficacy. Pharmacologic manipula¬
tions of the excitability of dorsal horn neurons show that
larger RFs are present "anatomically" than are expressed
functionally. Zieglgansberger and Herz (1971) showed that
the microelectrophorectic application of excitatory amino
acids to both multireceptive and nocireceptive dorsal horn
neurons produces an increase in the size of the excitatory
RF. The application of inhibitory amino acids produced a
decrease in RF size back to that originally mapped or
smaller. Intracellular recordings have shown that an excit¬
atory "subliminal fringe" is present in some postsynaptic
dorsal column cells (Brown and Fyffe 1981). Depolariza¬
tion of these cells by injection of current through the elec¬
trode produces an increase in the RF to include the sublim¬
inal fringe. Woolfand King (1988) have shown in lamina V
neurons that mustard oil applied to the skin produces an
increase in RF into the area that was previously providing
only subliminal input.

The increase in excitability that results in an increase in
excitatory RF may be due to supraspinal or spinal mecha¬
nisms. There is evidence that both types of control mecha¬
nism are likely to be involved. Reversible spinalization by
means of a cold block of the cervical spinal cord produces
an increase in the excitatory RF of most deep dorsal hom
cells, accompanied by an increase in their excitability (Wall
1967; Zieglgansberger and Herz 1971). The neurons that
increased their RFs as a result of the cold block show fur¬
ther increases in RF size when excitatory amino acids are
applied (Zieglgansberger and Herz 1971). However, RF in¬
creases as a result of noxious stimulation can still be seen in
a spinalized preparation (Cook et al. 1987), as can sublimi¬
nal fringes (Woolf and King 1988). In our study, all class 2
neurons showed increases as a result of the first noxious
stimulus in intact animals, but not all increased their RFs
after the first pinch stimulus in spinalized preparations.
This suggests that not all cells are equally affected by spinal
control mechanisms and that supraspinal mechanisms
must make a contribution to RF changes induced by pe¬
ripheral noxious stimuli.

Differences between class 2 and class 3 neurons

The recording locations of the two groups of cells within
the gray matter were different, the class 2 cells being mainly
recorded in the deep dorsal hom and the class 3 neurons in
the superficial laminae. However, the nature of the afferent
input to the neurons seems to be more important than their
location in determining their response to the pinch stimuli,
because the one class 2 neuron recorded in the superficial
dorsal hom showed a large increase in RF, whereas the one
class 3 neuron located in lamina V showed a very small
increase in RF as a result of the pinch stimuli. This high¬
lights the problems associated with making functional
groups of dorsal hom neurons on the basis of their location
(lamina I cells, lamina V cells, etc.) rather than on the basis
of their input properties.

The differences in RF plasticity we observed between the
two groups of cells, class 2 and class 3, could be because of
differences in the intensity of their central control. Class 2
neurons are known to receive a large amount of tonic de¬
scending inhibition (Handwerker et al. 1975), whereas class
3 cells receive a great deal less (Cervero et al. 1976). Thus
changes in the level of tonic descending inhibition have a
greater capacity to produce changes in class 2 cells than in
class 3 cells.

In a different context, it has been shown that in awake,
behaving monkeys, the RFs of class 2 neurons increased
during tasks that required the monkey to attend to noxious
heat stimuli applied to the RF but not during visual-re¬
sponse tasks (Hayes et al. 1981). The RFs of class 3 cells
tested did not change with changes in task relevance (Hayes
et al. 1981). It is clear that changes in the levels of central
excitability can influence the RF size of some but perhaps
not all neurons.

These differences between the class 2 and 3 cells, in both
the magnitude of the increases in RF size and the time
course of these changes (see Fig. 4), suggest that class 3
neurons are much more resistant to change than class 2

272



862 J. M. A. LAIRD AND F. CERVERO

cells. We propose that whereas class 2 cells change their RF
properties readily following a noxious stimulus, the class 3
cells form part of a nociceptive system that changes little
after repeated noxious stimulation. This would seem to be
the case particularly in relation to their responses to nox¬
ious stimuli that do not produce an injury or evoke a
chronic noxious input from the periphery. However, our
results do not exclude the possibility that stimuli that are
more damaging or prolonged than the noxious pinch used
as a conditioning stimulus in this study could induce
changes in the RF size of class 3 neurons.

Electrical stimulation of a muscle nerve at C-fiber inten¬
sity or the application of mustard oil have been reported to
produce increases in the RFs of both class 2 and class 3
neurons in decerebrate-spinal preparations (Cook et al.
1987; Woolf and King 1988). The noxious pinch stimulus
employed in our study produced only small increases in the
RF size of class 2 neurons in the decerebrate-spinal experi¬
ments, so the electrical and chemical conditioning stimuli
seem to evoke larger changes in both types of dorsal horn
cell in decerebrate-spinal preparations. It is also possible
that the intensity of the C-fiber barrage evoked by the nox¬
ious pinch (Handwerker et al. 1987) is not as large as that
produced by chemicals or repeated electrical stimulation of
the C-fibers.

The differences between class 2 and class 3 cells may also
only exist in the first few hours after injury, rather than in
the chronic or abnonnal state. Hylden et al. (1989) did not
observe changes in RF size of class 3 lamina I neurons in
the first 6 h after intradermal injection of Freund's adju¬
vant, but marked increases occurred thereafter.

Mechanical thresholds after noxious mechanical
stimulation

The noxious pinch stimulus did not have a marked effect
on the mechanical threshold of the neurons tested as popu¬
lations. Some neurons in each group showed no detectable
change in threshold as a result of the pinch. The decreases
shown by the remaining neurons were consistant with the
sensitization seen in the primary afferents, particularly the
AS-HTMs, on application of this type of noxious pinch
stimulus (Reeh et al. 1987). There was no evidence for the
class 3 neurons acquiring any low-threshold inputs as a
result of the pinch stimuli. Likewise, class 3 neurons re¬
corded hours and even days after a local inflammation was
produced showed no changes in threshold (Hylden et al.
1989). However, a burn injury to the skin (McMahon and
Wall 1983) or the intradermal injection of capsaicin in the
RF (Simone et al. 1988) do appear to cause a substantial
decrease in the mechanical thresholds of some class 3
neurons.

From our results, we conclude that class 2 cells show
large increases in RF size after a noxious mechanical stim¬
ulus and that these changes must involve a central mecha¬
nism, probably with both supraspinal and spinal compo¬
nents, because smaller increases are observed in spinal ani¬
mals. However, class 3 cells are more resistant to change,
and the small increases that some of them show after the

pinch stimuli may be explained by primary afferent sensi¬

tization. We have also obtained evidence that the lack of
change in class 3 neurons is not due to anesthesia, because
similar results were obtained in unanesthetized, decere-
Iprate-spinal preparations. Finally, we have also shown that
the differences in RF plasticity between the class 2 and class
3 cells do not appear to be related to their location in the
dorsal horn but to their input properties.
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SUMMARY AND CONCLUSIONS

1. Single-unit electrical activity has been recorded from 34
dorsal horn neurons in the sacral segments (Si_2) of the spinal
cord in halothane-anesthetized rats. All of the neurons had cuta¬
neous receptive fields (RFs) on the rat's tail. The neurons were
classified according to their responses to both innocuous and
noxious mechanical stimulation of their RFs. Twenty-five cells
were driven by both innocuous and noxious skin stimulation
(multireceptive or class 2), and 9 neurons were driven only by
noxious skin stimulation (nocireceptive or class 3).

2. The RF size, mechanical threshold, and afferent input prop¬
erties of these neurons were determined in the intact anesthetized
and spinalized states. Reversible spinalization was achieved by
cooling the cervical spinal cord to 4°C.

3. The class 2 neurons had a mean RF size of 919.8 ± 112.0
(SE) mm2 in the intact animal. Fourteen of the 25 class 2 cells had
larger RFs in the spinal state (mean increase = 330.0 mm2, SE =
79.2) and so were under tonic descending inhibition. Five
neurons, all with C-fiber input, had smaller RFs (mean decrease =
247.6 mm2, SE = 136.6) and higher mechanical thresholds in the
spinal state and so were under tonic descending excitation. Six
neurons were unaffected by spinalization.

4. Five class 3 neurons recorded in the superficial dorsal horn
had small RFs in the intact animal (mean = 201.0 mm2, SE =

48.8) and showed little or no change in RF size on spinalization
(mean increase = 33.4 mm2, SE = 16.7), but their mechanical
thresholds did decrease, indicating weak tonic descending inhibi¬
tion. In contrast, four class 3 neurons recorded in the deep dorsal
hom had larger RFs in the intact animal (mean = 566.8 mm2,
SE = 156.8), and were under strong tonic descending inhibition,
because they had much larger RFs (mean increase = 461.0 mm2,
SE = 68.3), lower mechanical thresholds, and stronger C-fiber
afferent input in the spinal state.

5. We conclude that the majority of nociceptive dorsal horn
neurons are subject to a net tonic descending control of their RF
properties. The class 2 neurons in the deep dorsal horn appear to
be a heterogeneous population, some cells being under tonic de¬
scending excitation and others under tonic descending inhibition.
Class 3 cells can be separated into those located in the superficial
dorsal hom, whose RF properties show very little change on spi¬
nalization, and those in the deep dorsal hom, whose RF proper¬
ties change markedly on spinalization. These results are discussed
in light of the changes in RF properties observed after the appli¬
cation of a noxious mechanical stimulus to the RF.

INTRODUCTION

The processing of nociceptive information in the spinal
cord involves a component of modulation from supra¬
spinal centers. Spinal nociceptive neurons can express
changes in excitability that may be due to such modulation
in a number of ways, including changes in their responsive¬

ness to stimuli and changes in receptive-field (RF) proper¬
ties. Large increases in RF size are seen in some dorsal horn
neurons after the application of a 2-ntin noxious mechani¬
cal stimulus to the RFs (Laird and Cervero 1989). Such
increases in the RF size of dorsal hom neurons have also
been reported after other types of noxious stimuli or injury
to the periphery (Cervero et al. 1984; Cook et al. 1987;
Hylden et al. 1989; McMahon and Wall 1984; Woolf and
King 1988).

Increases in RF size as a result of noxious stimuli are

seen in spinalized animals (Cook et al. 1987; Laird and
Cervero 1989; Woolf and King 1988), so at least part of the
mechanisms controlling RF size must be contained within
the spinal cord. However, in our previous study (Laird and
Cervero 1989), RF increases observed in decerebrate, spi¬
nal animals were smaller than those seen in anesthetized,
intact animals. This indicates the involvement of an addi¬
tional supraspinal component in the mechanisms responsi¬
ble for the changes in RF properties seen after noxious
stimuli.

Having established that a noxious stimulus changes the
properties of some nociceptive dorsal hom neurons (Laird
and Cervero 1989), we have now considered the contribu¬
tion of supraspinal centers to these changes. The main aim
of the current study was to examine the extent to which the
changes in RF properties observed after a noxious pinch
stimulus to the RF may be due to changes in descending
control systems. The experiments described here were per¬
formed using the same animal preparation as in our pre¬
vious study of the effects of a prolonged noxious mechani¬
cal stimulus on the RF properties of dorsal hom neurons
and thus allow a quantitative comparison of the changes
observed. We have chosen to study tonic descending con¬
trol, which is known to include components that influence
the RF properties of some dorsal hom neurons (Hillman
and Wall 1969; Noble and Riddell 1989; Wall 1967;
Zieglgansberger and Herz 1971). The RF properties (RF
size, mechanical threshold, and afferent input) of multire¬
ceptive (class 2) and nocireceptive (class 3) (Cervero et al.
1976; Iggo 1974) dorsal hom neurons were tested before,
during, and after reversible spinalization, achieved by
cooling the spinal cord at the cervical level. Some of the
results described here have been previously published in
abstract form (Cervero and Laird 1989).

METHODS

Results are described from experiments on 17 adult male Wis-
tar rats, with body weights between 310 and 470 g. Anesthesia was
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induced with 4% halothane in 100% 02 and maintained during
surgery and recording with 2 and 0.5% halothane, respectively.
The trachea, right carotid artery, and right jugular vein were can-
nulated to allow artificial ventilation, the recording of systemic
arterial blood pressure, and the intravenous injection of drugs,
respectively. The experiments were terminated if the mean blood
pressure consistently fell below 75 mmHg. Body temperature was
recorded with the use of a flexible esophageal probe and main¬
tained at 37°C by an electric blanket with feedback control. The
left ventral coccygeal nerve was prepared for electrical stimula¬
tion. The nerve was dissected free of surrounding tissue for a
length of 1-2 cm at the base of the tail, and two small platinum
wire electrodes were wrapped around the nerve and fixed in posi¬
tion with dental impression material (Xantopren, Bayer). Two
laminectomies were performed, the first exposing the sacral spinal
cord segments S|_2 for recording, and the second exposing cervical
segments C4_7 for positioning a cooling probe over the spinal cord
for reversible spinalization.

The animals were mounted in a rigid frame and a pool made
with skin flaps around the lumbar laminectomy. Stability was
improved by filling the pool with 4% agar. The animal was para¬
lyzed with pancuronium bromide and artificially ventilated.
End-tidal C02 was continuously monitored and kept at ~4%.
Figure 1 shows a diagram of the general experimental set-up.

Recording techniques
Single-unit electrical activity was recorded from dorsal horn

neurons on both sides of segments S|_2. Recordings were made
through glass micropipettes filled with 4 M NaCl, displayed on an
oscilloscope, stored on magnetic tape, and analyzed "on-line"
and "off-line" with the use of a microcomputer. The search stim¬
ulus for dorsal horn neurons was electrical stimulation of one

coccygeal nerve (0.2 ms; 1 Hz), at an intensity supramaximal for
A-fibers but subthreshold for C-fibers. Stimuli were delivered di¬
rectly via the platinum wire electrodes in contact with the nerve.
To test the effectiveness of these stimuli in activating A- and
C-fibers, three control experiments were carried out in which
compound action potentials were recorded from the coccygeal
nerves in response to the types of electrical stimulation described.
These control experiments validated the stimulus parameters
used in the present investigation. However, to avoid surgical
trauma in areas close to the RFs of the neurons, we did not record
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compound action potentials in the experiments in which dorsal
horn neurons were studied.

Input properties ofthe neurons

Natural stimulation of the cutaneous RFs » f the neurons in¬
cluded innocuous stimuli such as brushing and stroking as well as
noxious stimuli such as pinching, squeezing, and pinpricking.
The presence of a C-fiber input to the cell was also tested by
electrical stimulation of the coccygeal nerves (1-ms pulse) at an
intensity at least 10 times that found to be threshold for the A-
fiber response. No more than five C-fiber intensity stimuli, at
frequencies of 0.2 Hz or less, were delivered to the nerve. This
protocol was designed to minimize changes in RF size induced by
electrical stimulation of afferent C-fibers.

Neurons selected for further testing were those found to be
either class 2 or class 3 neurons. The RF ofeach cell was carefully
mapped with the use of a stiff von Frey hair (181 mN) or a pin.
The RF of the class 3 neurons and the high-threshold RF of the
class 2 neurons were considered to be the area of skin from which
the cell could be activated by these stimuli. In the case of class 2
cells, this high-threshold RF area included and completely en¬
compassed a smaller region from which responses were also
evoked by low-intensity stimuli (e.g., brush, touch). The area re¬
sponding to light touch was mapped with the use of a smooth,
light, plastic rod and was considered to be the low-threshold RF.
The extent of each RF and any observed changes were drawn on
the skin of the tail with the use of waterproofcolored pens, trans¬
ferred at the end of the experiment to tracing paper, and mea¬
sured with the use of a digitizing tablet and microcomputer. The
mechanical threshold of the cells was determined with the use of
von Frey hairs.

Once the RF size, mechanical threshold, and input properties
of a neuron had been determined, the animal was spinalized by
passing antifreeze fluid through a gold-plated copper thermode
placed over the cervical spinal cord at C4 level. This resulted in a
drop in temperature to 4°C at the cord-probe interface. The cell
was retested 5 min after cord cooling, once the block had been
properly established. The spinal cord was then rewarmed, and
after 5 min the RF properties were tested again.

The efficacy of this system in producing a complete interuption
of transmission at the cervical level has previously been estab¬
lished (see Cervero and Plenderleith 1985 for details). The spinal

Sacral

FIG. 1. Schematic diagram showing the
general experimental set-up.

Dorsal
columns
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block was also tested at the beginning of every experiment by
recording in the sacral region the cord dorsum potential that
could be evoked by stimulation of the dorsal columns rostral to
the cooling probe. This potential was abolished when the cord was
blocked by cooling. The cord dorsum potential evoked in the
sacral cord by stimulating a coccygeal nerve was unchanged dur¬
ing the sequence of cooling and rewarming. Systemic blood pres¬
sure also fell to the level of that of an acutely spinalized animal
(50-70 mmHg) when the spinal cord was blocked. This drop in
blood pressure was taken as an indication that the spinalization
was effective when neurons were being tested.

Histological methods
At the end of the experiment, the recording microelectrode was

removed and replaced with one containing pontamine sky blue.
Several marks were made by iontophorectic deposition of ponta¬
mine in the track in which the unit was recorded at 600-rrm
intervals. The cord was removed and frozen. The recording sites
of the neurons were calculated from these marks recovered in
60-um transverse sections counterstained with gallocyanin. On
those occasions when marks were not recovered, estimates of
locations were made from depth measurements.

results

Sample ofneurons

This study is based on a sample of 34 dorsal horn
neurons. Of these, 25 were excited by both innocuous and
noxious stimuli to the skin (class 2), and 9 were excited
only by noxious skin stimuli (class 3). All cells were tested
before, during, and after a reversible spinal block. Ten of
the class 2 neurons had only an A-fiber input (class 2:
A-only), and 15 had both an A- and a C-fiber afferent input
(class 2: A + C). One of the class 3 neurons had only an
A-fiber input (class 3a), the remaining eight had both A-
and C-fiber inputs (class 3b). The classification of the cells
into these groups was made on the basis of the presence or
absence of a C-fiber input in the spinalized state. One class
2 neuron and two class 3 neurons showed evidence of a

C-fiber afferent input only in the spinalized state. All of the

cells with C-fiber responses in the intact state also had
C-fiber responses in the spinalized state. Eight cells of both
classes showed small increases in background activity on
spinalization. However, none of the cells in the sample
showed background activity >1-2 Hz in the absence of
stimulation, either in the intact or in the cold-blocked state.

Locations ofneurons

The estimated locations of the recording sites of the
neurons in the sample are shown in Fig. 2. Class 2 and class
3 cells were distributed across the mediolateral extent of the
gray matter. All 25 of the class 2 neurons were recorded in
the deep dorsal horn. Four class 3 cells were also located in
the deep dorsal horn; the remaining five were recorded in
laminae I and II.

Class 2 neurons

high-threshold rf size. The mean initial size of the
RFs of the whole sample of class 2 cells was 919.8 ± 112.0
(SE) mm2. All of the neurons had RFs restricted to the skin
of the tail, which did not extend onto the skin of the rump,
scrotum, or hindquarters. RFs were found distributed
along the whole length of the tail (see Fig. 3).

During spinal block, the RF size of 14 neurons (mean
initial RF size = 961.1 mm2, SE = 184.4 mm2) showed a
mean increase of 330.0 ± 79.2 (SE) mm2 (Fig. 4). Seven of
these cells had C-fiber responses in the intact state, and one
revealed a C-input only in the spinalized state. Six cells had
the same RF size in both the spinalized and intact states
(Figs. 3 and 4). These neurons had a mean RF size of
730.5 ± 151.9 (SE) mm2, and two showed C-fiber re¬
sponses.

The RFs of the remaining five class 2 neurons (mean
initial RF size = 1,009.0 mm2, SE = 240.1 mm2) were
smaller during the spinal block (see Figs. 3 and 4). The
mean decrease was 247.6 ± 136.6 (SE) mm2. AH five of
these cells showed evidence of C-fiber input in both the
intact and spinalized states.

Class 2 Class 3

FIG. 2. Locations of recording sites of tested
neurons, pooled on standard transverse sections
of rat sacral spinal cord. Lamination according to
S, segment in Molander et al. (1984). Closed cir¬
cles indicate locations reconstructed from dye
marks. Open circles indicate locations calculated
from depth readings and dye marks on the cord
surface.
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increase no change
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decrease

Area when cord intact Area when spinalised 5 cm

fig. 3. Standardized diagrams of rat tails showing RF areas of! 2 class 2 neurons. Hatched areas indicate RF sizes when
the spinal cord was intact; solid areas indicate when the animal was reversibly spinalized. Left: 6 class 2 cells whose RFs were
larger during spinal block. Top right: 3 class 2 cells whose RFs were unaffected by the reversible spinalization. Bottom right:
3 class 2 cells whose RFs were smaller during spinal block.

low-th reshold rf size. The low-threshold RF size was

measured in 20 of the 25 class 2 neurons tested (see Fig. 5).
The mean size of this RF was 390.7 ±91.0 (SE) mm2. Of
the five neurons whose high-threshold RFs were smaller
under cold block, four also had smaller low-threshold RFs,

whereas the low-threshold RF of the remaining cell did not
change. Five neurons showed no change in either their low-
or high-threshold RF size on spinalization. One cell whose
high-threshold RF did not change on spinal block showed a
small increase (38 mm2) in low-threshold RF. Of the 14

(mm^)

RF area: intact
FIG. 4. Scattergrams showing RF area of each class 2 neuron when the

spinal cord was intact and after cold block of the spinal cord was in place.
Each point represents one neuron. Points lying on the 45° line indicate
cells whose RF size was unaffected by spinalization (n = 6); points above
the line indicate neurons whose RF size were larger in the spinal animal
(n = 14); and points below the line indicate cells whose RFs were smaller
in the spinal animal (n = 5). Filled circles indicate neurons with both A-
and C-fiber input; open circles indicate neurons with A-fiber input only.

(mm^)

RF area: intact
fig. 5. Scattergrams showing low-threshold RF area of each class 2

neuron when the spinal cord was intact and after cold block of the spinal
cord was in place. As in Fig. 4, each point represents 1 neuron. Points lying
on the 45° line indicate cells in which low-threshold RF size was unaf¬
fected by spinalization (n = 6); points above the line indicate neurons in
which low-threshold RFs were larger in the spinal animal (n = 14); and
points below the line indicate cells in which low-threshold RFs were
smaller in the spinal animal (n = 5). Filled circles indicate neurons with
both A- and C-fiber input. Open circles indicate neurons with A-fiber
input only.
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FIG. 6. Mechanical thresholds of class 2 neurons tested. Graph shows
thresholds (measured with von Frey hairs) in the intact and spinalized
states. Large arrow indicates force of the finest von Frey hair available
during the experiments.

cells whose high-threshold RFs increased during spinaliza-
tion, five showed increases in their low-threshold RFs
(mean increase = 96.8 mm2, SE = 16.9), the low-threshold
RFs of four cells did not change, and in the remaining five,
the low-threshold RF was not measured.

In all cells, both the low- and the high-threshold RF sizes
returned to those originally measured when the cold block
of the spinal cord was removed. In three cells, one showing
a decrease in RF and increase in threshold and two show¬

ing increases in RF size, the spinalization procedure was
repeated to check the repeatability of the observations, and
the same type and magnitude of changes in RF properties
were seen.

mechanical thresholds. All 25 of the class 2 neurons

had mechanical thresholds below 22 mN when first mea¬

sured. No change was seen in mechanical threshold in the
spinal state in 21 neurons (Fig. 6). However, the mechani¬
cal thresholds of 14 cells were lower than that of the finest
von Frey hair available throughout the test period (see
Fig. 6).

Four cells increased their mechanical thresholds during
spinal block, one of them to a threshold of 32 mN. These
four cells all had C-fiber responses, and three belonged to
the group of cells with decreased RF sizes in the spinal
state. No change was seen in the RF size of one of these
four cells. A return to the original mechanical threshold
was observed in all cells when the spinal cord was re-
warmed.

afferent input properties and excitability. None
of the class 2 cells lost either the low-threshold or the high-
threshold component of their responses in the spinal state,
and therefore all remained class 2 cells. In five class 2 cells
the strength of the C-fiber input was measured by counting
the number of spikes produced by five successive C-fiber-
intensity electrical stimuli (0.1 Hz) delivered to the coccy¬
geal nerve. The responses in the intact and spinalized states
were compared with the use of a Student's t test. One cell
showed a significant decrease in the number of C-fiber-
evoked spikes in the spinal state (P < 0.05; see Fig. 10). The
RF of this cell decreased in size on spinalization. Two cells
showed no significant change in C-fiber-evoked responses.
The RF of one of these cells decreased with spinalization;

superficial deep

jUL

zymiz- -

V7777A Area when cord intact Area when spinalised cm

fig. 7. Standardized diagrams of rat tails showing RF areas of 9 class 3 neurons. 5 recorded in the superficial dorsal horn
and 4 in deep laminae. Hatched areas indicate RF sizes when the spinal cord was intact and solid areas RF sizes when the
spinal cord was blocked by cooling.
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RF area: intact (mm2)
fig. 8. Scattergrams showing RF area of each class 3 neuron when the

spinal cord was intact and after cold block of the spinal cord was in place.
Each point represents one neuron. Points lying on the 45° line indicate
cells whose RF size was unaffected by spinalization (n = 1); points above
the line indicate neurons whose RF size were larger in the spinal animal
(n = 8). Filled circles indicate neurons located in the superficial dorsal
horn, and open circles indicate neurons located in the deeper laminae of
the dorsal horn.

the other did not change. One cell showed a significant
increase in the C-fiber-evoked responses (P < 0.05), and
one showed C-fiber responses in the spinalized state only.
The RFs of both of these cells were larger in the spinalized
state.

Class 3 neurons

rf size. The class 3 neurons in the sample had RFs dis¬
tributed along the entire length of the tail, and all were
restricted to the skin of the tail. The RFs were in general
smaller in size than those of the class 2 neurons (mean
size = 363.6 mm2, SE = 94.3), although the two popula¬
tions overlapped to some extent. The sample of nine class 3
neurons could be divided into two groups, taking into ac¬

count their location within the dorsal horn and the ob¬
served differences in RF properties in the spinal and intact
states.

1) Superficial cells: five neurons were recorded in the
superficial dorsal horn and had smaller RFs (mean = 201.0
mm2, SE = 48.8). One of these five showed no detectable
change in RF size on spinaiization (Fig. 7). The remaining
four superficial cells showed relatively small increases. The
mean increase for this group was 33.4 ± 16.7 (SE) mm2
(Fig. 8).

2) Deep cells: four neurons were recorded in the deep
dorsal horn. These cells had initially larger RFs (mean =
566.8 mm2, SE = 156.8) (Fig. 7) and showed large increases
on spinalization (mean =461.0 mm2, SE = 68.3).

In all cells, the RF sizes returned to those originally
measured on spinal cord rewarming. In two deep cells that
showed increases in RF size and decreases in threshold, the
spinalization procedure was repeated to check the repeat¬
ability of the observations, and the same changes in RF
properties were observed.
mechanical thresholds. The mechanical thresholds
of the class 3 neurons ranged between 64 and 256 mN in
the intact state, as shown in Fig. 9. The thresholds of four of
the superficial neurons dropped on spinalization. The
threshold of the one other superficial neuron was constant.
All four deep class 3 neurons had much lower mechanical
thresholds in the spinalized state, though no threshold
below 20 mN was ever observed. A return to the original
mechanical threshold was observed in all cells on spinal
cord rewarming.
afferent input properties and excitability. None
of the class 3 cells became responsive to light touch or
brush under the spinal block, though eight of nine became
more responsive to noxious stimuli, particularly the four
deep neurons. Two of the deep class 3 neurons had C-fiber
inputs only during cold block of the cord (see Fig. 10), and
the other two showed significant (P < 0.001) increases in
the strength of the C-fiber-evoked responses as measured
by a Student's t test. One of the superficial neurons did not
show C-fiber responses in either the intact or spinalized

Class 3 neurones: mechanical thresholds

Intact spinaliacd

superficial

l 1 I

Intact spinalisad

deep

fig. 9. Mechanical thresholds of class 3 neurons

tested. RF changes seen in neurons recorded in the su¬
perficial and deep laminae of the dorsal horn are com¬
pared. Graph shows thresholds (measured with von Frey
hairs) in the intact and spinalized states.
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Intact Spinalised

«

Cocc.N.
FIG. 10. Poststimulus time histograms (binwidth = 2 ms; 5 sweeps) showing responses of 3 different cells to 5 single-

shock C-fiber intensity electrical stimuli applied to the coccygeal nerve in the intact and spinalized states. Arrow indicates
stimulus application in each case. Top: histograms of a class 3 cell in which a C-fiber-evoked response was only seen in the
spinalized state. Middle, histograms of a class 3 cell in which C-fiber-evoked responses were significantly greater in the
spinalized than in the intact state (P > 0.001). Bottom: histograms of a class 2 cell in which C-fiber-evoked responses were
significantly smaller in the spinalized than in the intact state (P > 0.05).

state. The remaining four superficial class 3 cells had C-
fiber responses in both states. The strength of this response
was tested in two of these cells, but only one cell showed a
significant (P < 0.05) increase in responsiveness during
spinalization.

DISCUSSION

In this study, we found that although the RF properties
of the majority of class 2 cells are under tonic descending
inhibition, some class 2 cells are clearly subject to tonic
descending excitation. There are no apparent net descend¬
ing influences on the RF properties of a few class 2
neurons. The low-threshold RFs of the class 2 neurons are

much less affected by tonic descending influences than
their high-threshold RFs. The RF properties of class 3
neurons recorded in the superficial dorsal horn are much
less affected by tonic descending influences than the RF
properties of class 3 cells in the deep dorsal horn, which
appear to be under strong tonic descending inhibition.

Methodological considerations

There are several methodological problems involved in
examining possible changes in the size of RFs. It is ob¬
viously impossible to determine the extent of the cutaneous
RF without stimulating the skin, but the test stimulus itself
may affect the observations made. Ffowever, the amount of

stimulation required to map a RF before, during, and after
the cold block of the spinal cord did not seem to affect the
size substantially, because all of the changes seen during the
cold block were completely reversed on rewarming the
cord.

Spontaneous variations in RF size have been reported in
decerebrate animals (Dubisson et al. 1979; McMahon and
Wall 1984), but variations greater than the margin of error
involved in mapping and remapping a RF on the tail were
not seen in the experiments described here. Because this
mapping and remapping of the RFs of the cells involved a
large amount of low-intensity mechanical stimulation, it
would appear that this input is insufficient to produce the
large changes in RF size observed in some cells as a result of
blocking the spinal cord.

A low-threshold RF was mapped in the majority of class
2 neurons. A light touch stimulus was used, because not all
of the class 2 cells responded to brushing the skin. The
boundaries of the low-threshold RF were hard to delineate
with precision in some neurons, perhaps because of the
effects of accidental hair movement.

Measurements of mechanical thresholds using calibrated
von Frey hairs are only semiquantitative, even when used
with care. However, they do give a good indication of
changes in mechanical threshold, with the advantage of
being a quick and simple test. Determining the threshold
accurately is demanding in the presence of spontaneous
activity, especially bursting or irregular firing. Also, accu-
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rate measurements of very low thresholds in hairy skin
(such as the tail) can be difficult because hair movements
may give a false reading. A number of the class 2 cells were
activated by the finest von Frey hair in the set used (4 mN),
and so must have had threshold values below this. It is
possible, therefore, that changes occurred in the mechani¬
cal thresholds of these cells that could not be measured.
However, the lowest possible mechanical threshold of a
dorsal horn neuron must be equivalent to the mechanical
threshold of the most sensitive cutaneous mechanorecep-
tor, and all mechanoreceptors in rat tail skin have von Frey
thresholds >! mN (Handwerker et al. 1987).

The technique of reversible spinalization by means of a
cold block of the spinal cord is well established and widely
used. However, it was necessary to ensure that the cooling
procedure did block transmission effectively in each exper¬
iment (see methods), because the sample of neurons con¬
tains some in which no changes in threshold, RF size, or
responsiveness were observed as a result of spinalization. A
block was only considered to be effective if the animal's
systemic blood pressure fell to the level ofan acutely spinal-
ized animal. The possibility that the changes in RF proper¬
ties seen on spinalization may be secondary to these
changes in blood flow must also be considered. It has been
reported (Holtz et al. 1988) that autoregulation maintains
blood flow through the spinal cord in the rat with little
change unless the systemic blood pressure falls below
45-50 mmHg. Thus the neurons in the spinal cord are
unlikely to be greatly affected by the fall in blood pressure
resulting from the spinal block. The sensory receptor end¬
ings in the skin may well be affected, but as both increases
and decreases were seen in RF sizes and in mechanical
thresholds of different neurons recorded in a single experi¬
ment, it seems unlikely that changes in cutaneous blood
flow alone could be responsible for the observed changes in
RF properties.

A complete block of the spinal cord will presumably
block all pathways providing descending inputs to dorsal
horn cells, both excitatory and inhibitory. Therefore the
effects produced by cold block on a particular cell are the
net result of interrupting the actions of several descending
systems, which may include both inhibitory and excitatory
pathways. Only the actions of systems that are tonically
active in an anesthetized rat under the conditions of an

acute electrophysiological experiment can, of course, be
observed with the use of this technique.

In this study the only quantitative measurement made of
changes in responsiveness of the cells was a comparison of
the strength of the responses to C-fiber intensity electrical
stimuli in the intact and spinalized states. No other tests
were performed to avoid the possibility of the skin of the
tail becoming sensitized.

Tonic descending influences on the RF properties
ofdorsal horn neurons

tonic descending inhibition. When tonic descending
influences are removed by spinal block, most deep dorsal
hom neurons show greater background activity and in¬
creased responses to noxious stimulation of the skin (Cer-

veroetal. 1977; Handwerker et al. 1975), muscle (Hong et
al. 1979), viscera (Tattersall et al. 1986), or intra-arterial
injection of bradvkinin (Besson et al. 1975). Neuronal re¬
sponses to electrical stimulation of afferent C-fibers also
increase during spinal block in most dorsal horn neurons
(Cervero and Plenderleith 1985; Handwerker et al. 1975).
In some cells, C-fiber input may be evident only in the
spinal state (Handwerker et al. 1975). Similarly, increased
C-fiber responses in the spinal state were seen in some
neurons in the present study, and cells whose C-fiber input
was only detectable during spinal block were also observed.

Although there is considerable evidence for the existence
of tonic descending control, particularly tonic descending
inhibition, of dorsal horn neuron response properties, rela¬
tively few studies have considered the tonic supraspinal
control of dorsal horn neuron RF properties, such as the
RF size and threshold. Early studies (Hillman and Wall
1969; Wall 1967; Zieglgansberger and Herz 1971) found
that the majority of nociceptive neurons in the deep dorsal
horn had larger RFs in the spinal state as compared with
the decerebrate state. These cells also showed increases in
background activity and responsiveness (Wall 1967;
Zieglgansberger and Herz 1971). A more recent study of
postsynaptic dorsal column (PSDC) neurons in anesthe¬
tized cats (Nobel and Riddell 1989) found that, although
two-thirds of class 2 PSDC neurons became more excitable
during cold block, only one-half of the sample had larger
RFs in the spinal state. The differences in the proportions
of the cells found to be subject to tonic descending inhibi¬
tion of the RF size in these different studies may be due to
the greater descending inhibitory influence of the brain
stem on the spinal cord in decerebrate preparations as
compared with anesthetized animals. In agreement with
this, in the present study just over one-half (56%) of the
class 2 neurons and all of the class 3 neurons in the deep
dorsal horn had larger RFs during spinal block than in the
intact anesthetized animal.

The mean threshold of response to noxious thermal
stimuli in dorsal hom neurons drops by ~2°C to the level
of the mean threshold for cutaneous nociceptors during
spinal block (Dickhaus et al. 1985; Necker and Hellon
1978). Wall (1967) found that neurons whose RFs were
larger in the spinal state also showed a drop in mechanical
thresholds in the spinal state. In the present study, no
changes were seen in the mechanical thresholds of the class
2 neurons whose RFs increased. The mechanical threshold
of all of the deep class 3 neurons decreased on spinaliza¬
tion. All of these deep class 3 neurons also showed an
increase in their electrically evoked C-fiber response during
spinal block.

It is possible that the ability of a particular dorsal hom
neuron to show a change in RF size may be indicated by
the presence or absence of a subliminal fringe, detectable
by recording intracellularly from the neuron. The RF is
defined as the area of skin from which stimulation evokes
action potentials. The subliminal fringe is the area around
the RF that, when stimulated, produces excitatory post¬
synaptic potentials but not action potentials. Some PSDC
neurons do show subliminal fringes, and an injection of
current into the neuron produces an increase in the skin
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area from which action potentials can be evoked (Brown
and Fyffe 1981). Similar subliminal fringes have been
shown to surround the RFs of multireceptive lamina V
neurons (Woolf and King 1987).

Thus the available evidence would suggest that over
one-half of the class 2 neurons and all of the class 3 neurons

in the deep dorsal horn are subject to tonic descending
inhibition, which includes inhibitory control of the size of
their RFs and, to some extent, their response thresholds.
neurons whose rf properties are unaffected by
tonic descending influences. Not all dorsal horn
neurons are subject to a net tonic descending control of
their RF properties. Some neurons appear to receive very
little or no tonic descending influence, whereas others seem
to be subject to tonic descending influences that do not
include control of the size of their RFs. This apparent lack
of tonic descending influences could be the result of equal
and opposite actions of tonic descending inhibitory and
excitatory influences rather than of a lack of tonic descend¬
ing inputs or, alternatively, of a particular cell that may
reach the limit of its range and be unable to express a
change in excitability as a change in the properties tested.

None of the properties of inverse substantia gelatinosa
neurons (Cervero et al. 1979), including RF size, are af¬
fected by blocking the spinal cord. Superficial class 3
neurons appear to be under some, but very little, tonic
descending inhibition. On spinal block they increase in
responsiveness but to a lesser degree than class 2 neurons in
the superficial dorsal horn (Cervero et al. 1976). In the
present study, the RFs of class 3 neurons recorded in the
superficial dorsal horn changed very little when the spinal
cord was blocked. These superficial class 3 neurons had
lower mechanical thresholds in the spinal state, but a
greater drop in threshold was observed on cold block in the
class 3 neurons recorded in the deep dorsal horn. McMa-
hon and Wall (1988) report that 5 of their sample of 10
lamina I neurons showed decreased excitability, and 4 of
these had smaller RFs during lignocaine block of the spinal
cord. The remaining cells showed either no change in prop¬
erties or an increase in excitability. It is difficult to compare
their findings directly with those of the present study, be¬
cause they do not describe the input properties of the cells
tested, with the exception of one class 2 cell whose RF was
larger during the block. It is possible that the cells they
describe as showing no change in RF with cord block cor¬
respond to the class 3 superficial cells found in the present
study whose RFs were largely unaffected by spinal block.

It would seem that class 3 cells in the superficial dorsal
horn and substantia gelatinosa neurons are subject to little
tonic descending control. These cell types are also unaf¬
fected by the evoked descending inhibitory mechanism
DNIC (LeBars et al. 1979). This apparent lack of supra¬
spinal influences is not due solely to the location of the
neurons, because class 2 neurons in the superficial laminae
are under a greater degree of tonic descending inhibition
(Cervero et al. 1976). Similarly, in a previous study (Laird
and Cervero 1989), we found that the RF properties are
largely unaffected by a noxious pinch stimulus, although
those of class 2 neurons, including class 2 cells in the su¬

perficial laminae, show large changes. Hence the class 3
neurons in the superficial dorsal horn seem to be largely
unaffected by circumstances in which other types of dorsal
horn cells, even in a similar location, show marked
changes.

Several studies indicate that neurons in the deep dorsal
horn that show changes in spontaneous and evoked activity
on spinalization do not necessarily show concomitant al¬
terations in their RF size. Wall (1967) found that none of
the class 2 lamina IV cells in his sample showed changes in
RF size on spinalization, although their responsiveness in¬
creased. Brown (1971) found that the RFs of 94% of spino-
cervical tract (SCT) neurons with a nociceptive input were
not affected by spinal cord block, although the background
activity of the cells and responses to noxious skin stimula¬
tion increased in the spinal state. The remaining cells had
larger RFs in the spinal state. One-half of a sample of class
2 PSDC neurons showed no change in RF size during spi¬
nal block (Noble and Riddell 1989), although the respon¬
siveness of one-third of these cells increased. Similarly, in
the present study, the RFs of 24% of the class 2 cells were
unaffected by spinal block. It seems likely, therefore, that
tonic descending influences over RF size in various popula¬
tions of dorsal horn neurons differ in degree.

tonic descending excitation. Supraspinal tonic in¬
fluences on dorsal horn neurons can also take the form of
tonic descending excitation. About 10% ofdorsal horn cells
show decreased responsiveness and RF size during spinal
block in decerebrate preparations (Wall 1967; Zieglgans-
berger and Herz 1971). In the present study, 20% of the
class 2 neurons in the deep dorsal horn, all of which had
C-fiber input, had smaller RFs in the spinal state. McMa-
hon and Wall (1988) report that of a sample of 10 lamina I
cells, 4 had smaller RFs in the spinalized state. At least one
of these lamina I neurons was a class 2 cell. However,
Tattersall and co-workers (1986) found that 44% of a sam¬
ple of viscerosomatic neurons showed smaller responses to
visceral stimulation during spinal block. This group of
neurons under tonic descending excitation included all
three cell classes, but none were found in the superficial
laminae, although superficial cells were found to be under
tonic descending inhibition.

Some dorsal horn cells show higher thresholds to nox¬
ious thermal stimulation during spinal block (Dickhaus et
al. 1985), and higher mechanical thresholds were seen in
some of the neurons in the present study whose RFs de¬
creased in size. Similarly, a decrease in the electrically
evoked C-fiber response on spinalization has been reported
(Besson et al. 1975; Cervero and Plenderleith 1985) and
was also seen in our study in some of the neurons in which
RFs were smaller during cold block. Cervero and Plender¬
leith (1985) observed that the proportion of neurons under
tonic descending excitation was the same in animals
treated with capsaicin at birth as in control animals. Neo¬
natal administration of capsaicin destroys the majority of
afferent unmyelinated fibers, but the lack of afferent input
does not seem to affect the tonic descending excitatory
influences in capsaicin-treated animals. In contrast, a
much smaller proportion of neurons recorded in capsa-
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icin-treated animals showed evidence of tonic descending
inhibition when compared with neurons tested in control
animals. This suggests that these systems with opposite ac¬
tions may have different functions and are triggered by
different inputs.
tonic descending influences on low-threshold
inputs. The tonic descending control revealed by inter¬
ruption of descending transmission from the brain stem is
relatively selective for high-threshold inputs. SCT neurons
with only low-threshold inputs are largely unaffected by
cold block (Zieglgansberger and Herz 1971). The responses
of dorsal horn neurons to innocuous stimuli change much
less as a result of spinal block than do the responses to
noxious stimuli (Duggan et al. 1977; Handwerker et al.
1975; Sinclair et al. 1980). In the present study, changes in
low-threshold RFs of class 2 neurons were much less fre¬
quently observed than changes in high-threshold RFs, and
such changes as were seen were small. Similar observations
have previously been reported (Wall 1967; Zieglgansberger
and Herz 1971).

To what extent may changes in tonic descending control
ofRF properties explain the changes seen as a
result ofa noxious pinch stimulus?

In our previous study (Laird and Cervero 1989), the RFs
of class 2 neurons recorded in a spinalized animal were
larger than those in animals with an intact CNS. The class 2
neurons in the spinal preparations also showed smaller in¬
creases in RF size after the application of a noxious pinch
stimulus than the class 2 cells in intact animals. Hence it
seems likely that a supraspinal mechanism is responsible
for the greater increase in RF size induced by a noxious
stimulus seen in the intact animals. In this study, we exam¬
ined the tonic descending control of the RFs ofdorsal horn
neurons in an attempt to determine to what extent the
changes observed after a noxious pinch may be attributed
to these tonic descending systems.

The RFs of class 3 neurons in the superficial dorsal hom
do not change significantly with the noxious pinch stimulus
(Laird and Cervero 1989). Similarly, in the current study,
they did not change as a result of a block of descending
transmission from the brain stem. Superficial class 3 cells
recorded in unanesthetized, decerebrate spinal animals
(Laird and Cervero 1989) had RFs ofa size comparable with
those recorded in intact anesthetized animals. These cells are

apparently subject to limited tonic descending control and
appear to express their anatomic RF in the intact anesthe¬
tized animal, although the changes in RF size of this kind of
cell reported with noxious stimuli of other types (Hylden et
al. 1989; McMahon and Wall 1984) would indicate that the
full anatomic RF is not expressed. However the reported
changes in RF size in these cells may be due to phasic su¬
praspinal systems, or—because in both of the studies quoted
above, the changes occurred over a period of time—to some
more gradual mechanism such as effective transmission by
previously ineffective synapses, changes in synaptic efficacy,
or sprouting of afferent collaterals.

The class 2 cells tested with the noxious pinch stimulus
in our previous study (Laird and Cervero 1989) were all
class 2 (A + C) neurons, and all showed large increases in

RF size. However, of the 15 class 2 (A + C) neurons tested
with a spinal block in the present study, only 8 had larger
RFs in the spinal state. The mean size of the increase in
these cells was 358 mm2, comparable with the difference
observed in RF size between class 2 (A + C) neurons re¬
corded in intact and in decerebrate spinal animals (345
mm2), as might be expected.

The size of the change in RF size observed in those class
2 (A + C) neurons whose RFs increased on spinalization
was approximately one-half the increase seen in the popu¬
lation of class 2 (A + C) cells after noxious stimulation in
animals with an intact CNS (358 mm2 and 624 mm2, re¬

spectively). Thus a lifting of tonic descending inhibition
may account for some of the increase in RF size in some of
the class 2 (A + C) neurons after the pinch stimuli. None¬
theless, 7 of the 15 class 2 (A + C) neurons tested by cold-
blocking the spinal cord showed either a decrease or no

change in RF size. Assuming the samples ofclass 2 (A + C)
cells in the two studies were similar, a lifting of tonic de¬
scending inhibition is unlikely to account for the increases
in RF size seen in all of the class 2 cells after the noxious
pinch stimuli. However it is important to bear in mind that
the cold-block technique can only reveal the net actions of
all of the tonic descending influences on a particular cell,
and only of those that are tonically active under the condi¬
tions of the experiment. Hence selective mechanisms that
decrease tonic descending inhibition and/or increase tonic
descending excitation may nevertheless operate. Alterna¬
tively, or in addition, phasic descending control mecha¬
nisms could be triggered by the noxious stimulus.

Our results show that class 2 and class 3 cells remain two

separate populations when tonic descending influences are
removed by cooling the cervical spinal cord. The descend¬
ing control of class 3 neurons depends on their location in
the dorsal horn. Class 3 cells in the superficial layers are
under a very small amount of tonic descending inhibition,
whereas class 3 cells located in the deep dorsal horn are
subject to strong tonic descending inhibition.

We conclude that the majority of nociceptive dorsal
horn neurons are subject to tonic descending control of
their RF properties, and that there are differences in these
tonic descending influences depending on the afferent
input properties and location of the neuron within the dor¬
sal hom. These tonic descending influences may contribute
to some of the changes in RF properties observed after a
noxious stimulus is applied to the RF.
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SUMMARY

1. Single-unit extracellular recordings were made from thirty-one dorsal horn
neurones in the sacral spinal cord of barbiturate-anaesthetized rats. Each neurone
was tested with four noxious mechanical pinches applied to its receptive field on the
tail. Each pinch lasted 120 s, with a step-like change in intensity after 60 s. In two
pinches the step increased the intensity, from 4 to 6 N or from 6 to 8 N. and in two
the step decreased the intensity, from 8 to 6 N or from 6 to 4 N.

2. The ability of the neurones to signal these step changes in intensity was
examined. Five neurones with an exclusively low-threshold afferent input (class 1)
were tested, and found to fire only briefly at the start of the 120 s stimulus. Neurones
with a high-threshold input (nociceptive neurones), either exclusively (class 3;
n = 10) or in addition to a low-threshold input (class 2: n = 16), responded through¬
out the 120 s stimuli.

3. Nociceptive dorsal horn neurones have been divided into two groups of 'good'
and 'poor' encoders on the basis of their response to the step changes in intensity.

4. 'Good' encoders (n = 13) were neurones signalling both a step increase and a
step decrease in intensity, of which seven were class 2 and six class 3, five recorded
in the superficial dorsal horn and eight in the deep dorsal horn.

5. 'Poor' encoders (n = 13) were neurones which failed to signal one or both of the
step changes in intensity, of which nine were class 2 and four class 3, three recorded
in the superficial dorsal horn and ten in the deep dorsal horn.

6. These results demonstrate that neurones with similar input properties and
location are not necessarily a homogeneous group in terms of their processing
of nociceptive stimuli. Moreover, they suggest that subgroups of both class 2 and
class 3 and of superficial and deep dorsal horn neurones contribute to the different
components of a nociceptive response.

7. We propose that the output and projection target of a particular dorsal horn
neurone are more important than its afferent input in determining its role in
nociceptive processing.

* Present address: Neurobiology and Anesthesiology Branch, National Institute for Dental
Research, National Institutes of Health, Bethesda, MD~ 20892, USA.
MS 8629
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INTRODUCTION

A noxious stimulus evokes a wide range of responses: sensory (pain), motor
(withdrawal reflex) and autonomic (cardiovascular, respiratory etc.). These different
responses are probably mediated by different brain structures. Nociceptors in the
periphery provide the input to ail of these systems. The first point of integration of
these primary afferent signals, and therefore the first point at which separation of the
different paths could occur, is the dorsal horn of the spinal cord. However, the extent
to which different types of dorsal horn neurones participate in the various
components that make up a nociceptive reaction is not clear.

Maixner, Dubner, Bushnell, Kenshalo & Oliveras (1986) and LeBars & Chitour
(1983) have proposed a sensory/discriminative role for neurones with a convergent
input of both low-threshold and high-threshold primary afferent input (class 2).
Oscarsson (1973) suggested that class 2 projection neurones may be responsible for
monitoring reflex activity in the spinal cord. Several authors (Christensen & Perl,
1970; Cervero, Iggo & Ogawa, 1976; Perl, 1984; Cervero, 1986) have proposed that
neurones with an exclusively nociceptive input (class 3) are likely to be responsible
for senson'/discriminative aspects of pain, because of their small receptive fields and
exclusive nociceptive input. Conversely, Hylden. Xahin, Anton & Dubner (1989)
suggest that class 3 lamina I neurones may be involved in motivational/affective
aspects of pain and also ma}' form part of a negative feedback loop leading to
descending inhibitory control of dorsal horn processing of nociceptive information.
McMahon & Wall (1989) propose a role for lamina I cells regardless of their afferent
input, as the input side of a positive feedback loop mediating inhibition of deep
dorsal horn neurones.

Thus from previous work it might be expected that dorsal horn neurones
processing information contributing to a particular aspect of the nociceptive
response to a noxious stimulus will be distinguished by their afferent input properties
or location in the dorsal horn, particularly since these different groups of neurones
(class 2 vs. class 3; superficial vs. deep) have been shown to process nociceptive
information in distinctly different ways (Bushnell, Duncan, Dubner & He, 1984;
Maixner et al. 1986; Cervero, Handwerker & Laird, 1988; Laird & Cervero, 1990a).

One possible approach to this problem was suggested by the results of
psychophysical experiments in which human volunteers were asked to rate the
intensity of the pain sensation produced by a noxious mechanical pinch applied to
an interdigital web on the hand (Magerl, Geldner & Handwerker. 1990). A series of
120 s stimuli with intensities above the pain threshold were applied. They included
stimuli with a constant intensity throughout the 120 s stimulus duration, and also
stimuli with a step-like increase or decrease in intensity during the stimulus. The
subjects almost always detected a step increase in intensity but rarely detected a step
decrease. Changes in the skin vasoconstrictor activity of the subjects induced by the
painful stimulus were also measured (by monitoring skin blood flow with a laser
Doppler flowmeter) and were found to follow the time course of the stimuli more
closely than the sensory ratings.

Since both the perception of the painful sensations and the sympathetic control of
skin blood flow changes induced by the pinch are outputs of the nociceptive system.
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information about the time course of both the step up and the step down must be
carried by primary afferent input to the CNS. However, at some point along the
sensory pathway, precise information about the time course of the step is lost,
whereas it appears to be retained in the autonomic pathway. This division between
these sensory and autonomic paths may occur in the dorsal horn of the spinal cord.

In the experiments described here, we have examined the ability of dorsal horn
neurones to signal step changes in the intensity of noxious mechanical pinches
applied to the receptive field of the neurone. Experiments were carried out in the rat
sacral spinal cord, and neurones with an input from the tail tested. The aim of the
experiments was to see if it was possible to distinguish separate groups of neurones
in the dorsal horn that followed the 'autonomic' or the 'sensory' pattern indicating
their likely involvement in these systems. These results have been published in
abstract form (Laird & Cervero, 19906).

METHODS

Results are described from experiments on fourteen adult male Wistar rats, with body weights
between 295 and 390 g. Anaesthesia was induced with halothane (4% in 100% 02) and maintained
during surgery and recording with repeated intravenous injections of sodium pentobarbitone. The
depth of anaesthesia was constantly monitored throughout the surgical preparation and the
recording sessions and adjusted at a level so that no precipitate cardiovascular responses were
observed on application of intense noxious stimuli (including the noxious pinches applied during
recording sessions). Not less than 10 mg kg-1 h"1 of sodium pentobarbitone was administered
intravenously to obtain this depth of anaesthesia. Areflexia (when the animals were not paralysed)
and pupillary constriction were also monitored and used as indicators of adequate anaesthesia.

The trachea, left carotid artery and left jugular vein were cannulated to allow artificial
ventilation, recording of systemic arterial blood pressure and the i.v. injection of drugs and
solutions respectively. The left ventral coccygeal nerve was prepared for electrical stimulation. The
nerve was dissected free of surrounding tissue for a length of 1-2 cm at the base of the tail. Two
small platinum wire electrodes were wrapped around the nerve and fixed in place with dental
impression material (Xantopren : Bayer).

A laminectomy (L1-L3) was performed to expose the sacral spinal cord segments. The animal
was mounted in a rigid frame and a pool made with skin flaps around the laminectomy. Stability
was improved by filling the pool with 4% agar solution, which was covered with warm paraffin oil
to prevent drying. The animal was paralysed with pancuronium bromide (doses: 1-5 mg kg-1
induction; Oo mg kg-1 h_1 maintenance) and artificially ventilated. End-tidal C02 was con¬
tinuously monitored and kept at around 3%.

Experiments were terminated if the mean blood pressure fell below 75 mmHg. Body temperature
was recorded with an oesophageal probe and maintained at 37 °C by a feedback-controlled electric
blanket.

Recording techniques
Extracellular single-unit electrical activity was recorded from dorsal horn neurones on both

sides of segments SI and S2. Recordings were made through glass micropipettes filled with 4 m-
NaCl (impedance measured at 1 kHz was 10-25 MQ) displayed on an oscilloscope, stored on
magnetic tape, and analysed 'on-line' and 'off-line' using a microcomputer. The search stimulus
for dorsal horn neurones was electrical stimulation of the left ventral coccygeal nerve at an
intensity supramaximal for A fibres but sub-threshold for C fibres. These stimuli (0-2 ms, 1 Hz)
were delivered directly to the nerve via the platinum wire electrodes. The effectiveness of these
stimuli in activating A and C fibres was validated in three control experiments in which compound
action potentials were recorded in the tail nerve caudal to the point of stimulation in response to
the types of electrical stimulation described above. We did not regularly record compound action
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potentials in the experiments in which dorsal horn neurones were studied so as to avoid surgical
trauma in areas close to the receptive fields of the neurones.

Input properties of the neurones
Once a neurone was found responding to the search stimuli, its receptive field (RF) was mapped

and its responses to natural cutaneous stimuli tested. Natural stimulation of the RF included
innocuous stimuli such as brushing and stroking, as well as noxious stimuli such as pin-prick,
squeezing and pinching. The presence of a C fibre input to the cell was also tested by electrical
stimulation of the coccygeal nerve (1 ms, 0-33 Hz) at an intensity at least 10 times that found to
be threshold for the A fibre response. If no response was initially seen, short trains of stimuli were
used (three pulses, 0*5 Hz). No more than five such C fibre intensity stimuli were delivered per cell.

Xoxious mechanical stimulation

Noxious mechanical stimuli were delivered to the rat's tail by a feedback-controlled device
previously described (Handwerker. Anton & Reeh. 1987). It consisted of an electric motor which
generated the mechanical force and a force transducer that provided the feedback signal. The
mechanical pinch was applied to the centre of the RF of the cell being recorded, using a Perspex
stylus with a circular contact area of 3-5 mm diameter and smooth edges. A complete series of
stimuli consisted of four pinches, each lasting 120 s. The intensity of each stimulus remained
constant for the first 60 s and then changed, in a step-like manner, to a new intensity which
remained constant for the second 60 s. Two such stimuli increased in intensity after 60 s, increasing
from 4 to 6 N and from 6 to 8 N respectively. The other two stimuli decreased in intensity after 60 s,
decreasing from 8 to 6 N and from 6 to 4 N respectively. These four stimuli were delivered in a
random order to the tail of the animal, with intervals of 10-15 min between successive pinches. No
more than three cells were tested in any one experiment, and an interval of at least an hour elapsed
before testing another neurone in any experiment.

Histological methods
At the end of the experiment, the recording electrode was removed and replaced with one

containing Pontamine Sky Blue. Several marks were made at 600 fim intervals by ionophorectic
deposition of Pontamine in the track in which a unit had been recorded in order to provide a scale
that would be subjected to the same amount of shrinkage as the rest of the tissue (for details see
Cervero & Tattersall, 1987). The cord was removed and frozen. The recording sites of the neurones
were calculated from these marks recovered in 60 /im transverse sections counter-stained with
gallocyanin.

RESULTS

Extracellular recordings were made from neurones in the dorsal horn of the sacral
spinal cord. Recordings judged to originate from axons rather than from cell bodies
(characterized by monophasic spikes with very steep rising phases) were excluded, as
were those from units with exclusively proprioceptive inputs, that is, responding to
innocuous movements of the tail but not to noxious cutaneous stimuli.

The results reported in this paper are based on a sample of thirty-one dorsal horn
neurones all of which were tested with at least one pinch with a step up in intensity
and one pinch with a step down. Of these thirty-one neurones, five were driven
exclusively by innocuous cutaneous stimuli (class 1), sixteen were driven by both
innocuous and noxious cutaneous stimuli (class 2) and ten were driven exclusively by
noxious cutaneous stimuli (class 3).

Background activity
Before the first test pinch, none of the five class 1 neurones had any spontaneous

activity. Ten of the sixteen class 2 cells had background firing rates of less than
2 impulses s_1 and the remaining six cells in this group fired at rates between 5 and
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Fig. 1. Histograms of the responses to 120 s noxious mechanical stimuli of a class 2 dorsal
horn neurone (with A fibre input only) that signalled both a step up in intensity and a step
down in intensity ('good' encoder). Shown below each histogram is the analog output of
the feedback-controlled mechanical stimulating device. A, response of the neurone to a
120 s stimulus with a step increase in intensity from 4 to 6 N. B, response of the neurone
to a 120 s stimulus with a step decrease in intensity from 6 to 4 N.

20 impulses s_1. The majority of class 3 neurones (8/10) were silent in the absence
of stimulation, though two class 3 cells fired at 1-3 impulses s-1 before the first
test stimulus was applied.

Responses to the 120 s noxious mechanical pinches
The majority of cells tested (22/31) responded well to all of the test pinches applied

to their RFs. Four neurones (one class 2 and three class 3) responded well to the
higher intensity pinches (8-6 and 6-8 X) but produced only a few spikes in response
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to the 4-6 and 6-4 X pinches. The five class 1 neurones in the sample produced only
a few spikes in response to the noxious mechanical stimulus, of which most were in
the first 10 s of the 120 s stimulus period.

Examples of the responses to the pinch stimuli produced by nociceptive neurones
in the sample are shown in Figs 1,2,3 and 4. The response consisted of a number of

40-

30-

Step down: 8-6 N

20-

10-1 u
f

i JM_Uk_
50 100

Time (s)

~8N s

150

6 N ~L

Fig. 2. Histograms of the responses to 120 s noxious mechanical stimuli of a class 3 dorsal
horn neurone (with A fibre input only) that signalled both a step up in intensity and a
step down in intensity ('good' encoder). Shown below each histogram is the analog output
of the feedback-controlled mechanical stimulating device. A, response of the neurone to
a 120 s stimulus with a step increase in intensity from 6 to 8 N. B, response of the neurone
to a 120 s stimulus with a step decrease in intensity from 8 to 6 N.
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components, as follows, although not all of these components were observed in the
responses of all cells: (i) an initial dynamic response at the onset of the stimulus, (ii)
static firing for the remainder of the first 60 s of the stimulus, (iii) a dynamic response
to the step change in intensity, (iv) static firing for the second half of the stimulus
and (v) a dynamic response to the end of the stimulus.

Dynamic responses

An initial dynamic response was seen in the majority of neurones tested, as

previously reported for this type of stimulus (Cervero et al. 1988). The exceptions
were four class 2 neurones in which separate dynamic responses were not easily
distinguished from a vigorous response throughout the stimulus period, and three
class 3 neurones which responded poorly to the first half of a 4-6 N pinch, perhaps
because an intensity of 4 X is close to their threshold.

A dynamic response to the change in intensity after 60 s was seen in four neurones,
three class 2 and one class 3, all of which had only A-fibre afferent input. Only one
of these cells produced a dynamic response to both a step up and a step down in
intensity. This neurone, a class 2 neurone, was also the only cell that responded to
the removal of the stimulus after 120 s. Of the other three cells, one class 3 cell
produced a dynamic response only to the 6-8 X pinch shown in Fig. 2 A and two class
2 neurones produced a dynamic response to both pinches with a step up in intensity
(4-6 and 6-8 X).

Tonic responses

With the exception of the poor response of the five class 1 neurones, and those of
four nociceptive cells to the 4-6 and 6-4 X pinches (described above), all of the
neurones in the sample fired at a more or less constant rate (in most cases after an
initial 10-20 s dynamic response) for the first 60 s of the stimulus period, and again
for the second 60 s of the stimulus period (in a few cases after a 10-20 s dynamic
response to the step).

Signalling of the step change in intensity after 60 s

In general, neurones in the sample appeared to signal the step change in intensity
with a change in their static firing rate (Figs 1 and 2), though there was a great deal
of variability between neurones in the magnitude of this change. Only a few cells
produced a dynamic response to the step change, and in these cases there was also
a change in the level of the static response during the second half of the stimulus
(Figs 1A and 2A).

The cells in the sample have been divided into two groups on the basis of their
ability to detect a step change in intensity, as follows.

Neurones that clearly signalled both step increases and step decreases in intensity
('good' encoders)

Thirteen neurones fall into this group: seven class 2 neurones, of which three had
both A and C fibre input and six class 3 neurones, of which three had both A and
C fibre input (Figs 1 and 2). All of the cells consistently signalled the changes in
intensity in all of the test pinches applied. Three neurones, two class 2 and one class
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3, all with A fibre afferent input only and all located in the deep dorsal horn, signalled
step changes particularly well. The thirteen cells in this group were recorded
throughout the dorsal horn, as shown in Fig. 5.4. No correlation was found between
the position of the cells in the dorsal horn and the presence or absence of a C fibre
input.

Q.

E

Step up: 4-6 N

50 100
Time (s)

150

4 N
6 N

Q.

E

Step down: 6-4 N

lULM
50 100

Time (s)
150

6 N 4 N

Fig. 3. Histograms of the responses to 120 s noxious mechanical stimuli of two class 2
dorsal horn neurones that failed to signal step changes ('poor' encoders). Both received
A and C fibre afferent input. Shown below each histogram is the analog output of the
feedback-controlled mechanical stimulating device. A. response of the neurone to a 120 s
stimulus with a step increase in intensity from 4 to 6 X. B, response of the neurone to a
120 s stimulus with a step decrease in intensity from 6 to 4 X.
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Neurones that signalled step changes in intensity poorly ('poor' encoders)
Thirteen nociceptive neurones fall into this group: nine class 2 neurones of which

six had both A and C fibre input, and four class 3 neurones, all of which had only
A fibre input (Figs 3 and 4). The cells in this group included seven cells that signalled

A ' Step up: 4-6 N

30-

Q.

E

150

Time (s)

4 N 6 N

B
Step down: 8-6 N

Time (s)

/ 8N x V

Fig. 4. Histograms of the responses to 120 s noxious mechanical stimuli of a class 3 dorsal
horn neurone with A fibre input that failed to signal step changes in stimulus intensity
clearly ('p°°r' encoder). Shown below each histogram is the analog output of the
feedback-controlled mechanical stimulating device. A, response of the neurone to a 120 s
stimulus with a step increase in intensity from 4 to 6 X. B, response of the neurone to a
120 s stimulus with a step decrease in intensity from 8 to 6 X.

step increases in intensity, both for increases from 4 to 6 N and for increases from
6 to 8 N. Four cells showed clear decreases in firing rate as a result of step decreases
in the intensity of the stimulus after 60 s, both for decreases from 8 to 6 N and for
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decreases from 6 to 4 N. but did not show increases in firing rate when the pinch
stimulus included a step increase in intensity. Two class 2 neurones with A and C
fibre input did not show changes in firing rate with step changes in the intensity of
the pinch stimulus, regardless of the direction of the change.

A 'Good' encoders B 'Poor' encoders

500 gm

Fig. 5. Locations of the recording sites of neurones tested, pooled on standard transverse
sections of rat sacral spinal cord. Lamination according to Si segment in Molander, Xu
& Grant (1984). A, the locations of class 1 neurones; O, the locations of class 2 neurones;
#, the locations of class 3 neurones. A. 'good' encoders; neurones that clearly signalled
both a step up and a step down in intensity. B. 'poor' encoders; neurones that failed to
signal one or both step changes.

The five class 1 neurones produced a very limited response to the stimuli applied,
and none showed any change in firing rate as a result of a step change in intensity;
thus they were included in the group of 'poor' encoders. The recording locations of
all the neurones in this group are shown in Fig. oB.

Relationship of afferent input and location within the dorsal horn to signalling of a
step change in intensity

As described above, both of the groups of cells contain both class 2 and 3 neurones
and superficial and deep neurones. The three neurones that signalled the step changes
particularly clearly all received only A fibre afferent input, though those class 3
neurones (n = 4) which signalled step changes poorly also received only A fibre
afferent input. The numbers of each type of nociceptive neurone in each group are
shown in a summary histogram in Fig. 6.

Relationship of previous tests in the same animal to signalling of a step change in
intensity

The two groups of cells ('good' and 'poor' encoders) contained approximately
equal numbers of neurones tested as the first cell in an experiment and neurones
tested after the tail had already been subjected to a series of four test pinches. Thus,
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7/13 of the neurones that clearly signalled both a step up and a step down and 8/18
(including 3/5 class 1 neurones) of the neurones that failed to signal one or both of
the step changes were tested as the first cell in an experiment.

DISCUSSION

Three main observations have been made in this study, as follows: (i) class 2 and
class 3 neurones fired throughout the 120 s noxious mechanical stimulus. Class 1

10

8 ■
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"55
" 6 -

o

a
X)

Class 2 Class 3 Class 2 Class 3
Good encoders Poor encoders

Fig. 6. Histogram showing the numbers of class 2 and class 3 neurones in the two groups;
'good' and 'poor' encoders. Open bars shown neurones with only A-fibre afferent input,
and filled bars show neurones with both A- and C-fibre afferent input.

neurones, however, fired only for the first few seconds of the 120 s pinch, and did not
respond to the step change in intensity after 60 s. (ii) Half (50 %) of the class 2 and 3
neurones tested clearly signalled both a step up and a step down in intensity, and
followed the time course of the stimulus closely, and thus mirrored the pattern of the
'autonomic' response in humans (Magerl et al. 1990). The rest of the class 2 and 3
neurones (50%) failed to signal one or both of the step changes, and often did not
follow the time course of the stimulus very closely. The response of this second group
of neurones was thus more similar to the ' sensory' pattern in the human study
(Magerl et al. 1990). (iii) The afferent input properties of the neurones (i.e. class 2 or
class 3; the presence or absence of a C fibre afferent input) and their locations within
the grey matter of the dorsal horn seem not to be determining factors for the ability
of the class 2 and class 3 neurones to signal step-like changes in the intensity of 120 s
noxious mechanical stimuli.

There are some methodological problems in comparing the present data with those
obtained in the psychophysical studies on human subjects (Magerl et al. 1990). In
particular, there is no direct evidence linking neuronal responses in acute
electrophysiological experiments conducted in anaesthetized animals with sensory
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events experienced and reported in humans. Behavioural data from nociceptive tests
in rats such as the paw pressure test (Randall & Sellito, 1957) demonstrate that these
animals avoid noxious stimuli and can sensitize to them; however, whether these
behavioural responses are truly 'sensor}'' in the human Sense cannot be determined.
Also, there are many components of a nociceptive reaction. Hence it may be that
some of the neurones tested process information leading to other outputs of the
nociceptive system, for example affective/motivational responses or reflexes.

Skin blood flow changes as a result of the noxious pinches can, however, be
measured in anaesthetized rats. Preliminary results indicate that the changes in skin
blood flow are similar to those in humans; that is. they follow step-like increases and
decreases in the intensity of the pinch stimuli very closely (H. 0. Handwerker &
W. Magerl, personal communication).

Response to the 120 s noxious mechanical stimulus
The class 1 neurones tested responded weakly to the 120 s stimuli, with most of the

firing in the first few seconds. This is as we have previously reported for this
preparation and type of stimulus (Cervero et al. 1988). It seems unlikely, therefore,
that these neurones are involved in signalling the step changes in the intensity of the
pinch stimuli.

In contrast, all of the class 2 and class 3 neurones tested responded for the whole
of the 6-8 and 8-6 N 120 s stimuli, and the majority to the 4-6 and 6-4 N stimuli.
A few cells (4/26) failed to respond well to the lower intensity stimuli, perhaps due
to desensitization, or, since three of these cells were class 3 neurones, to those stimuli
being close to the threshold of the cells. These observations confirm our previous
descriptions (Cervero et al. 1988; Laird & Cervero, 1989). The shape of the response
to the 120 s pinch is as would be expected from our previous work; that is, an initial
dynamic response followed by tonic firing for the remainder of the stimulus duration.

The new component in the present study is the step-like change in the stimulus
intensity after 60 s. A clear dynamic response to the step change was relatively rare,
only being seen in four cells. Only one cell in the whole sample showed a clear
dynamic response to a step decrease in intensity. However, changes in the rate of
tonic firing associated with the change in the stimulus intensity were seen in the
majority of the class 2 and class 3 neurones (24/26).

Signalling the step-like change in stimulus intensity
Almost all class 2 and class 3 cells appeared able to detect either a step increase or

a step decrease in the intensity of the 120 s stimulus indicated by a change in the level
of tonic firing. In general, signalling of a step increase was more apparent. A decrease
in tonic firing associated with a step decrease in intensity was less obvious, since in
some cases the response of the neurone was already adapting, though at a slow rate.
Hence, in assigning neurones to particular groups only clear changes in firing rate
were taken as evidence of detection of the change in the stimulus intensity. The
ability of individual neurones to detect step changes in a particular direction did not
appear to be affected by the intensity of the stimulus; all cells that were tested with
two stimulus intensities (that is, 4-6 and 6-8 X or 8-6 and 6-4 X) and responded to
the 120 s stimuli were consistent in detecting or failing to detect the step change.
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Two groups of neurones were identified on the basis of their ability to signal step
changes in the intensity of the noxious pinch. The first group, comprising half of the
class 2 and class 3 neurones tested, were those neurones which clearly signalled both
a step increase and a step decrease, and also followed the time course of the stimulus
closely, indicating the possibility of involvement in processing nociceptive inf¬
ormation leading to the sympathetic outflow to skin vasoconstrictors. However, the
information about the stimulus contained in the responses of these neurones may not
necessarily be retained at the next synapse for all of the cells in this group.

The second group of cells did not signal clearly step changes in intensity, though
some did detect a step increase or a step decrease in the stimulus. These neurones did
not follow the time course of the stimulus closely. Thus this group of neurones
responded to the 120 s pinch stimuli in a pattern similar to that of the sensory
perception reported by the human subjects. The similarity is particularly interesting
since this group includes some neurones which detected some of the step changes.
They do not, however, belong to the first group of neurones which signal both the
step increase and decrease clearly. This lack of precision in the signalling of the step
mirrors the uncertainty in the human subjects ever the detection of a step.

There are many other types of somatosensory processing occurring in the dorsal
horn, both nociceptive and non-nociceptive, and it is thus possible that some of the
neurones tested belong to a system other than the two (pain perception and
sympathetic skin vasoconstrictor outflow) considered in the human study (Magerl
et al. 1990).

Relationship of previous tests in the same animal to signalling of a step change in
intensity

The application of a number of pinch stimuli to the tail before a particular neurone
was tested did not seem to affect which pattern of response it showed. This is in
contrast to the ability of dorsal horn nociceptive neurones to encode the intensity of
a series of 120 s pinches delivered at 10 min intervals, which is disrupted by the
application of noxious stimuli to the tail (Cervero et al. 1988).

Relationship of afferent input properties and location to signalling of a step change in
intensity

The afferent input properties of the neurones or their location within the dorsal
horn do not appear to determine their abilities to follow the step changes in intensity,
and thus on the basis of the comparison of their responses with the results of the
human study (Magerl et al. 1990) both class 2 and class 3 neurones participate in both
sensory and autonomic nociceptive processing. However, the sample does not include
any superficial class 2 neurones, so the possibility that these neurones may be
preferentially or exclusively involved in a particular system cannot be excluded. None
the less, it is clear that the groups into which dorsal horn neurones are divided on the
basis of their afferent input and/or location are not homogeneous with respect to the
signalling of a step-like change in intensity in a prolonged noxious mechanical pinch.

This is perhaps not a surprising result since it is well known that axons from both
types of neurone travel in all of the major projection pathways to supraspinal targets
(thalamus, midbrain, hvpothalmus) thought to be involved in nociceptive processing
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(Besson & Chaouch. 1987). It is possible that the important factor when considering
the ability of a particular neurone to detect the step increases and/or decreases in
intensity of the pinch is the destination of its axon rather than its afferent inputs.
This would.be consistent with the suggestion of 1'erl (1984), who proposed that
class 3 neurones whose axons travel in the major projection pathways are responsible
for signalling the location and modality of noxious events, and that the overlap¬
ping terminations of class 2 cells in supraspinal centres provide a mechanism for
modulating the sensitivity of the system in line with the immediate history of the
organism, accounting for the great variation in responsiveness observed under
different environmental conditions, thus both ceil types could be involved in most of
the components of a nociceptive response.

The projection targets of the neurones in the present sample were not examined.
The problem of locating the target to which dorsal horn neurones send their axons
is not easily solved. A particular tested neurone without a supraspinal projection
may provide the major input to a projection neurone. Even if only neurones with
supraspinal projections are considered, both anatomical and electrophysiological
studies have shown that many neurones have extensive collaterals, and thus may

project to several supraspinal sites (Price, Hajms. Ruda & Dubner, 1978; Kevetter
& Willis, 1983; Hylden et al. 1989). A neurone innervating several targets does not
necessarily send equivalent information to each of the targets.

From our results we conclude that dorsal horn neurones with a nociceptive input
(class 2 and 3) are responsible for the signalling of a step-like change in the intensity
of a prolonged noxious mechanical stimulus, and that one group of these neurones
follows the 'sensory' pattern of response seen in the human study (Margerl et al.
1990), and another follows the 'autonomic' pattern of response. We propose that
both class 2 and class 3 neurones, superficial and deep, may be involved in both
sensory and autonomic processing in the dorsal horn. It would seem that at this earty
stage in the processing of afferent nociceptive information, the output and target of
a neurone is more important than its afferent input in determining the final
consequences of that neurone's activity.
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Summary. In ten cats, single unit electrical activity was
recorded in the lumbosacral spinal cord from neurones
driven by stimulation of afferent fibres from the ip-
silateral knee joint. Tonic descending inhibition (TDI) on
the responses of these cells was measured as increases in
resting and evoked activity of the neurones following
reversible spinalization of the animals with a cold block
at upper lumbar level. Acute inflammation of the knee
joint was induced in five of the cats by the injection of
kaolin and carrageenan into the joint. TDI was observed
in 25 of 33 neurones recorded in normal animals (76%)
and in 36 of 40 (90%) neurones recorded in animals with
acute knee joint inflammation. In both kinds of prepara¬
tion TDI was more pronounced in neurones recorded in
the deep dorsal horn and in the ventral horn than in those
recorded in the superficial dorsal horn. There was a
tendency in the whole sample for TDI to be greater in
neurones with input from inflamed knees. We conclude
that the spinal processing of afferent information from
joints is under tonic descending influences and that the
amount of TDI can be altered during acute arthritis.

Key words: Pain - Inflammation - Descending inhibition
- Nociception - Spinal cord - Cat

Introduction

Transmission of sensory information through the spinal
cord involves a considerable amount of modulation of
the incoming afferent messages. One such form of modu¬
lation is the tonic inhibition of the activity of spinal cord
neurones mediated by descending influences from the
* On leave from: Department of Physiology. University of Bristol
Medical School. University Walk, Bristol BS8 1TD, U.K.

Offprint requests to: H.-G. Schaiblc (address see above)

brain stem (Besson and Chaouch 1987; Duggan 1982;
Gebhart 1986; Willis 1982). This tonic descending inhibi¬
tion (TDI) can easily be demonstrated by the increase in
spontaneous and afferent-evoked activity in spinal cord
neurones that follows acute spinalization of the experi¬
mental animals (Cervero et al. 1976, 1977; Tattersall et
al. 1986). Using techniques of reversible spinalization,
such as cold block of the spinal cord, TDI can be studied
in several spinal cord neurons from the same animal.

TDI has been demonstrated and analysed in some
detail on the responses of spinal cord cells evoked by
stimulation of cutaneous, muscle and visceral afferents
(Cervero et al. 1976; Hong et al. 1979; Tattersall et al.
1986). However, no information exists in the literature as
to the presence and extent of TDI on the responses of
spinal cord cells to stimulation of afferent fibres from
joints. Therefore, the first objective of the present experi¬
ments was to study TDI on the input to the spinal cord
mediated by joint afferents.

Previous studies of TDI on the cutaneous inputs of
spinal cord neurones have led to the proposal that the
central nervous system develops central inhibition in
response to and directed towards the excitation mediated
by its afferent drives (Cervero and Plenderleith 1985).
Our second objective in the present study was to test this
proposal by examining whether TDI was changed in
animals undergoing acute inflammation of the knee joint,
a procedure known to result in increased activity from
sensitized joint nociceptors (Schaible and Schmidt 1985;
Schaible et al. 1987). Some preliminary results have been
published in abstract form (Cervero et al. 1990; Schaible
et al. 1989).

Methods

Experiments were conducted on 10 cats of either sex with body
weights between 2.5 and 4.0 kg. Anaesthesia was induced in all
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Fig. 2. Removal of the cold block of the spinal cord. All panels are
as per Figure I but. in this case, they represent the time of rewarm-
ing of the spinal cord (at time 0. indicated by the vertical lines). Note
the recovery of the enhanced background activity to pre-block
levels

nerve. Cutaneous receptive fields were located, as in the
normal sample, on the skin of the knee, thigh and calf.
All neurons recorded in these animals were activated by
compression of the knee joint but, in this sample, low
intensity stimulation of the inflamed knee joint was able
to activate all cells. This was probably due to the sen¬
sitization of joint nociceptors known to occur after in¬
flammation of the joint (Schaible and Schmidt 1985).

Thirty-six of these cells showed some degree of TDI
on their spontaneous and evoked responses (90% of this
sample). Two cells did not change their responses on
spinalization and another two showed decreased activity
after cold block of the spinal cord.

Differences were also observed, in the cells that
showed TDI, according to the locations of the cells (see
Fig. 1 and 2). The general pattern was similar to that
observed in normal animals (i.e. little TDI on SDH
neurones, variable TDI but with a wider range on DDH

cells and even wider ranges of responses in VH cells). As
populations, DDH and VH cells showed increased levels
of background activity in the intact state and larger
changes after spinalization (of up to 2400% of control
•values) whereas the effects of the spinal block on SDH
cells were not markedly different from those observed on
normal SDH cells (Fig. 1 and 2).

Discussion

Three main observations have been made in the present
study: i) the responses of most spinal cord cells to stimu¬
lation of joint afferents are under tonic descending in¬
hibitory control; ii) there are differences in the magnitude
of this TDI between neurones recorded in the superficial
dorsal horn, the deep dorsal horn or the ventral horn;
and iii) spinal cord neurones driven by joint afferents
become more responsive under conditions of experimen¬
tal arthritis which appears to induce also some changes
in the magnitude of TDI.

Our first observation demonstrates that the joint af¬
ferent input to the spinal cord is under a type of descend¬
ing control similar to that known to operate on the spinal
processing of afferent information from the skin, muscle
and viscera. Moreover this TDI seems to act on all kinds
of spinal neurones irrespective of their location in the
grey matter or of the type of cutaneous and articular
input to the cell. Some differences were noted, however,
between superficial dorsal horn cells, deep dorsal horn
cells and ventral horn cells as to the magnitude of TDI.
Superficial dorsal horn neurons were found to be under
less TDI than the two other groups, an observation in
line with other studies of TDI on the cutaneous inputs
of spinal cells (Cervero et al. 1976; Laird and Cervero
1990).

The technique of reversible spinalization by means of
a cold-block of the spinal cord is well established and
widely used. A block was only considered to be effective
if the animal's systemic blood pressure fell to the level of
an acutely spinalized animal, i.e. about 80 mm Hg in our
hands. It has been reported that autoregulation main¬
tains blood flow through the spinal cord in the rat with
little change unless the systemic blood pressure falls be¬
low 45-50 mm Hg (Holtz et al. 1888). Thus the neurones
in the spinal cord are unlikely to be greatly affected by
the fall in blood pressure resulting from the spinal block.
Also, as both increases and decreases were seen in back¬
ground and evoked activity of different neurones in a
single experiment, it seems unlikely that changes in blood
flow alone could be responsible for the observed results.

Induction of experimental arthritis resulted in an
enhanced activity of most cells as previously described
(Schaible et al. 1987). However, the superficial dorsal
horn population expressed less changes than the other
two and neither the resting activity of these cells, nor the
amount of TDI on the neurons appeared to be altered.
This agrees with other studies of functional plasticity in
the dorsal horn that have pointed out to the nociceptive-
specific cells of the superficial dorsal horn as a neuronal
population more resistant to change than other cell
groupsof the spinal cord (Laird and Cervero 1989, 1990).
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animals with Ketamine (50 mg/kg im) and maintained with
a-chloralose (80 mg/kg iv initial dose, 20 mg/kg iv subsequent
doses). The level of anaesthesia was adjusted so that no precipitate
cardiovascular reactions were observed when noxious stimuli were

applied to the animal. Systemic blood pressure was continuously
monitored via a catheter in one of the carotid arteries. The animals
were paralysed with pancuronium bromide (0.6 mg/h) and artifici¬
ally ventilated. End-expiratory C02 was kept between 3.5 and 4.5%
and core temperature was monitored and maintained at about
38° C with a heating pad.

The lumbar spinal cord was exposed by a laminectomy from
L3 to L6 and a second laminectomy was performed at the thoraco¬
lumbar junction to permit the application of the cold blocking
device. Single unit electrical activity was recorded, using glass-
insulated carbon fibre microelectrodes, from neurones in the lum¬
bosacral enlargement of the spinal cord. Neurones selected for this
study were all driven by electrical stimulation of joint afferents in
the Posterior Articular Nerve (PAN) of the ipsilateral knee joint.
This nerve was dissected free and placed on electrodes for stimula¬
tion. The ipsilateral sural nerve was also dissected and prepared for
electrical stimulation. A pool was made on the leg with skin flaps
around the dissected nerves and was filled with warm paraffin oil.

Tonic descending inhibition was assessed by recording the
spontaneous and afferent evoked activity of the neurones studied
before and after reversible spinalization of the animals with cold
block. The block was achieved by circulating cold fluid through a
silver-plated thermode placed on the spinal cord at upper lumbar
level. Details of this technique have been previously published
(Cervero et al. 1977). Five of the ten cats were used as controls
whereas in the other five acute inflammation of the knee joint was
induced by the intra-articular injection of kaolin and carrageenan
(see Schaible et al. 1987 for details). Inflammation was produced
always after the animals had been anaesthetized and neuronal
activity was recorded in these animals 2 to 15 h after the induction
of the experimental arthritis.

Results

In the five normal cats a total of 33 spinal cord neurones
were studied. All these cells were driven by electrical
stimulation of joint afferents in the PAN and, in addi¬
tion, by electrical stimulation of the sural nerve. Cuta¬
neous receptive fields were located on the skin covering
the knee, thigh and calf of the animals. Natural stimula¬
tion of the knee joint by manual compression evoked
responses on these neurones only at noxious intensities
of the kind known to activate joint nociceptors (Schaible
and Schmidt 1983).

TDI was found to be present in 25 of these 33 cells
(76%) (see Figures 1 and 2). The activity of 7 cells did not
change on spinalization whereas in one neurone cold
block of the spinal cord resulted in decreased responses.

In the cells that showed TDI, spontaneous activity
appeared or increased (by up to 500% of control values)
within one to two minutes after the onset of the cold
block, and remained at a higher level until the block was
removed. Electrically evoked responses to stimulation
of PAN and sural nerve were also increased in the
spinalized state by between 100 and 2000% of control
values.

Neurones were classified into three groups depending
on their location in the spinal cord (locations were esti¬
mated by depth measurements): Superficial Dorsal Horn
(SDH, 8 cells), Deep Dorsal Horn (DDH, 19 cells) and
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Fig. 1. Tonic descending inhibition of lumbosacral spinal neurones
in control cats (left panels) and in cats undergoing acute inflamma¬
tion of the knee joint (right panels). Each graph shows the level of
background activity of individual cells in the superficial dorsal horn
(SDH), deep dorsal horn (DDH) and ventral horn (VH) one minute
prior to and up to 6 minutes after the application of a cold block
to the spinal cord at upper lumbar level (indicated at 0 time by the
vertical lines). Note the increases in the background activity of the
cells induced by the spinalization in most neurones and the different
effects between the three groups of cells and between control and
arthritic cats

Ventral Horn (VH, 6 cells). These three groups of cells
showed different amounts ofTDI (see Fig. 1 and 2). SDH
cells showed the smallest changes on spinalization, DDH
cells had variable amounts of TDI as a whole sample, but
the range of changes was greater than that of SDH cells.
VH neurones showed the largest range of values of spon¬
taneous activity after spinalization.

In the five cats in which acute inflammation of the
knee joint was induced, a total of 40 neurones were
recorded and analyzed. This sample included 11 SDH, 21
DDH and 8 VH cells. All these cells were driven by
stimulation of afferent fibres in PAN and in the sural
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The main change observed in all cells in the arthritic
cats was the reduction of the response threshold of the
cells to joint stimulation, so that the cells responded to
low intensity stimulation of the inflamed joint. Previous
studies of the properties of joint nociceptors in normal
and inflamed joints would suggest that an important
component of this phenomenon was due to the sensitiza¬
tion of joint nociceptors (Schaible and Schmidt 1985).

The present population study indicates that TDI was
also changed by the developing inflammation. Looking
at the changes in activity induced by reversible spinaliza-
tion in arthritic cats it would appear that the amount of
TDI was greater in these animals than in normal cats.
Because of the variability of the individual responses and
of the wide range of changes observed we decided to
conduct a second study in which we examined TDI in a
given cell prior to and during the development of experi¬
mental arthritis. The results from this second study (to
be published elsewhere) support our preliminary con¬
clusion that TDI was increased in arthritic cats.

It has been suggested that TDI may be enhanced by
or be a consequence of the surgical trauma induced by
the experiments (Duggan 1985). This explanation is also
in line with our observation that TDI appears to be
enhanced in arthritic animals.

We therefore conclude that the spinal processing of
afferent information from joints is under tonic descend¬
ing influences similar to those that affect other sensory
inputs to the cord and that the magnitude of TDI appears
to be altered during acute arthritis by the enhanced
responsiveness that the inflammation induces on the
cells.
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The word "pain" is used to describe many unpleasant sensations ranging from
the trivial consequences of a pin-prick to the agonies of causalgia. Current pain
theories treat all forms of pain as the products of a single neurological
mechanism. We propose that different pain states result from diverse
expressions of a nociceptive system that can bring into play various
neurophysiological mechanisms.

The word "pain" describes a large range of sensory experiences. At one

end of the spectrum there are protective pain sensations, such as the
sensations produced by a pin-prick or by a small burn. This kind of pain, also
known as normal, nociceptive or sensory pain (4), is present in all individuals
and is a useful and necessary component of our sensory repertoire. Without this
type of protective pain sensation everyday life, even survival, would be difficult.

At the other end of the spectrum there are abnormal and non-protective
pain sensations; those that characterize syndromes such as trigeminal
neuralgia, phantom limb pain or reflex sympathetic dystrophy. This type of pain
sensation, called abnormal, aberrant or pathological pain (4) is experienced by
only a minority of people, and is generally the consequence of damage to

peripheral nerves or to the central nervous system (CNS).
Past and current theories about pain have tended to explain all these

different forms of pain as the expressions of a single neurological mechanism.
This is probably why we still have two opposing and seemingly unreconcilable
pain theories: specificity and pattern. The specificity theory proposes that pain is
mediated by the sequential activation of a specific pain pathway, whereas the
pattern theory argues that pain is triggered by the spatial and temporal patterns
of activation of non-specific sensory channels (see 2, 15). The specificity
interpretation cannot easily provide a convincing explanation for abnormal
states in which pain is triggered by innocuous inputs and, conversely, the
pattern interpretation can only exist by ignoring or playing down the large body
of evidence for the existence of specific nociceptors in the periphery and of
specific nociceptive neurones in the CNS.

We believe that the neurophysiological mechanisms responsible for all of
the various pain states are different. The many forms of pain sensation reflect
the diverse expressions of the nociceptive system, and we would argue that
normal and abnormal pain represent the end-points of a sequence of possible
changes that can occur in the nervous system. Normally, a steady state is
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maintained in which there is a close correlation between injury and pain.
However, changes or oscillations induced by nociceptive input or by changes in
the environment can result in variations in the quality and quantity of pain
sensation produced by a particular noxious stimulus. Such changes would be
temporary, unless there was further noxious input, as the system would always
tend to restore the normal balance between injury and pain. However, long-
lasting or very intense nociceptive input or the removal of a portion of the
normal input would distort the nociceptive system to such an extent that the
close correlation between injury and pain would be lost.

This conception of the nociceptive system incorporates the experimental
evidence on the normal responses of nociceptive neurones to noxious
stimulation, and is also compatible with the large body of evidence showing that
in some neuropathic pain states input from the periphery is not necessary for
pain sensation (2). Such diseases can be regarded as qualitative changes in
the equilibrium, that is, changes in the set-point of the nociceptive mechanism.

In this paper, we discuss our proposal by considering the responses of
the nociceptive system to three different conditions: 1) the processing of a brief
noxious stimulus, 2) the consequences of prolonged noxious stimulation
leading to tissue damage and peripheral inflammation and 3) the
consequences of neurological damage, including peripheral neuropathies and
central pain states. The responses of the nervous system to these situations are

treated as three successive phases, or pain states, along the continuum of
possible changes in the nociceptive system (see Table 1). However, it is
important to point out that these phases or stages are not necessarily exclusive,
and that at any given time several of the neurophysiological mechanisms that
underlie these pain states may co-exist in the same individual.

PHASE 1: PROCESSING OF A BRIEF NOXIOUS STIMULUS

In every day life, the nociceptive system functions to warn of impending
damage to the body, signaling the location and extent of the damage or the
presence of a potential threat. Pain from joints signals strain requiring a change
of posture, pain from the skin signals that the plate in your hand is hot, or that
there is a pin stuck in your shirt. As such, Phase 1 pain is a protective sensation,
needed for the survival and well-being of the individual. This aspect of
nociceptive processing has been the most widely studied in the laboratory, both
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in animals and in humans, and virtually all of the components of the system and
their responses to brief noxious stimuli have been identified.

Damaging or potentially damaging stimuli impinging on the skin, muscle
or viscera are signalled by nociceptors, which transduce the stimulus energy

such as heat and mechanical force into neuronal signals. Nociceptors have
higher thresholds for activation than receptors signalling touch, warmth and
cold, and also encode the intensity of the stimulus, increasing their firing rate as

the stimulus intensity increases (2,4,15).
The fine primary afferent fibres attached to the nociceptors in the

periphery have their cell bodies in the dorsal root ganglia. Their central
branches enter the spinal cord via the dorsal roots and terminate in the
superficial layers and lateral neck of the dorsal horn of the spinal cord (15).
Dorsal horn neurones receiving this input provide the first point for the
integration of these nociceptive signals. These cells also receive inputs from
higher centres and from other spinal neurones, and thus they represent the first
opportunity for descending and intraspinal modulation of the nociceptive
afferent message (see references 2, 4 and 15 for further details and diagrams).

Two types of dorsal horn neurones receive inputs from nociceptive
primary afferents: i) nociceptor-specific neurones which, as their name implies,
are excited only by noxious input and ii) multireceptive or wide-dynamic range
neurones which are excited by both innocuous (brush and light touch) and
noxious inputs (4). Dorsal horn neurones of both types project rostrally towards
the thalamus, with collateral branches terminating at various levels of the
brainstem. Both the thalamus and the cortex contain cells that respond
exclusively to noxious stimuli, and cells that respond to both noxious and
innocuous stimuli (15).

Multireceptive neurones in the dorsal horn generally receive very

convergent inputs from a wide variety of sensory receptors innervating a large
area of skin. Thus these cells are not obvious candidates for a role in

distinguishing noxious from innocuous stimuli. On the other hand, these cells
are good at encoding the intensity of noxious stimuli and show long-lasting
increases in excitability in response to minor noxious inputs. The responses of
multireceptive neurones to peripheral inputs are also under considerable
control by supraspinal centres (6,8,9,10).

Nociceptor-specific neurones have small receptive fields from which they
can only be excited by noxious stimuli. They are well suited to convey precise
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information about the peripheral location of a noxious stimulus, and to
discriminate noxious from innocuous stimuli. Nociceptor-specific neurones in
the superficial dorsal horn of the spinal cord are under less descending control
from supraspinal centres than multireceptive neurones (9, 10) and their
responsiveness to peripheral stimuli is also altered less after minor noxious
stimuli (8). However, those located in the deeper layers of the dorsal horn are

more like multireceptive neurones in these respects (9, and references therein).
On the basis of the differing general properties of these two groups of

neurones, the simplest view is that in response to a noxious but non-damaging
brief stimulus, nociceptor-specific neurones in the spinal cord provide a direct
pathway for the transmission of pain-related information. Modulation and
encoding of stimulus intensity could then be provided by multireceptive
neurones (13), giving context to the pain sensation, and conveying or

modulating the motor and autonomic reflexes associated with normal pain
sensations.

The mechanisms subserving the processing of a brief noxious stimulus
can thus be viewed as a fairly simple route of transmission centrally towards the
thalamus and cortex and thus consciousness, with possibilities for modulation
occuring at synaptic relays along the way (see Phase 1 model in Figure 1). The
relative simplicity of this mechanism reflects the experimental observation that
in humans undergoing Phase 1 pain, there is a close correlation between
discharges in peripheral nociceptors and the subjective appreciation of pain
(Figure 2).

PHASE 2: NORMAL NOCICEPTIVE SYSTEMS UNDER PROLONGED

NOXIOUS STIMULATION: TISSUE DAMAGE AND INFLAMMATION

Injury and tissue damage produced by mechanical, thermal or chemical
stimuli evoke an inflammatory reaction as part of the healing process. This is
still a normal component of the reactions of the organism to a noxious stimulus.
However, the pain state produced by tissue damage and inflammation, which
we have called Phase 2 pain, is different from Phase 1 pain, since in the
injured, inflammatory state, the response properties of the various components
of the nociceptive system change. These changes in response properties and
their consequences for the way in which nociceptive information is processed,
have only recently been studied in detail, although changes in animal
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behaviour and in the pain sensations reported by humans as a result of
damage or inflammation are well documented.

Persistent noxious stimuli can have two effects on peripheral nociceptors
in the area affected. Firstly, nociceptors may be sensitized (12), that is, show a

decrease in response threshold, to the point where they can be activated by
innocuous stimuli. Secondly, there is increasing evidence for the existence of a

class of nociceptors which do not appear to respond to noxious thermal and
mechanical stimuli under normal conditions, but become active when the tissue

they innervate undergoes inflammation. These silent or sleepy nociceptors
were first observed by Schaible and Schmidt following the induction of an
acute arthritis in the knee joint of cats. They have also been described in the
urinary bladder and in the skin (see refs in 11). Thus the afferent inflow to the
CNS from the inflamed area will increase dramatically as a result of two
mechanisms: the increased activity and responsiveness of sensitized
nociceptors, and the recruitment of a population of previously unresponsive
receptors. Both of these mechanisms can be triggered and maintained by the
release of substances in the periphery from the nociceptive terminals

) themselves. This is the neurogenic component of the inflammatory response
(i.e., the axon reflex).

Since the input to the CNS has changed, changes in the responses of
the central components of the nociceptive system are to be expected. However,
it is clear that nociceptive neurones in the dorsal horn of the spinal cord modify
their responsiveness in ways that are not merely a reflection of changes in their
inputs. The excitability of multireceptive neurones can be altered by relatively
minor stimuli. These alterations are even more pronounced when more severe

stimuli are employed. Similarly, nociceptor-specific neurones can also alter
their properties when the periphery is damaged or inflamed (7). Increased
excitability expressed as increases in receptive field size and greater
spontaneous and evoked firing have been reported in both types of cells after
skin burns, noxious chemical stimulation of the skin or deep tissues and after
induction of acute local inflammation (see refs in 7 and 8). These changes in
excitability may last for hours, even in the absence of on-going stimuli. Similar
increases in excitability as a result of noxious stimuli and injury are also
observed in spinal motor neurones (16), though it is likely that these changes
are secondary to dorsal horn neurone changes. There is also recent

experimental evidence showing that the magnitude of the descending control
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acting on dorsal horn neurones is increased during the development of a

peripheral inflammation (5).
All of these changes indicate that the CNS has moved to a new, more

excitable state as a result of the noxious input generated by tissue injury and
inflammation. Under these conditions, an immediate correlation between

discharges in peripheral nociceptors and pain perception is lost. Phase 2 pain
is characterized by its central drive, a drive that is initially triggered by
peripheral inputs, but not necessarily maintained by them (see Phase 2 model
in Figure 1).

These changes are still part of the repertoire of a normal nociceptive
system. Past events and current circumstances are taken into account in the
processing of new inputs, but as healing progresses, recovery to a Phase 1
state will occur, and thus the system restores its balance in the long term.

PHASE 3: ABNORMAL PAIN STATES: PERIPHERAL

NEUROPATHIES AND CENTRAL PAIN

. Abnormal pain syndromes are generally the consequence of damage to
peripheral nerves or to the CNS itself. Many of these syndromes produce
mystifying symptoms, considerably outside the range of the sensations
produced by the normal nociceptive system, even after serious peripheral
injury or inflammation. These include spontaneous pain, greatly reduced pain
thresholds and mechanical allodynia (a painful sensation evoked by hair
movement or light touch) (see 1, 2). It is clear that in these chronic pain states,
the nociceptive system is behaving in a very abnormal fashion. Moreover, these
pain states, which we have called Phase 3 pains are characterized by an
almost complete lack of correlation between peripheral noxious stimuli and pain
sensation. In clinical terms, Phase 1 and 2 pains are symptoms of peripheral
injury, whereas Phase 3 pain is a symptom of neurological disease.

These abnormal pain states are produced by different kinds of
neurological damage, which can conveniently be grouped under two headings:

i) peripheral nerve lesions:
Lesions of peripheral nerves by trauma or by disease result, in some

cases, in abnormal pain sensations. For instance, a proportion of amputees
experience pain in their missing, "phantom" limb. Also, pain can be localized to
areas of the body that are totally denervated, but still attached (anaesthesia
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dolorosa). Traumatic injury of a major nerve, without complete transection can

produce causalgia, a syndrome that includes chronic pain and sympathetic
dysfunction. Minor injuries that may include sub-clinical nerve lesions can

produce a similar set of symptoms, known as reflex sympathetic dystrophy
(RSD). Infections and metabolic diseases, such as herpes zoster and diabetes
can also produce painful peripheral neuropathies (for further details and
discussion, see 1, 2).

Many changes in the properties of primary afferent neurones have been
identified following peripheral nerve injury (1). It is believed that some of these
changes can contribute to the clinical features of painful neuropathies. These
changes include abnormal impulse activity generated in nerve sprouts,
neuromas or even in dorsal root ganglion cells; ephaptic coupling between
adjacent nerve fibres (see 1, 2) and abnormal sensitivity of peripheral
nociceptors to sympathetic outflow or to circulating catecholamines (14). Thus,
as a consequence of a peripheral nerve lesion, the CNS receives a large
amount of very abnormal afferent inflow.

Blocking some of this abnormal afferent drive can relieve neuropathic
pain symptoms, but there is considerable evidence that a reorganization of
central processing occurs when peripheral nerves are damaged. For instance,
in normal people, large myelinated (Ap) fibres convey information related to
sensations of touch and pressure, but in RSD and causalgia patients activity in
Ap afferents evokes mechanical allodynia. This is demonstrated by the
observation that during an ischaemic nerve block the mechanical allodynia in
RSD patients disappears at the point when Ap conduction has failed, but small
A-fibres and C-fibres are still conducting normally(3). In experimental animals, it
has been shown that a peripheral nerve injury induces a variety of
neurochemical and electrophysiological changes in the properties of the dorsal
horn of the spinal cord (1).

ii) Central pain:
Damage to any portion of the somatosensory system within the CNS can

produce chronic pain that does not require any peripheral input for its
maintenance {central pain). The most common causes of central pain
syndromes are traumatic injuries to the spinal cord, particularly above the level
of L1, and strokes which involve ischaemic damage to ascending nociceptive
pathways (2).
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Included in this group of central pain syndromes are cases where a pain
that was originally of peripheral origin, such as for example phantom limb pain,
becomes centrally established. The central origin of this kind of pain is
demonstrated by the lack of relief by peripheral nerve blocks, or even by spinal
anaesthesia, dorsal rhizotomy or cordotomy (2). This group of syndromes can

be explained in terms of a qualitative change in the system so that the sensation
of pain is now always present in the absence of any peripheral input. This type
of condition could also be involved in cases in which spinal analgesia
reawakens an old neuropathic pain such as phantom limb pain (2).

Phase 3 pains are spontaneous, triggered by innocuous stimuli or

exaggerated responses to minor noxious stimuli. These sensations are

expressions of substantial alterations in the normal nociceptive system induced
by peripheral or central damage (see Phase 3 model in Figure 1). Under these
circumstances, the pain is maintained by anomalous CNS activity, which may
be internally generated, or driven by abnormal peripheral inputs. The particular
combination of mechanisms responsible for each one of the various Phase 3
pain states is probably unique to the individual disease, or to particular sub¬
groups of patients. Phase 3 type syndromes are seen only in a minority of
people, even patients with seemingly identical damage to their nervous systems
may or may not complain of pain (2). Thus the development of Phase 3 pain
may involve genetic, cognitive or emotional factors that have yet to be identified.

FORMER PAIN THEORIES IN RELATION TO THIS NEW PROPOSAL

The specificity theory describes Phase 1 pain states fairly well, although
in our model, central modulation plays an important role in shaping the final
perception of pain. Our models for Phase 2 and Phase 3 incorporate an
element of balance between the different inputs to the CNS, and an important
role for central patterns of activation, both of which are aspects of the pattern
theory, and its derivatives such as the "gate controt' theory (see references in
2). However, in our view, all the former pain theories suffer from the
fundamental shortcoming of being exclusive of each other and of attempting to
provide a complete and universal explanation for all forms of pain. The
specificity theory cannot explain a lack of correlation between injury and pain,
whereas the pattern theories cannot accommodate the extensive evidence on

specific nociceptors and nociceptor-specific neurones.
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This new look at pain mechanisms provides a synthesis of the useful
elements of older interpretations together with a fresh conceptual approach to
the analysis of the various forms of pain sensation. We believe that this new

interpretation offers a helpful framework for pain researchers in the design of
experimental studies and in the assessment of the results. This has particular
relevance to the many new animal models of acute and chronic pain that are

being introduced. Our approach may help to determine which pain states are

being examined, and which mechanisms might be expected to be operating in
each of the animal models.

Our proposal also has implications for pain prevention and treatment. If
the different types of pain are considered as sequential changes in the
nociceptive system, it follows that treatment of Phase 2 and 3 pain conditions
must be directed at restoring the equilibrium of Phase 1. Equally it may be
possible to prevent the changes in the system that characterize Phase 2 and 3
pain from occuring in the first place. There is already evidence in the clinical
literature that post-operative pain (a clear example of Phase 2 type pain) can be
reduced by blocking the nociceptive barrage caused by the surgical
intervention. This is done by carrying out peripheral nerve or spinal blocks
during surgery, thus preventing peripheral nociceptive signals from reaching
the CNS and from triggering secondary changes.

We have not fully discussed, given the limitations of space, all of the
implications of the models we propose, and we are well aware that many gaps
remain to be filled. The examples we have chosen to illustrate our models are,

of necessity, related to our own experience. Our aim is to produce a conceptual
framework which fits the currently available evidence, and in the process, to
clarify our own views of the mechanisms of pain processing, and to generate
further discussion.

Acknowledgements: We are grateful to Drs. Gary Bennett and Mitchell Max for
their helpful criticisms of this paper and to Professor H.O. Handwerker for
supplying Figure 2.
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(Cervero & Laird. NIPS. Table 1)

PHASES OF PAIN

NORMAL

Phase 1: Processing of a brief noxious stimulus

Phase 2: Prolonged noxious stimulation
Peripheral tissue damage and inflammation

Phase 3: Neuropathic pain.
Peripheral neuropathies and central pain.

ABNORMAL

TABLE 1: The three phases of pain described in this article. The different pain
states ranging from normal (top) to abnormal (bottom) are produced by the
different conditions indicated.
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FIGURE 2: Relationship between the discharge of a human cutaneous
nociceptor and the subjective pain perception during Phase 1 pain. Data
obtained from one of the authors of this paper (JMAL) by microneurographic
recordings from a single unmyelinated primary afferent fibre connected to a
nociceptor with a receptive field on the dorsum of the left hand. A: Discharge of
the nociceptor on application of mustard oii (mus) to its receptive field. B: Pain
ratings as percentage of total scale. C: Template of the action potentials as
discriminated from the microneurographic records (Unpublished data from H.O.
Handwerker's laboratory, Erlangen, Germany).
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SECTION II:

THE NEUROTOXIC ACTIONS OF CAPSAICIN ON

SOMATIC AND VISCERAL NOCICEPTIVE MECHANISMS
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Thermal and mechanical nociceptive thresholds and somato-visceral reflexes have been studied
in normal rats and in rats treated neonatally with capsaicin. Mechanical nociceptive thresholds were
increased in capsaicin treated rats whereas thermal nociceptive thresholds remained unchanged. In
contrast, somato-visceral reflexes evoked by thermal noxious stimulation of the skin could not be
elicited in capsaicin treated rats whereas mechanical noxious stimulation was effective in evoking
visceral reflexes.

Treatment of new born rats with the homo-vanillic acid derivative capsaicin (8-
methyl-N-vanillyl-6-nonenamide) results in the degeneration of a large number of
unmyelinated afferent fibres6'9. Since this treatment does not impair the survival rate
of the animals, a population of rats with reduced numbers of peripheral unmyelinated
afferent fibres can be raised. There is conflictive evidence in the literature regarding
the behavioural consequences of neonatal administration of capsaicin. According to
some reports5-10 the thermal nociceptive thresholds are increased in capsaicin treated
rats. However, Hayes et al.4 have reported an increase in the mechanical and chemical
nociceptive thresholds but no change in the thermal thresholds of their rats neonatally
treated with capsaicin.

In th's study, thermal and mechanical nociceptive thresholds have been tested in
adult rats that had been treated with capsaicin at two days of age. In agreement with
Hayes et al.4 we have found an important increase in mechanical nociceptive thres¬
holds but no change in thermal nociceptive thresholds. The same rats were subse¬
quently used in a study of somato-visceral reflexes evoked by noxious stimulation of
the skin. In paradoxical contrast with the behavioural results, no somato-visceral
reflexes could be evoked in capsaicin injected rats by noxious thermal stimulation of
the skin. However, reflexes were still present, though slightly reduced, when noxious
mechanical stimulation was applied to the same area.

Three lots of Sprague-Dawley rats of the same age have been used in this study.
The first lot (n = 14) were injected with capsaicin (50 mg/kg) on their second day of
life. The injected solution was made by dissolving 20 mg of capsaicin in 1 ml of 0.9%
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hot plate paw pressure

Fig. 1. Thermal and mechanical nociceptive thresholds of adult rats, injected at two days of age with
capsaicin (black bars) or with the solvent only (white bars). The results are presented as mean and S.E.
of the observed values. Data from 14 control rats and 14 capsaicin treated rats. Thermal thresholds
('hot-plate' tests) are similar but mechanical thresholds ('paw-pressure' tests) are statistically different
OP<0.001).

normal saline and 1 ml of polyethylene glycol 200. The second lot of rats (n = 14) were

injected on their second day of life with the solvent only. The third lot (n = 9) were not
injected and served as absolute controls for the other groups.

A battery of behavioural tests were conducted on the 3 groups of rats at the age
of four months. In this paper, only the results from thermal and mechanical
nociceptive tests will be reported.

Thermal nociceptive thresholds were assessed by the 'hot-plate' test. Rats were

placed on a 135 mm diameter metal plate whose temperature was thermostatically
maintained at 55 °C. The latency in seconds for the first paw-licking reaction was
noted. Each rat was tested 3 times at one or two hour intervals and the median of the 3

values was taken as the observed reaction time. Mechanical nociceptive thresholds
were ascertained by means of the 'paw-pressure' test, adapted from Randall and
Selitto11. Both hind-paws were tested in sequence. Pressure was applied to the hind-
paw and the level of pressure in mmHg that evoked withdrawal of the paw of
struggling behaviour was noted. Comparisons between the group of absolute controls
and the vehicle injected group showed no differences in nociceptive thresholds. In
consequence the analysis was carried out by comparing the capsaicin injected group
with the vehicle injected group.

Fig. 1 shows the results of the 'hot-plate' and 'paw-pressure' tests conducted on
the rats treated neo-natally with capsaicin and on the rats injected with the vehicle
only. 'Hot-plate' reactions were 6.6 ± 0.34 sec (mean ± S.E.) and 6.71 ± 0.44 sec

respectively. There were no significant differences between the two sets of obser¬
vations. 'Paw-pressure' values were of 135.8 + 5.3 mmHg in the rats treated
neonatally with capsaicin and 106 ± 4.3 mmHg in the rats injected with the vehicle.
This difference is statistically significant at P<0.001 (Student's/-test). Analysis of the
distribution of individual values around the combined medians were also carried out.

No statistically significant differences were found in the distribution of values from the
'hot-plate'test but a difference (P < 0.005; ;/2-test) was found in the distribution of the
'paw-pressure' test values. Seventy-five per cent of the observations from capsaicin
treated rats were above the combined median in the 'paw-pressure' test. These results
indicate a higher mechanical nociceptive threshold in rats treated neonatally with cap¬
saicin but no change in their thermal nociceptive threshold.
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At the age of 5-6 months the rats were used in a study of somato-visceral re¬

flexes. It is well documented that noxious stimulation of the abdominal sk;n in rats

results in an inhibition of gastric motility7'8-12. This is a spinal reflex mediated by
cutaneous afferents and sympathetic splanchnic efferents7-12.

After an overnight starvation, the rats were anaesthetised with chloralose-ure-
thane (50 and 750 rng/kg respectively, i.p.). Anaesthesia was maintained by fuither
injections of urethane i.v. when neccessary. Blood pressure from a carotid artery and
the ECG were continuously monitored. A double-barrelled catheter was inserted in
the stomach through an incision in the duodenum about 2-3 cm from the pylorus. The
catheter was secured with a ligature and the oesophagus was ligated in the neck. Eight
ml of normal saline at 38 ;C were injected through one of the barrels of the gastric
catheter while the gastric pressure was recorded through the other bariel. Distension
of the stomach results in the development of rhythmic gastric contractions of low
amplitude and frequency3 (Fig. 2). Cutaneous noxious stimulation was produced by
either pinching an area of skin of about 5x5 mm with smooth-tipped forceps or by
heating a skin area of similar size with a quartz-halogen lamp adjusted to increase the
skin temperature to 55 °C. All cutaneous stimulations were restricted to an area of
about 2 x 2 cm in the left side of the abdomen known to be the most effective area of

stimulation for the generation of cutaneo-gastric reflexes7-12.
In control rats or in those injected with the vehicle only, both mechanical and

thermal noxious stimulation of the skin evoked profound inhibitions of gastric
motility (Fig. 2A). The nociceptive nature of the stimuli was also reflected by changes

mm Hg

Gastric

press.

mm Hg

PINCH HEAT

B
BP 15T

mm Hg

Gastric 7f

mm Hg

PINCH HEAT

Fig. 2. Effects of noxious stimulation of the abdominal skin on the blood pressure and gastric motility
of one vehicle injected rat (A) and one capsaicin treated rat (B). Noxious mechanical stimulation
(PINCH) produced a drop in blood pressure and a reduction in gastric motility in both animals.
Thermal mechanical stimulation (HEAT) produced the same effects only on the control rat. Note the
small change in blood pressure and the absence of any change in gastric motility when noxious
thermal stimulation was applied to the skin of the capsaicin treated rat.
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in blood pressure or heart rate. Inhibition of gastric motility by mechanical noxious
stimulation of the skin was also evoked in rats who had received an injection of
capsaicin at 2 days of age (Fig. 2B). This response was reduced in amplitude compared
to control rats. In contrast, thermal noxious stimulation of the skin did not evoke any

changes in gastric motility in capsaicin treated rats and only minor alterations in
blood pressure or heart rate (Fig. 2B). Stimulation of larger skin areas in the
abdomen with radiant heat or of other parts of the body surface was also ineffective.
Therefore, thermal noxious stimulation of the skin was unable to trigger sympathetic
reflexes, whereas mechanical noxious stimulation was still effective.

The observation that the thermal nociceptive threshold remains unchanged in
rats treated neonatally with capsaicin has been interpreted as an indication that
unmyelinated afferent fibres do not mediate the sensations of thermal pain4. An
alternative explanation could be that thermal nociception does not require the
activation of large numbers of unmyelinated afferent fibres, particularly in the higher
sensitive areas normally tested in behavioural trials (i.e. paws, tail). Since neonatal
treatment with capsaicin results only in a reduction in the number of unmyelinated
afferent fibres and not in a complete loss of them it is possible to argue that the acti¬
vation of the remaining fibres can still evoke nociceptive responses without changes in
threshold.

An important methodological question should be taken into consideration when
comparing and analysing behavioural results from the 'hot-plate' test. Nagy et al.10
used hot plates at 52 °C and reported longer latency reactions and a higher treshold for
the capsaicin treated animals. In this study, as in the report by Hayes et al.4, hot plates
at 55 =C were used, shorter latencies reported and no change in threshold found. When
using the higher 55 CC hot plate, small elevations of threshold could be obscured by a
faster heat transfer process and account for the conflicting evidence. However, it is
interesting to note that Holzer et al.5, using hot plates at 56 CC, reported latencies
similar to those in our study and yet found significantly higher thresholds in rats
neonatally treated with capsaicin. Although the issue is by no means clear, it is very

unlikely that small variations in threshold could account for the paradoxical obser¬
vations reported in this paper in relation to somato-visceral reflexes evoked by noxious
thermal stimulation. The inhibition of gastric motility evoked by noxious heating of
the abdominal skin was completely abolished in capsaicin treated rats whereas noxious
mechanical stimulation of the same areas evoked slightly reduced inhibitory reflexes.
The lower density of innervation of the abdominal skin compared with the skin of the
paws cannot be totally responsible for this lack of effect since mechanical stimulation
of skin areas of similar size could evoke reflexes in capsaicin treated rats and heating of
larger skin areas was still ineffective.

It is therefore obvious that a life-long severe reduction in the number of unmyeli¬
nated afferent fibres results in behavioural and neurological changes that cannot be
explained by reference to a simple loss of one or another sensory quality. Clearly,
unmyelinated afferent fibres have a more complex role in the mechanisms of long term
modulation of sensory information, particularly through interactions that take place
at their first synaptic relay, namely, the superficial dorsal horn1'2.
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Visceral nociceptive thresholds, viscero-visceral reflexes and the effects of efferent stimulation
of autonomic nerves have been studied in adult rats treated at birth with capsaicin. These animals
showed visceral analgesia and depressed visceral reflexes. However, stimulation of unmyelinated
efferent fibers in autonomic nerves produced normal effects. It is concluded that neonatal treatment
with capsaicin destroys selectively unmyelinated afferent fibers.

In recent years, neonatal administration of capsaicin has been extensively used
to induce irreversible damage of unmyelinated afferent fibers in peripheral nerves2-4-13-
i4,i9,2i,22 Capsaicin is the pungent principle of hot peppers (8-methyl-N-vaniIlyl-6-
nonenamide) and, when injected subcutaneously to newborn rats, produces the
degeneration of up to 95 % of unmyelinated afferent fibers14-15-19-20-22. Parallel to the
destruction of unmyelinated fibers there is a decrease in the levels of substance P,
somatostatin and acid phosphatase in the nuclei of the central nervous system where
unmyelinated afferent fibers terminate4-8-9-17-20-21. Although neonatal treatment with
capsaicin does not impair the survival rate of the animals, adult rats treated at birth
with capsaicin show profound behavioral and neurological deficits such as increased
nociceptive thresholds8-12-21-22, deficient thermoregulation25, impaired neurogenic
plasma extravasation14 and reduction or abolition of somato-visceral reflexes evoked
by noxious stimulation of the skin2.

The mechanism of action of capsaicin is not known but there is some evidence
suggesting that capsaicin may act as a general neurotoxic agent. Jancso et al.16 have
demonstrated a direct axonal action of capsaicin when locally applied to a nerve trunk.
In their experiments, a long-lasting impairment in pain sensitivity and in neurogenic
plasma extravasation was produced by locally applied capsaicin on peripheral nerves.

While the actions of capsaicin on unmyelinated afferent fibers are well docu¬
mented there is very little experimental evidence on whether this drug affects also
unmyelinated efferent fibers in sympathetic and parasympathetic nerves. In this report,
functional evidence is presented suggesting that capsaicin has a selective affinity for

0006-8993/82/0000-0000/S02.75 © Elsevier Biomedical Press
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unmyelinated sensory fibers without causing significant damage to unmyelinated auto¬
nomic efFerents.

Sprague-Dawley rats of the same age were injected on their second day of life
with either capsaicin (50 mg/'kg) or with the solvent only. The solution of capsaicin was
made by dissolving 20 mg of the drug in 1 ml of 0.9 % normal saline and 1 ml of poly¬
ethylene glycol 200. Fourteen rats were injected with capsaicin and another 14 with the
solvent only.

At the age of 4 months, the nociceptive thresholds of all rats were tested in
behavioral trials. The results from the thermal and mechanical nociceptive tests have
been previously reported2. Of particular interest for the evaluation of damage to the
innervation of internal organs, was the test to assess visceral nociception. The test
employed, developed by Giesler and Liebeskind6, consists in the scoring of the
reactions of the animals following intraperitoneal injections of 4 ml of hypertonic (1
M) saline. The 0 score is assigned to animals showing no response; 1, to animals
responding with one or more contractions of the abdominal wall; 2, to animals
showing sustained contractions and arching of the back; and 3, to animals that exhibit
several sustained contractions plus general agitated behavior and/or vocalization. The
duration of these reactions is shorter than 20-30 s. This test produces very reliable and
consistent results.

All rats injected at birth with the solvent only obtained, as normal rats do6, high
scores in the test. In contrast, 11 of the 14 rats treated with capsaicin scored 0 and the
other 3 scored 1, (Fig. IE). This indicates a substantial increase in the visceral
nociceptive threshold of rats injected at birth with capsaicin, with many animals
showing a complete visceral analgesia.

In order to ascertain which part of the innervation of the abdominal organs was

damaged in capsaicin-treated rats, a study of visceral reflexes evoked by visceral
stimulation was conducted in these animals. The reflexes studied were the inhibition of

gastric motility evoked by intraperitoneal administration of bradykinin and the
enterogastric reflex.

After an overnight starvation, the rats were anesthetized with chloralose-ure-
thane (50 and 750 mg/kg respectively, i.p.). Anesthesia was maintained by further
injections of urethane i.v. when necessary. Blood pressure from a carotid artery and
the ECG were continuously monitored. A double-barreled catheter was inserted in the
stomach through an incision in the duodenum about 2-3 cm from the pylorus. The
catheter was secured with a ligature and the esophagus was ligated in the neck. Eight
milliliters of normal saline at 38 °C was injected through one of the barrels of the
gastric catheter while the gastric pressure was recorded through the other barrel.
Distension of the stomach results in the development of rhythmic gastric contractions
of low amplitude and frequency3. Visceral noxious stimulation was produced by intra¬
peritoneal injections of 8 /xg of bradykinin dissolved in 1 ml of normal saline and
administered through a separate intraperitoneal cannula. Care was taken to avoid
direct contact of the solution of bradykinin with the stomach. The enterogastric reflex
was evoked by the slow infusion of 1 ml of 0.1 N FIC1 into the jejunum through a
cannula inserted in the duodenum.
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Fig. 1. Viscero-visceral reflexes and visceral nociceptive responses of control and capsaicin treated
rats. A: reflex inhibition of gastric motility evoked by intraperitoneal injection of bradykinin (BK) in a
control rat. B: reduced reflex in a rat treated at birth with capsaicin. In both control and capsaicin-
treated rats, intraperitoneal BK evoked changes in blood pressure. Control injections of saline did not
produce variations in gastric motility oi blood pressure. C: enterogastric reflex evoked in a control rat
by the injection into the jejunum of 0.1 N HC1. D: reduced enterogastric reflex in a rat treated at birth
with capsaicin. Changes in blood pressure are more prominent in the control animal (C) than in the
capsaicin-treated rat (D). Injection of saline into the jejunum did not evoke changes in gastric motility
in the capsaicin treated rat. E: visceral nociceptive responses of control rats (white bar) and rats
injected at birth with capsaicin (cross-hatched bar). The results are presented as mean and S.E. of the
scores obtained. Nociceptive scores are plotted on an inverted scale to represent increased nociceptive
thresholds in capsaicin treated rats. The differences in scores are statistically significant at P < 0.001
(***).

Representative examples of the reflexes evoked in control and capsaicin-treated
rats are presented in Fig. 1A-D. Intraperitoneal injection of bradykinin in control
animals evoked a profound and long-lasting inhibition of gastric motility (Fig. 1A).
Similar injections in animals treated neonatally with capsaicin produced smaller and
shorter inhibitions of gastric motility which were always accompanied with transient
decreases in blood pressure (Fig. IB). Grouping the data from the 8 capsaicin-treated
rats in which this reflex was studied, the amplitude of the inhibition was 40% smaller
and the duration 35% shorter than in control animals. Intraperitoneal bradykinin is
known to excite a great variety of abdominal receptors and it is widely used to evoke
visceral nociceptive reactions7. As such, the stimulus is non-specific to unmyelinated
afferent fibers and it is possible that the reflex still present in capsaicin-injected rats was

produced by the activation of myelinated visceral afferents.
The second visceral reflex studied in these experiments was the enterogastric

reflex23. This is the reflex inhibition of gastric motility produced by the presence of
acid in the jejunum. It is an entirely peripheral or local reflex mediated via the celiac
ganglion by intestinal unmyelinated afferents making contact with unmyelinated post¬
ganglionic efferent fibers23. In normal rats the stimulus produced a particularly long-
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lasting inhibition of gastric motility (Fig. 1C). In rats treated neonatally with capsaicin
the enterogastric reflex was reduced by more than 60 % and shortened by 57 % of the
control values (Fig. ID).

This important depression of the enterogastric reflex suggests a substantial
reduction in the number of unmyelinated sensory fibers from the intestine in capsaicin-
treated rats. The fact that a depressed enterogastric reflex was still present in capsaicin-
treated rats indicates that some unmyelinated visceral afferents had survived the
neonatal treatment. Nevertheless the possibility that damage had also occurred to the
efferent pathway of the reflex, namely the unmyelinated sympathetic efferents, was
also explored. Nerve branches from the celiac ganglion to the stomach were dissected
from the surrounding tissues and fine silver wires connected to stimulating leads were

wrapped around them. The celiac ganglion was crushed to prevent centripetal conduc¬
tion and the stimulating assembly was embedded in a silicone gel. The left vagus nerve
was dissected in the neck, cut, and the peripheral end mounted on stimulating
electrodes. The abdominal cavity was closed and the effects of electrical stimulation of
the vagal and sympathetic fibers on gastric motility were studied.

Stimulation parameters were adjusted to ensure a maximal stimulation of the
unmyelinated efferent fibers present in the nerves. Trains of 10 V amplitude and 0.5 ms
duration were applied for 20 s at a rate of 20 Hz. As shown in Fig. 2, vagal stimulation
produced a gastric contraction followed by an intense rebound contraction on
cessation of the stimulus. The amplitude and duration of these contractions were
similar in control and in capsaicin-treated rats. Stimulation of post-ganglionic
branches of the splanchnic nerve evoked inhibitions of gastric motility that were also
similar in treated and control animals (Fig. 2). It is therefore concluded that the
efferent innervation of the stomach, both parasympathetic and sympathetic, was not
damaged by the neonatal treatment with capsaicin and that the profound reduction in
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Fig. 2. Effects of electrical stimulation of the peripheral end of the vagus nerve (top) and of postgang¬
lionic branches to the stomach from the celiac ganglion (bottom) on gastric motility in a control rat
(A) and in a rat treated at birth with capsaicin (B). Bars above the recordings indicate the time of
application of the stimulus at a supramaximal intensity for C fibers. Vagal stimulation induced
contractions in both animals (A and B, top). Sympathetic post-ganglionic stimulation evoked inhibi¬
tions of motility in control and in capsaicin-treated rats (A and B. bottom).
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the amplitude and duration of viscero-visceral reflexes was due to selective destruction
of unmyelinated visceral afferents by the capsaicin treatment. This reduction in sensory
fibers may also explain the almost complete visceral analgesia showed by the capsaicin-
treated animals.

A number of published reports contribute additional evidence to support this
conclusion. Jancso and Kiraly13 have studied the degeneration of axon terminals in the
central nervous system of rats treated at birth with capsaicin. Heavy terminal degene¬
ration was reported in the superficial dorsal horn of the spinal cord and in the spinal
trigeminal nuclei. These areas are known to receive the bulk of the projection of
unmyelinated afferent fibers1. In addition, terminal degeneration was also reported in
the nucleus tractus solitarius and the adjoining nucleus commissuralis. They con¬
cluded that this degeneration was due to the destruction of unmyelinated visceral
afferents of vagal origin. On the other hand, Szolcsanyi and Bartho24 have studied the
effects of capsaicin on the taenia caeci of the guinea pig, using 'in vitro' preparations
and concluded that capsaicin does not impair the function of the smooth muscle, its
cholinergic receptors or its post-ganglionic, cholinergic, adrenergic and purinergic
fibers. The effects reported by these authors were attributed to a mediator released by
capsaicin-sensitive afferent fibers from the gut.

Since it is well documented that a proportion of unmyelinated fibers contain
substance P (SP), studies on the distribution of SP-containing neurons and the effects
of capsaicin on these cells are relevant to the present report. Holzer et al.11 have shown
that the gastrointestinal tract of the rat contains large amounts of SP, but they
concluded that its main source are intrinsic efferent neurons not affected by capsaicin.
The prevertebral sympathetic ganglia in several mammalian species contain SP-
immunoreactive elements identified as visceral afferent fibers5'10'18. Administration of

capsaicin produces a 60-90% decrease of SP in sympathetic ganglia. This has been
interpreted as a consequence of selective action of capsaicin on visceral afferent fibers5.

All these reports provide additional support to the main conclusion of this
paper, namely, that neonatal administration of capsaicin destroys selectively unmyeli¬
nated afferent fibers in peripheral nerves. Since the unmyelinated efferent fibers of the
autonomic nervous system do not seem to be affected, neonatal treatment with
capsaicin can be used as a powerful tool to reduce selectively the number of
unmyelinated sensory fibers in experimental animals.

The financial support of the Medical Research Council is gratefully acknowl¬
edged. H.A.McR. was a Faculty of Medicine Vacation Scholar during part of this
investigation.
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1 Baroreceptor and chemoreceptor reflex activity was studied in anaesthetized adult rats which
had been treated neonatally with a single injection of capsaicin (50 mg/kg s.c.).
2 Pressor responses to bilateral carotid artery occlusion were significantly lower in capsaicin-
treated rats compared with vehicle-treated controls. Pressor responses to intravenously injected
noradrenaline were similar in the two groups of rats.
3 Resting respiratory minute volume and tidal volume were lower in anaesthetized capsaicin-
treated animals than in vehicle-treated controls, but there was no significant difference in respiratory
frequency.
4 The increases in respiration evoked by intravenous administration of the peripheral arterial
chemoreceptor stimulant, sodium cyanide, or by breathing a hypoxic gas mixture, were significantly
lower in capsaicin-treated rats compared with the controls.
5 It is concluded that baroreceptor and chemoreceptor reflex activity are significantly reduced in
anaesthetized adult rats which had been treated neonatally with capsaicin, and that this is likely to
result from the destruction of unmyelinated baro- and chemoreceptor afferent fibres.

Introduction

Substance P (SP)-like material is present in the
carotid bodies of cats (Lundberg, Hokfelt, Fahrenk-
rug, Nilsson & Terenius, 1979; Cuello & McQueen,
1980; Wharton, Polak, Pearse, McGregor, Bryant,
Bloom, Emson, Bisgard & Wills, 1980) and rats
(Jacobowitz & Helke, 1980), in nerve fibres of the rat
carotid sinus and aortic arch (Helke, O'Donohue &
Jacobowitz, 1980), and in the petrosal and nodose
ganglia which contain the cell bodies of baroreceptor
and chemoreceptor nerves (Lundberg, Hokfelt, Nils-
son, Terenius, Rehfeld, Elde & Said, 1978; Gillis,
Helke, Hamilton, Norman & Jacobowitz, 1980;
Helke et al., 1980). SP-like material has also been
detected in the nucleus tractus solitarii (NTS) of the
medulla oblongata (Cuello & Kanazawa. 1978;
Ljungdahl, Hokfelt & Nilsson, 1978; Helke et al.,
1980; Gillis et al., 1980), a region where many baro-
and chemoreceptor primary afferent nerves termi¬
nate (Crill & Reis, 1968; Lipski, McAllen & Spyer,
1977; Palkovits & Z£borszky, 1977). Intracranial
sectioning of cranial nerves IX and X, which contain
baro- and chemoreceptor fibres, causes a reduction
of SP-like material in the NTS (Gillis et al., 1980),
and microinjection of SP into the intermediate parts
of the NTS has been reported to evoke hypotension
and bradycardia in rats and cats (Haeusler & Oster-
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walder, 1980a; but cf. Talman & Reis, 1981), a
response which is very similar to that obtained by
activating the baroreflex. These findings have led to
the suggestion that SP is a neurotransmitter at the
central terminals of baro- and chemoreceptor affer¬
ent nerve endings (Gillis et al., 1980; Haeusler &
Osterwalder, 1980b; Helke etal., 1980).

Treatment of newborn rats with capsaicin causes a
degeneration of unmyelinated primary afferent
neurones (Jancsd, Kirlly & Jancs6-Gabor, 1977;
Nagy, Vincent, Staines, Fibiger, Reisine & Yamam-
ura, 1980; Scadding, 1980) and a reduction of SP-
like immunoreactivity in the relay nuclei of unmyeli¬
nated afferent fibres in the central nervous system
(Nagy et al., 1980; Gamse, Holzer & Lembeck,
1980; Nagy, Hunt, Iversen & Emson, 1981). The SP
content of other nuclei within the CNS which do not

receive an unmyelinated projection of peripheral
origin is not affected in animals treated neonatally
with capsaicin (Gamse et al., 1980; Nagy et al.,
1980). These observations indicate that administra¬
tion of capsaicin to neonates causes the degeneration
of a substantial proportion of peripheral unmyeli¬
nated afferent fibres, including those containing SP.

Among the unmyelinated afferent fibres affected
by neonatal treatment with capsaicin are those which

© The Macmillan Press Ltd 1982
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terminate in the sensory nuclei of cranial nerves V,
IX and X (Jancsb & Kirily, 1980). This raises the
possibility that cardiovascular control may be im¬
paired in animals treated at birth with capsaicin, so in
the course of a study on the relevance of unmyeli¬
nated afferent fibres to the mechanisms of nocicep¬
tion (Cervero & McRitchie, 1981), we decided to test
baroreceptor and chemoreceptor reflexes in rats
which had been treated neonatally with capsaicin.
The objectives were to analyse the relative contribu¬
tion of unmyelinated afferent fibres to these reflexes
and to obtain further evidence concerning the role of
SP in these sensory pathways. A preliminary account
of some of the results has been published (Bond,
Cervero & McQueen, 1982).

Methods

Sprague Dawley rats were used in this study. When
the animals were between two and four days old they
were anaesthetized with halothane (1% in oxygen)
and littermates received either a single subcutaneous
injection of capsaicin (50 mg/kg) or drug vehicle (1:1
polyethylene glycol 200:0.9% w/v aqueous sodium
chloride). Three to seven months later the rats were
used for the study of baro- and chemoreceptor reflex¬
es. Most of the animals were males, the average body
weights being 469±48g (controls) and 460±47g
(capsaicin-treated).

Surgical procedures and recording techniques

Animals were anaesthetized with pentobarbitone
(40 mg/kg, i.p.) and the trachea was cannulated, as
were a femoral artery and vein. At the end of several
experiments a catheter was also inserted into the
rostral end of a common carotid artery and was used
for measuring the pressure in the carotid sinus during
bilateral carotid artery occlusion (BCO). Blood pres¬
sure was measured via a pressure transducer and
displayed on a chart recorder (Devices. M4). Respi¬
ration was measured with an integrating
pneumotachograph, as previously described (Mc¬
Queen, 1973). The animals breathed either room air.
100% O2, or a hypoxic gas mixture (10% 02:90%
N2). Blood samples were taken from the femoral
artery for the measurement of arterial blood gas
tensions and pH (Radiometer BMS3).

Barorecepter function test

Bilateral carotid occlusion Rats were anaesthetized
with pentobarbitone and breathed room air spon¬
taneously. Small artery clips were applied to both
common carotid arteries low in the neck for 60 s, with
at least 5 mm between successive occlusions. Systolic,

diastolic, and mean (diastolic + J pulse pressure)
blood pressures were determined before bilateral
carotid occlusion (BCO) and at the peak of the
pressor response to BCO (Figure 1). In some experi¬
ments occlusion was maintained for 120 s, but the
pressor responses were not significantly different
from those obtained using the shorter period of BCO.
Three occlusions were performed in each animal:
before, 5 mm and 30 min after a supplemental dose of
anaesthetic (6 mg, i.v.) and the average rise in mean
BP was calculated. The level of anaesthesia affected
the basal pressure but had little influence on pressor
responses in these animals. Some experiments were
also performed in which a comparison was made
between the pressor response observed during air-
breathing with that obtained when the animal
breathed 100% O2.

Noradrenaline

The pressor responses to doses of noradrenaline
injected intravenously were determined in anaes¬
thetized rats.

*

Chemoreceptor function tests

Sodium cyanide The peripheral arterial chemo-
receptors were activated by intravenous injection
(0.1 ml + 0.2 ml wash over 2 -4 s) of various doses of
sodium cyanide in spontaneously breathing rats. At
least 5 min was allowed to elapse between successive
injections. The increase in respiratory volume during
the 20 s period immediately following the injection
was calculated and plotted against dose to provide a
dose-response curve. Cyanide experiments were per¬
formed after testing the baroreceptors by BCO in
order to minimize the total number of animals used.

Hypoxic gas After completion of the surgical proce¬
dures and before performing any other tests the
animals were switched from breathing room air to
breathing 10% 02:90% N2 for 4 min, and the reflex
increase in respiratory minute volume (RMV) deter¬
mined. An arterial blood sample was taken before
and 3 min after changing to hypoxic gas. The level of
anaesthesia (assessed qualitatively) was similar in the
two groups of rats.

Drugs

The drugs used were capsaicin (8 methyl-N-vanillyl-
6-nonenamide, Sigma), sodium cyanide (BDH) and
( —)-noradrenaline bitartrate (Koch Light).

Statistical analysis

Differences between group means were compared by
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Figure 1 Pressor response to bilateral carotid occlusion (marker) in a control rat (a) compared with that obtained in
a capsaicin-treated animal (b). Prolonging the period of occlusion did not significantly increase the response.

the Wilcoxon rank test, or Student's t test when there
were insufficient data for the non-parametric test,
and the null hypothesis rejected if P<0.05.

Results

Baroreceptor function test

Bilateral carotid occlusion Reflex pressor responses
to BCO (e.g. Figure 1) were determined in ten con¬
trol (vehicle-treated) rats and seven which had been
treated neonatally with capsaicin. Pre-occlusion
mean BP was slightly lower in the capsaicin-treated
anaesthetized animals breathing air than in the con¬
trols (see Figure 2a), but this difference was not
statistically significant. During BCO the averaged
reflex hypertension, whether expressed in terms of
mean BP (Figure 2a), systolic BP or diastolic pres¬
sure was significantly lower (P<0.01) in capsaicin-
treated rats as compared with controls. On average
the peak pressor response occurred 33.7±9s
(s.e.mean) after applying the clips in control rats and
24.6 ± 7 s in capsaicin-treated animals (P> 0.05).

In seven control and four capsaicin-treated rats a
comparison was made of the pressor response to
BCO during air-breathing with that obtained in the
same animal while breathing 100% O2. The results
are shown in Figure 2b. Basal mean BP was higher in
controls breathing O2 than when they breathed air,
but the pressor responses were not significantly dif¬
ferent. In the case of the capsaicin-treated animals
basal blood pressure was higher during 02-breathing,
but the pressor responses were not significantly dif¬
ferent from those obtained while breathing air
(P>0.05). On average the peak pressor response

during 02-breathing occurred 40.7 ± 8 s after apply¬
ing the clips in controls and 31.7±9s in capsaicin-
treated rats. The pressor responses in the controls
were significantly greater than in the capsaicin-
treated animals when breathing either air or oxygen
(P<0.05).

In two rats measurements of mean carotid sinus
pressure showed that pressure fell on average to
32mmHg immediately following BCO and reco¬
vered to 50 mmHg by 30 s, at which level it remained
until 60s when the clips were removed. Cutting the
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Pre-occlusion Control Capsaicin
mean BP (mmHg) 114 ±5 109±10

1
Control Capsaicin

109 131 94 115
±6 ±4 ±12 ±5

Figure 2 (a) The maximum rise in mean BP obtained
during 60s bilateral carotid occlusion (BCO) averaged
from 10 control and 7 capsaicin-treated anaesthetized
rats; vertical lines show s.e.mean. (b) In 7 controls and 4
capsaicin-treated animals the averaged pressor response
to BCO during air-breathing (open columns) is com¬
pared to that obtained in the same animal during ventila¬
tion with 100% O2 (hatched columns). The averaged
mean BP ± s.e.mean measured just prior to BCO is
given below the bar graphs.
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carotid sinus nerves virtually abolished the reflex
hypertension.

During the first 20 s of BCO there was a tendency
for respiration to increase, particularly in control
animals breathing air, but the rather variable nature
of this response is reflected in the large standard
errors (see Figure 3). The increase in respiration
during BCO was smaller in capsaicin-treated rats and
was abolished when these animals breathed
100% O2, whereas in control rats the respiratory
response to BCO was still present during O2 brea¬
thing, although it was reduced.

90

i.
Basal RMV
(ml min-1)

Control

136 95
±10 ±7

Capsaicin
120 100
±22 ±16

Figure 3 The averaged increase in respiratory minute
volume (RMV, ± s.e.mean) observed during the first
20 s of a 60 s period of BCO during air breathing (open
columns, data from 10 control and 7 capsaicin-treated
rats) are shown. The hatched columns represent the
respiratory change observed when 6 controls and 4
capsaicin-treated animals breathed 100% O2. The aver¬
aged mean basal RMV ± s.e.mean measured just prior
to BCO is given below the bar graphs.

Pressor responses to (-)-noradrenaline Norad¬
renaline was injected intravenously in two control
and three capsaicin-treated rats and the averaged
pressor responses evoked were plotted against the
dose of noradrenaline. Results obtained are shown in
Figure 4 from which it can be seen that although there
may be differences between the two groups in the
slopes of their dose-response lines, their pressor re¬
sponses to noradrenaline (0.5-10 ^g) were not sig¬
nificantly different (P>0.05, 2-tailed rtest, assum¬
ing normal distribution).

Chemoreceptorfunction tests

Sodium cyanide Respiratory responses to intraven¬
ous injection of various doses of the peripheral arteri¬
al chemoreceptor stimulant sodium cyanide (e.g.
Figure 5) were studied in eight control and seven
capsaicin-treated anaesthetized rats which were bre¬
athing air, and the results are summarized in Figure 6.
Respiratory responses to cyanide were rather vari-

x
E
E

01 0.5 1 2.5 5 10

Noradrenaline (/<g i.v.)

Figure 4 Averaged rise in mean BP in vehicle-treated
controls (• #, n= 2) and in capsaicin-treated rats
(x—x, n = 3) plotted against dose of ( —)-noradrenaline
injected intravenously (logio scale). Lines were fitted to
the data by the method of least squares.
Mean BP measured immediately before injection of
noradrenaline averaged 113 ± 4.5 mmHg in the control
group and 103 ±4 in the capsaicin-treated rats
(P>0.05).

able from animal to animal, as previously described
(Colinet-Lagneaux. Troquet & Hermann-Gedang.
1966), and this is reflected in the rather high standard
errors. The variability probably results from factors
such as the level of anaesthesia, acid-base balance,
and variation between individual animals in their

responsiveness.
Measurements made in the pre-cyanide control

period showed that respiratory minute volume
(RMV) and tidal volume (Vt) were significantly
lower (P < 0.01) in the capsaicin-treated rats as com¬
pared with the vehicle-treated controls, but there was
no significant difference in respiratory frequency (f)
(P>0.05). The mean basal values for capsaicin-
treated rats (controls in brackets) were:
RMV 112 ± 16 ml min"1 (156±10); Vt 2.0±0.2
(2.8±0.1); f 56±5 (56±2) breaths min-1. Control
rats showed a significantly (P<C0.05) greater in¬
crease in RMV in response to injections of 10,25,50,
100 and 200pg sodium cyanide (Figure 6). The
low doses of cyanide (2.5-5 pg) had no appreciable
effect on respiration in either group, whereas the very-
high, near-toxic, doses (400-800 pg) evoked re-
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Figure 5 Respiratory response to an intravenous injection of 100 pg sodium cyanide at the arrow: (a) in a control,
(b) in a capsaicin-treated rat. Each step in the ramped output from the pneumotachograph represents one breath,
and the total height of each ramp is the respiratory volume in 10 s. Records read from left to right.

spiratory increases which, although greater in the
control rats, were not significantly different from
those obtained in capsaicin-treated animals; they
caused substantial falls in BP. The increased RMV in
both groups resulted from rises in f and Vt, but the
latter was much more pronounced in control rats. In
two control rats sodium cyanide (100 pgi.v.) evoked
an increase in RMV within the first 20 s of injection
which was abolished by cutting both carotid sinus
nerves.

Hypoxia On switching to breathing the hypoxic gas
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. Figure 6 Pooled data from 8 control (•) and 7

capsaicin-treated rats (x) showing the mean respiratory
minute volume (RMV) averaged over the first 20s
following intravenous injection of sodium cyanide
(2.5-800 pg — logioscale): vertical lines show s.e.mean.
Lines were fitted to the data points by eye.

mixture (10% O2) an increase in respiration occurred
in the two groups of rats, but both the absolute RMV
and the increase in RMV were significantly greater in
the controls (Table 1). Individual animals varied
somewhat in their responsiveness and this is reflected
in the high standard errors. The PaCC>2 measured
during air-breathing was significantly higher in
capsaicin-treated rats, as compared with the controls.

Discussion

Our results show that there is a significant reduction
in baroreceptor and chemoreceptor reflex activity in
adult rats which had been treated neonatally with
capsaicin. It must be stressed that the experiments
were performed under anaesthesia, so the effects we
obtained may be peculiar to the anaesthetized ani¬
mal. The contribution made by the anaesthetic agent
could be determined by studying reflex activity in
conscious capsaicin-treated rats.

Baroreceptor reflex

In a preliminary report Lorez, Haeusler & Aeppli
(1981) state that treatment of neonatal rats with the
same dose of capsaicin as we used did not change
baroreceptor reflex function in adult animals. There
was a reduction in the number of primary afferent
SP-containing fibres in the rootlets of cranial nerves
DC and X. but although the number of SP-containing
fibres terminating in the nucleus tractus solitarius was

markedly reduced in capsaicin-treated rats, SP-
containing cells in this nucleus were unchanged. In
the absence of more detailed information concerning
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Table 1 Respiratory minute volume, arterial blood gas tensions, and pH measured in three control and three
capsaicin-treated anaesthetized rats during air-breathing and again when breathing a hypoxic gas mixture (10% O2)

Control Capsaicin

RMV (mlmin-1) Air 129127 93114
10% o2 270123 185123*

R1CO2 (kPa) Air 4.04 + 0.12 4.67 + 0.08'
10% o2 2.5110.26 3.03 + 0.19

Ra02 Air 10.4010.40 9.8310.19
10% o2 5.5610.24 6.0410.32

pH Air 7.4410.01 7.4010.03
10% o2 7.5110.01 7.51 +0.01

Respiratory volume was measured over a 10 s period starting at the peak of the respiratory response to hypoxia
(49 ± 8 s after switching from air in controls, 53 1 7 s in capsaicin-treated animals). Males were used for these tests
(body weight of controls 350 ± 18 g; capsaicin-treated 342 ± 29 g). Values are expressed as means ±s.e.mean.
*P< 0.05 compared with vehicle-treated controls. 1 kPa = 7.5 mmHg

the experiments of Lorez etal., we are unable to offer
any explanation of why it is that we found a depres¬
sion of baroreceptor reflex function in capsaicin-
treated rats, whereas they did not.

The possibility exists that, during BCO, the fall in
carotid sinus pressure might, by reducing carotid
body blood flow, lead to stimulation of the carotid
body chemoreceptors. This would be liable to cause
reflex sympathetic vasoconstriction (McQueen &
Ungar, 1971), and the pressor response to BCO
might, therefore, be attributed partly to withdrawal
of inhibitory baroreceptor activity and partly to
chemoreceptor stimulation. Carotid chemoreceptor
stimulation did seem to occur during BCO in control
rats since respiration increased, albeit rather vari¬
ably, when the animals were breathing air, but to a
lesser extent when breathing 100% O2, a condition in
which chemoreceptor activity is greatly reduced.
However, pressor responses to carotid occlusion dur¬
ing air-breathing were not significantly different
from those obtained when on 100% O2, and this
finding suggests that the reflex rise in blood pressure
was mainly due to withdrawal of baroreceptor tone.
Chemoreceptor stimulation in spontaneously brea¬
thing animals is liable to activate the lung inflation
reflex which can mask the primary chemoreceptor
reflexes (Daly & Scott, 1962) and this might explain
why the pressor response to BCO during air-
breathing was no greater than obtained when the
control animals breathed 100% O2. The fact that
capsaicin-treated animals showed a much smaller
increase in RMV during BCO when breathing air and
virtually none during 0:-breathing is consistent with
a reduction in the sensitivity of their peripheral
chemoreceptors.

Given that baroreflex activity was attenuated in

capsaicin-treated rats, it might be considered surpris¬
ing that basal BP was not elevated in these animals.
However, it has to be noted that baroreflex activity
had only been reduced, not abolished, and also that
the animals were anaesthetized; anaesthesia can

abolish the hypertension resulting from baroreceptor
deafferentation in rats (De Jong & Palkovits, 1976).
The similarity of control and capsaicin-treated rats in
their pressor responses to noradrenaline suggests
that the vascular component of the baroreceptor
reflex arc was not appreciably affected by capsaicin.

Chemoreceptor reflex

Sodium cyanide is a classical stimulant of peripheral
arterial chemoreceptors (see Heymans & Neil, 1958)
and appears to have no direct effect on baroreceptors
(McQueen, 1980a). Respiratory changes occurring
soon after its intravenous administration can reason¬

ably be attributed to stimulation of carotid body
chemoreceptors since it has previously been shown,
and confirmed in the present study, that the reflex
increase in respiration obtained following the injec¬
tion of cyanide in rats is abolished by destroying the
carotid bodies or cutting the carotid sinus nerves
(Colinet-Lagneaux et al., 1966; Colinet-Lagneaux.
Hermann-Gedang & Troquet, 1967; Sapru &
Krieger, 1977).

The reflex respiratory response to intravenous
sodium cyanide was significantly reduced in anaes¬
thetized capsaicin-treated rats, and it was also found
that RMV was lower and PaCC>2 higher than in the
controls. Reflex hyperventilation in response to bre¬
athing 10% O2 was not so pronounced in capsaicin-
treated animals as in controls. However, these latter
findings are difficult to interpret exclusively in terms
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of reduced responsiveness to arterial chemoreceptor
stimulation because in addition to stimulating
peripheral chemoreceptors, systemic hypoxia may
depress the CNS by a direct action. Also, reflex
hyperpnoea causes a fall in Paco2 and rise in pH
which will tend to remove central respiratory drive,
and the changes in blood pressure that accompany
hypoxia will also indirectly influence respiration.
Nevertheless, the evidence from these respiratory
studies can be taken as showing that the sensitivity of
the peripheral chemoreceptors and/or the central
components of the reflex had been altered by cap¬
saicin.

Substance P and unmyelinated fibres

Neonatal administration of capsaicin causes a sub¬
stantial reduction in the number of unmyelinated
afferent fibres, including those that originate from
internal organs and terminate in the brain stem nuclei
where baro- and chemoreceptor afferent fibres pro¬
ject (see Introduction). In preliminary studies we
have found that the population of unmyelinated
fibres in the carotid sinus nerves of capsaicin-treated
rats is severely reduced (Cervero & McQueen, un¬
published observations). Small myelinated fibres can
also be affected by capsaicin at the dose used in the
present study, but to a lesser extent (Nagy et al.,
1981). However, unmyelinated efferent fibres do not
seem to be affected by neonatal capsaicin (Cervero &
McRitchie, 1982), so we can therefore conclude that

the changes in baroreceptor and chemoreceptor re¬
flex function observed in the present experiments
most probably result from the loss of unmyelinated
afferent fibres.

SP-like material is associated with unmyelinated
primary afferent fibres, including those in cranial
nerves IX and X, since capsaicin treatment leads to a
substantial reduction in the SP content of these
fibres. Our results are not incompatible with SP
having a role in the baro- and chemoreflexes by being
released at the central endings of unmyelinated prim¬
ary afferent fibres in the brain stem, or possibly by
influencing events at the peripheral sensory endings
(see McQueen, 1980b). However, it is not possible to
interpret the findings in terms of a reduction in SP
because neonatal capsaicin does not specifically af¬
fect SP-containing fibres; there is evidence to suggest
that it can affect the levels of other peptides (e.g.
somatostatin in dorsal root ganglia: Kessler & Black
1981) as well as SP. Further studies are needed to
establish whether the changes in reflex activity we
have observed are due to changes in SP alone, to
changes in other substances, or to a combination of
factors.

Treatment of neonatal animals with capsaicin may
offer a preparation in which the relative contribution
of myelinated and unmyelinated nerve fibres to baro-
and chemoreceptor reflexes can be studied and the
central interaction between the two types of fibre
analyzed.
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Primary afferent fibers of the unmyelinated type (C fibers) play a prominent
role in current interpretations of the mechanisms of nociception and pain
(5,6,18). Noxious stimulation of the skin activates specific cutaneous nocicep¬
tors, an important proportion of which are connected to unmyelinated
afferent fibers (5). It is thought that this afferent traffic is responsible, after
integration in the dorsal horn of the spinal cord, for the generation of "pain
signals" to upper centers of the brain (6,18). These interpretations are in
harmony with clinical reports of absence of C fibers in patients with congeni¬
tal insensitivity to pain (15), although not all forms of pain insensitivity coexist
with absence of unmyelinated afferent fibers (16). In this context, the develop¬
ment of an animal model to study the neurophysiological effects of a life-long
absence of peripheral C fibers could help to clarify the functions of unmyelin¬
ated afferent fibers, including their role in pain and nociception.

In 1977, Jancso et al. (8) reported that subcutaneous administration of
capsaicin to newborn rats resulted in the irreversible degeneration of large
numbers of C fibers. Capsaicin is the pungent principle found in hot peppers,
and in pure form it is a powerful skin irritant with strong desensitizing
properties (17). It is now known that neonatal administration of capsaicin
produces a degeneration of up to 80% of all unmyelinated afferent fibers
(7-9,13) and a consequent depletion of substance P and other neuropeptides in
the dorsal horn (10).

In this study, rats were treated neonatally with capsaicin in order to
produce animals with severe reductions in the number of unmyelinated
afferent fibers. Behavioral nociceptive reactions were assessed in these ani¬
mals as well as reflexes in which the integrity of unmyelinated afferent fibers
and unmyelinated autonomic efferents was tested. Some preliminary results
have been published (1).

METHODS

Three lots of Sprague-Dawley rats of the same age have been used in this
study. The first lot (N = 14) were injected with capsaicin (50 mg/kg) on their

57
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second day of life. The second lot of rats (N = 14) were injected at the same
time with the solvent only (polyethylene glycol 200). The third lot (N = 9)
were not injected and served as absolute controls for the other groups.

Behavioral tests were conducted on the 3 groups of rats at the age of 4
months. Thermal nociceptive thresholds were assessed by the hotplate test
(55°C) and the tail-flick test (50°C). Mechanical nociceptive thresholds were
ascertained by means of the paw-pressure test and visceral nociception was
tested with intraperitoneal injections of hypertonic saline (2).

At 5 to 6 months of age, the rats were used in a study of somatovisceral and
viscerovisceral reflexes. It is well documented that noxious stimulation of the
abdominal skin or of the intraperitoneal viscera results in an inhibition of
gastric motility (11,12). These are spinal or local reflexes mediated by cuta¬
neous and visceral afferent fibers, and sympathetic splanchnic efferents
(11,12). The rats were anesthetized with chloralose-urethane (50 and 750
mg/kg, i.p.) and a double-barreled catheter was inserted in the stomach
through an incision in the duodenum. Distension of the stomach was pro¬
duced by the injection of 8 ml of normal saline at 38°C through one of the
barrels, which resulted in the development of rhythmic gastric contractions of
low amplitude and frequency (see Fig. 3). Cutaneous noxious stimulation was
produced by pinching an area of skin of about 5 x 5 mm with smooth-tipped
forceps or by heating a skin area of similar size to 55°C. Visceral stimulations
were produced by intraperitoneal injections of 8 |xg bradykinin dissolved in
1 ml of normal saline or by the slow infusion of 1 ml of 0.1 n HC1 into the
jejunum via a separate cannula.

In some animals the left saphenous nerve was dissected in the thigh and
mounted on two pairs of silver-chloride electrodes. Electrical stimulation was

applied through one pair of electrodes and the evoked compound action
potential was recorded from the other pair of electrodes by conventional
electrophysiological means.

RESULTS

Nociceptive Thresholds

Comparisons between the nociceptive thresholds of the group of absolute
controls and the vehicle-injected group showed no differences. As a result,
the analysis was performed by comparing the capsaicin-injected group with
the vehicle-injected group. Figure 1 shows the results of the behavioral tests.
There were no differences in the responses to the hot-plate test between
control and capsaicin-injected animals. However, a small decrease in
nociceptive threshold (0.05 > p > 0.02) was detected in the capsaicin-
injected group by the tail-flick test. The Finding that thermal nociceptive
thresholds remain unchanged or decrease slightly in capsaicin-treated ani¬
mals is in agreement with a previous report by Hayes and co-workers (4).
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FIG. 1. Thermal (hotplate and tail-flick),
mechanical (paw pressure), and visceral
(i.p. saline) nociceptive thresholds of adult
rats injected at 2 days of age with cap¬
saicin (cross-hatched bars) or with the
solvent only (white bars). The results are
presented as mean and SE of the
observed values. Data from 14 control
and 14 capsaicin-treated rats. Hotplate
thresholds are similar; tail-flick thresholds
are slightly decreased in capsaicin-
injected rats; paw pressure and vis¬
ceral thresholds are greatly increased in
capsaicin-treated animals. * = p < 0.05;
***

= p < 0.001.

Mechanical and visceral nociceptive thresholds were significantly elevated
in capsaicin-treated animals (Fig. 1). These animals were particularly insensi¬
tive to visceral noxious stimulation. Of the 14 capsaicin-treated rats, 11
showed no response (zero score) to intraperitoneal injection of hyper¬
tonic saline, a stimulus that produced violent motor reactions in control and
vehicle-injected animals.

Electrophysiology of Peripheral Nerves

In order to assess the loss of unmyelinated afferent fibers from peripheral
nerves, compound action potentials were recorded from the saphenous
nerve. No appreciable differences were noted between control and capsaicin-
injected rats in the earlier waves (A fibers) of the compound action potentials.
A marked reduction in the amplitude of the wave corresponding to the
stimulation of unmyelinated fibers, and in some cases a total absence of this
wave, was detected in animals injected at birth with capsaicin. This is clearly
illustrated in Fig. 2 in which compound action potentials from 3 vehicle-
injected rats (Fig. 2A) and 3 capsaicin-injected animals (Fig. 2B) are pre¬
sented. The wave corresponding to the activation of C fibers is very much
reduced in 2 of the capsaicin-treated rats and absent in the third example
illustrated. These results confirm the severe reduction in the number of

unmyelinated afferent fibers produced by the neonatal treatment with
capsaicin.

Somatovisceral Reflexes

In control rats and in those injected only with the vehicle, both mechanical
and thermal noxious stimulation of the abdominal skin evoked profound
inhibitions of gastric motility (Fig. 3A). The nociceptive nature of the stimuli
was also reflected by changes in blood pressure and heart rate. Inhibition of
gastric motility by mechanical noxious stimulation of the abdominal skin was
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FIG. 2. Compound action potentials recorded from the saphenous nerve in control (A) and
capsaicin-treated rats (B). The speed of the displays has been selected to show the wave
corresponding to the activation of C fibers. Note the reduction or even absence of this wave in the
recordings from rats treated neonatally with capsaicin.

also evoked in rats who had been treated neonatally with capsaicin (Fig. 3B).
This response was reduced in amplitude compared to control rats. In contrast,
thermal noxious stimulation of the same area of skin did not evoke any

changes in gastric motility in capsaicin-treated rats and only minor alterations
in blood pressure or heart rate (Fig. 3B). Stimulation of larger skin areas in the
abdomen with radiant heat or of other parts of the body surface was also
ineffective. Therefore, thermal noxious stimulation of the skin was unable to

evoke sympathetic reflexes, whereas mechanical noxious stimulation was
still effective.

Two types of viscerovisceral reflex were analyzed in this study. One
method of stimulation consisted of the intraperitoneal injection of a solution

Viscerovisceral Reflexes
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FIG. 3. Effects of noxious stimulation of the abdominal skin on the blood pressure and gastric
motility of one vehicle-injected rat (A) and one capsaicin-treated rat (B). Noxious mechanical
stimulation (PINCH) produced a drop in blood pressure and a reduction in gastric motility in
both animals. Thermal mechanical stimulation (HEAT) produced the same effects only on the
control rat.

of bradykinin. Care was taken to ensure that no direct contact of the solution
with the stomach occurred. This kind of stimulus is known to excite a great
variety of abdominal receptors and it is widely used to evoke visceral nocicep¬
tive reactions (3). As such, the stimulus is nonspecific to unmyelinated
afferent fibers. Intraperitoneal injection of bradykinin in control animals
evoked a profound and long-lasting inhibition of gastric motility. Similar
injections in animals treated neonatally with capsaicin produced smaller and
shorter inhibitions of gastric motility, which were always accompanied by
transient decreases in blood pressure. Due to the nonspecific nature of the
stimulus it is possible that the reflex still present in capsaicin-injected rats was
produced by the activation of myelinated visceral afferents.

A second form of visceral stimulation used in this study was the infusion of
1 ml of 0.1 n HC1 into the jejunum of the rat. This stimulus is known to evoke
the so-called enterogastric reflex (14). This is an entirely peripheral or local
reflex mediated via the coiliac ganglion by intestinal unmyelinated afferents
making contact with unmyelinated post-ganglionic efferent fibers (14). In
normal rats the stimulus produced a particularly long-lasting inhibition of
gastric motility (> 5 min). In rats treated neonatally with capsaicin, this
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response was almost absent and much reduced in duration ( < 2 min). This
dramatic reduction of the enterogastric reflex indicates that the number of
unmyelinated visceral afferent fibers was very small in capsaicin-treated rats.

In order to exclude the possibility that the neonatal treatment with cap¬
saicin had also produced degeneration of unmyelinated autonomic efferent
fibers, the peripheral ends of the sectioned vagus and splanchnic nerves were
stimulated electrically. These stimulations evoked changes in gastric motility
(contractions by vagal stimulation and inhibitions by splanchnic stimulation)
which were similar in amplitude and duration in control and capsaicin-treated
rats. It is possible to conclude that unmyelinated autonomic efferent fibers
had not been affected by the neonatal treatment with capsaicin.

DISCUSSION

The results presented in this study strengthen the value of the technique of
neonatal treatment with capsaicin in producing an animal model in which
large numbers of unmyelinated afferent fibers are absent. Direct morphologi¬
cal evidence of the number of C fibers destroyed by the treatment was not
obtained in this study. Nevertheless, the electrophysiological analysis of
compound action potentials in peripheral nerves suggested that the reduction
was severe. According to Scadding (13), neonatal treatment with capsaicin
results in a 50% reduction in peripheral C fibers, whereas Jancso et al. (7,9)
give a higher figure of 60 to 70% reduction. In any case, it seems that the
animals survive the neonatal treatment with a severe reduction in the number
of peripheral C fibers.

In these circumstances, the behavioral nociceptive responses of the ani¬
mals are of interest. Thermal nociceptive thresholds remained unchanged, a
puzzling result since most cutaneous heat nociceptors are connected to C
fibers (5). A possible explanation could be that thermal nociception does not
require the activation of large numbers of unmyelinated afferent fibers,
particularly in the higher sensitive areas normally tested in behavioral trials
(i.e., paws. tail). Further experiments to study the central connections of the
remaining C fibers in capsaicin-treated animals are needed in order to test this
hypothesis. The increased threshold to mechanical nociception in capsaicin-
treated rats and especially the almost complete visceral analgesia in these
animals are natural consequences of the general reduction in afferent C fibers.

This reduction is also evident in the studies of viscerovisceral and
somatovisceral reflexes. Somatovisceral reflexes evoked by noxious heat
were abolished, a paradoxical result when compared with the normal thermal
threshold of the injected animals. The abolition of this reflex can be explained
by the absence of afferent C fibers, but this would imply a dissociation
between the afferent mechanisms responsible for a reflex and those involved
in sensory systems. This point requires further and more detailed analysis.

The remaining somatic and visceral reflexes described in this paper were
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reduced in capsaicin-treated animals. Their degree of reduction was propor¬
tional to the participation of afferent C fibers in the generation of a particular
reflex. Thus, noxious mechanical stimulation of the skin and general activa¬
tion of visceral receptors with bradykinin evoked reflexes which were only
slightly reduced in capsaicin-treated animals. However, the enterogastric
reflex, mediated almost exclusively by visceral unmyelinated afferents was
more drastically reduced. Of special interest in this study was the observation
that the unmyelinated efferent fibers of the autonomic nervous system seem
to have remained intact in capsaicin-treated animals. This would mean that
the neurotoxic effects of capsaicin are restricted not only to fibers without
myelin but also to those C fibers of afferent nature.

SUMMARY

The results presented in this chapter show that a life-long severe reduction
in the number of afferent C fibers produces complex behavioral and neu¬

rological manifestations that cannot easily be explained by reference to a

simple loss of one or another sensory quality.
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Cutaneous Inputs to Dorsal Horn Neurones in Adult Rats Treated At Birth With
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Single unit electrical activity has been recorded from dorsal horn neurones in the lumbar spinal cord of adult rats which had been
treated at birth with either capsaicin (50 mg kg-') or with the solvent-vehicle only. The responses of these neurones to electrical stimu¬
lation of A- and C-fibres in the sural nerve and to natural stimulation of their cutaneous receptive fields have been studied. In vehicle-
injected rats. 54% of the units driven by electrical stimulation of the A-fibres in the sural nerve could also be driven by stimulation of
the C-fibres in this nerve. In capsaicin-treated animals, only 30% of such units had a C-fibre input from the sural nerve. In vehicle-in¬
jected rats, 51.5% of the neurones with a C-fibre input showed a 'wind-up' effect on repetitive C-fibre stimulation of the sural nerve at
1 Hz. A similar proportion of neurones (55%) displayed this effect in capsaicin-treated rats. There were fewer neurones with very in¬
tense wind-up' in capsaicin-treated compared to vehicle-treated rats. In capsaicin-treated animals, greater proportions of neurones
with 'wind-up' were superficially located in the dorsal horn, had small receptive fields and were driven only by cutaneous nociceptors.

The proportions of neurones driven by innocuous mechanical stimulation of the skin, by noxious mechanical stimulation or by both
forms of stimulation were similar in vehicle-injected and capsaicin-treated animals. In capsaicin-treated rats, more neurones had 'me¬
dium-sized' receptive fields than in vehicle-injected rats. In capsaicin-treated rats, more neurones had receptive fields in the foot and
ankle than in vehicle-injected animals, where receptive fields in the toes were predominant. Some neurones showed expanded recep¬
tive fields after repetitive electrical stimulation of C-fibres at 1 Hz. This expansion occurred more often in neurones recorded from
capsaicin-treated animals than in those of vehicle-injected rats.

These results are discussed in relation to the role of afferent C-fibres in sensory mechanisms.

INTRODUCTION

It is now well documented that systemic adminis¬
tration of the homovanillic acid derivate capsaicin
(8-methyl-N-vani!lvl-6-nonenamide) to newborn ro¬
dents results in the permanent loss of a substantial
proportion of unmyelinated (C) afferent fi-
bres19■21•2',-28■3,. The mechanism of action of capsai¬
cin is not known, but it has been shown that the num¬

ber of fibres that degenerate and the type of afferent
fibre affected by the drug depend on the dose of cap¬
saicin employed27. At doses of between 50 mg kg-1
and 100 mg kg-1, the sub-cutaneous administration of
capsaicin to newborn animals results in the degenera¬

tion of up to 90% of unmyelinated afferent fibres and
up to 35% of the smallest among the fine myelinated
afferent fibres (Ad)20-2'-27. Therefore, while neonatal
capsaicin cannot produce a complete loss of all affer¬
ent C-fibres. high doses of this drug will destroy in¬
creasing proportions of small Ad fibres. Administra¬
tion of capsaicin to newborn animals at doses of 50
mg kg-' does not seem to affect the function of un¬

myelinated efferent fibres of the autonomic nervous

system5 or nerve pathways within the central nervous

system18.
Since the neonatal actions of capsaicin do not ap¬

pear to interfere significantly with the survival of the
treated animals the effects of a life-long reduction in
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the number of unmyelinated afferent fibres can be
studied in adult animals treated at birth with capsai¬
cin. These animals show a number of neurological
and behavioural deficits including increased nocicep¬
tive thresholds--1-6-11-12-"1-17-28, thermoregulatory de¬
fects-1-1. impaired neurogenic plasma extravasation19
and altered somatic and visceral reflexes4-5.

In order to understand the adaptation of the ner¬
vous system to a long term deprivation of a substan¬
tial amount of its peripheral input, it would be of in¬
terest to analyze the changes that may occur at the
first synaptic relay, namely the spinal dorsal horn.
Recent studies have suggested that important
changes take place in the spinal cord and trigeminal
nucleus of rats treated at birth with capsaicin29-14--16
including changes in the somatotopic organization of
the neurones.

The present experiments were designed to com¬

pare the responses of dorsal horn neurones to cuta¬
neous inputs in adult rats that had been treated at
birth with capsaicin with those of dorsal horn neuron¬
es in normal rats. It has been found that some

changes do occur, particularly in terms of the C-fibre
input and somatotopic arrangement of the dorsal
horn neurones. Special attention was given in this
study to the 'wind-up' effect22-12; the increased re¬

sponses to afferent C-fibre stimulation following re¬

petitive electrical stimulation of peripheral nerves at
frequencies greater than 0.3 Hz. This is specifically
due to activity in unmyelinated afferent fibres; there¬
fore it was decided to investigate its presence, inten¬
sity and relevance in capsaicin-treated rats.

A preliminary report has been published7.

MATERIALS AND METHODS

S'eonatal administration of capsaicin
Sprague-Dawley rats were injected on their sec¬

ond day of life with either capsaicin (50 mg kg-') or
with the same volume of the solvent vehicle (50%
polyethylene glycol: 50% normal saline). Ail injec¬
tions were carried out under halothane anaesthesia

(1% in '/; 0> and2-, N-O). After recovering from the
effects of the anaesthetic and the immediate effects

of the injection, the animals were returned to their
mothers. No further procedures were conducted on
these animals until the acute electrophysiological ex¬

periments.

Electrophysiological experiments
These were conducted on 7 vehicle-injected rats (6

males and 1 female) and 5 capsaicin-treated rats (4
males and 1 female). 4-5 months after the injections.
All animals were anaesthetized with halothane in '/3
02 and 2/3 N:0. Halothane anaesthesia was maintained
at 1-2% during surgery and at around 0.5% during
recording sessions. Mean arterial blood pressure was

continuously recorded and maintained above 80 mm

Hg. The animals were paralyzed with gallamine and
artificially ventilated, end-tidal CO-, was continu¬
ously recorded and the respirator adjusted to main¬
tain a value of around 3%. Rectal temperature was
also recorded and maintained at physiological levels
by an electrical blanket with feed-back control. A
laminectomy was performed and the lumbosacral en¬

largement of the spinal cord was exposed. The sural
nerve was exposed in the leg for electrical stimulation
but left in continuity to permit the examination of cu¬
taneous receptive fields. The animals were mounted
in a rigid frame and the exposed tissues were covered
with agar and warm paraffin oil.

Single unit electrical activity was recorded through
glass microelectrodes filled with 4 M NaCl (imped¬
ance measured at 1 kHz was 10-30 MQ). Peripheral
inputs to the recorded neurones were studied by elec¬
trical stimulation of the sural nerve and by the natural
stimulation of the skin. Compound action potentials
from the sural nerve were recorded through bipolar
electrodes located proximally on the nerve. Record¬
ings of compound action potentials from the sural
nerve were used in capsaicin-treated animals to esti¬
mate the extent of the C-fibre loss6. Cutaneous stim¬

uli included hair movement, touch, pressure and
pinch with smooth-tipped or serrated forceps. The
electrical activity of the neurones was amplified, dis¬
played on an oscilloscope and analyzed 'on' and 'off¬
line' with a microprocessor-based computer (Cro-
memco System-3).

The search stimulus for dorsal horn neurones was

the electrical stimulation of the sural nerve (0.1 ms

duration. 1 Hz) at an intensity maximal for mye¬
linated fibres (A-fibres) but subthreshold for unmye¬
linated fibres (C-fibres). Once a neurone was found
responding to this stimulus, its depth within the cord
as assessed by micromanipulator readings and its la¬
tency and threshold to sural nerve stimulation were
noted. The responses of the unit to cutaneous stimuli
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were recorded and the receptive field mapped. After
this, 20 electrical stimuli (0.5 ms duration) were de¬
livered to the sural nerve at a frequency of 1 Hz and
an intensity maximal for C-fibre stimulation in order
to study possible 'wind-up' effects (see Results). Af¬
ter this stimulation, the cutaneous receptive field was

mapped again and its size noted. A minimum of 10
min was allowed between each series of 20 C-fibre
stimulations, to avoid long-term changes in the re¬

sponses of the neurones due to intense activity in un¬
myelinated afferent fibres.

Statistical analysis was conducted by testing the
significance of the difference between the propor¬
tions of neurones that showed one particular prop¬

erty in capsaicin-treated rats and in vehicle-injected
animals'. Differences were considered significant at
levels of probability of 0.05 or less.

RESULTS

Sample of units recorded
The area of termination of the sural nerve within

the spinal cord was mapped by recording the cord
dorsum potential through a monopolar ball-tipped
electrode while stimulating the sural nerve at a maxi¬
mal intensity for A-fibres. or in some experiments by
recording field potentials through low resistance mi-
croelectrodes. Using this approach it was possible to
make microelectrode recordings of single units from
the main area of termination of the sural nerve in the

spinal cord of each animal, irrespective of general an¬
atomical landmarks. Microelectrode tracks were

made perpendicular to the dorsal surface of the spi¬
nal cord and across the medio-lateral and rostro-cau-

dal extent of this region. All neurones responding to
electrical stimulation of the A-fibres in the sural

nerve, within the first 1000 urn of each track, were in¬

cluded in the present study. A total of 166 units were
recorded. 80 from vehicle-injected rats and 86 from
capsaicin-treated animals. Since it has been shown
that superficial and deep dorsal horn neurones have
different properties-. units were divided into these
two categories on the basis of their recording site.
Units up to a depth of 400 um were classified as su¬

perficial and those from 400 to 1000 /im as deep, al¬
though the division between the populations was

quite clear: the majority of neurones were recorded
between 200-300 and 600-900//m respectively. Simi¬

lar proportions of superficial and deep neurones
were recorded from vehicle-injected animals and
from capsaicin-treated rats (Fig. 1), with the majori¬
ty of neurones in both cases being deep-recorded

. units (80% in vehicle-injected rats and 82.5% in cap-
saicin-injected rats).

Afferent fibre input
As in previous reports from this laboratory6, the

C-wave of the compound action potential recorded in
the sural nerve was greatly reduced in capsaicin-
treated rats. This is consistent with the loss of a large
number of afferent C-fibres reported by others using

morphological techniques20-21-6.27.3i
When the intensity of electrical stimulation of the

sural nerve was raised to activate C-fibres. neurones

sometimes displayed a late response; this has pre¬

viously been shown to be due to the activation of a
C-fibre input15. The 54.5% of neurones having an in¬
put from A and C afferent fibres in vehicle-injected
rats was similar to the proportion previously de¬
scribed in normal rats8-31. In contrast, only 30% of
the units recorded in capsaicin-treated animals
showed an additional input from C-fibres (Fig. 1).
Thus, in animals with severe loss of afferent C-fibres
the proportion of dorsal horn cells receiving a C-fibre
input is reduced from over 50% to around 30%. a
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Fig. 1. Location of the recording sites and afferent fibre input
of dorsal horn neurones in vehicle-injected rats (open bars) and
capsaicin-treated animals (cross-hatched bars). Left: same pro¬
portions of superficial (S) and deep (D) neurones were record¬
ed in both groups of animals. Right: reduction in the number of
dorsal horn neurones responding to electrical stimulation of the
A and C (A + C) afferent fibres in capsaicin-treated animals. N
indicates the total number of units in each case. "" P < l).1)1.
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smaller reduction than the corresponding decrease in
the number of afferent C-fibres.

Responses to C-fibre stimulation
Two types of response were obtained to electrical

stimulation of C-fibres at 1 Hz: some units responded
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Fie. 2. Dot-raster displays of the responses of two neurones from vehicle-treated rats (A and B) and two neurones from capsaicin-in-
jected rats (C and D) to electrical stimulation of C-fibres in the sural nerve at 1 Hz. Responses to 20 consecutive stimuli are displayed.
Neurones in A and C show constant responses to the stimulation, whereas neurones in B and D show the wind-up' effect for the first
15-17 stimuli.
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with a discharge whose intensity and latency did not
vary significantly during the 20 stimuli (Fig. 2A and
C), whereas others showed progressively greater re¬

sponses to C-fibre input and increases in the level of
background activity on successive stimulations
(Fig. 2B, D) i.e. 'wind-up'. In vehicle-injected rats.

STIMULUS NUMBER STIMULUS NUMBER
Fie. 3. Analysis of the "wind-up" effect. The number of impulses counted between 50 and 400 ms after each stimulus is plotted against
the corresponding stimulus number. The straight lines are the regression lines. The data presented in this figure correspond to the units
whose responses are presented in Fig. 2. Note the lack of correlation in units A and C and the wind-up' effect in units B and D.
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51.5% of the neurones with C-input showed 'wind-
up' (Fig. 4) and in capsaicin-treated animals. 55% of
such neurones displayed this effect (Fig. 4). There¬
fore, the reduction in the total number of neurones

driven by afferent C-fibres in capsaicin'-treated rats
had not changed the proportion of neurones with a

'wind-up' effect.

Characteristics of the 'wind-up' effect
As previously described32, the increase in the re¬

sponses to C-fibre input that characterizes the "wind-
up' effect takes place over the first 15-17 stimuli, af¬
ter which the responses to further stimuli become
constant or even decrease. In consequence, the in¬
tensity of the 'wind-up' was measured, as in previous
studies32, by plotting the number of impulses count¬
ed. between 50 and 400 ms after the stimulus, against
the corresponding stimulus number, for the first 16
stimuli (Fig. 3). Using simple linear regression, the
slope of those regression lines whose correlation co¬
efficients were statistically significant, were taken as
an index of the intensity of the 'wind-up' effect
(Fig. 3). As shown in Fig. 4. the proportions of neu¬
rones that had a weak 'wind-up' (slope < 0.5) were
not different in vehicle- and in capsaicin-injected
rats. However, most of the remaining neurones in
capsaicin-treated animals had a moderate 'wind-up'
effect (slope between 0.5 and 1.0) (Fig. 4). whereas a

greater proportion of neurones from vehicle-injected
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rats (open bars) and in capsaicin-treated animals (cross-
hatched bars). Right: slopes of the regression lines of neurones
that showed 'wind-up' in both groups of animals. Bar codes as
before. N indicates the total number of units in each group. ""
P < 0.05.
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Fig. 5. Location and type of neurone that showed 'wind-up' ef¬
fects on repetitive C-fibre stimulation in vehicle-injected rats
(open bars) and capsaicin-treated animals (cross-hatched
bars). The proportions of superficially located (S) neurones, of
units with small receptive fields (SRF) and nocireceptive units
(NR) are greater in capsaicin-treated animals. N = total num¬
ber of units in each group. " P < 0.05; *** P < 0.01.

rats had more intense 'wind-up' (slope > 1.0). This
shows that the 'wind-up' effect was generally less in¬
tense in capsaicin-treated rats than in vehicle-in¬
jected animals.

Differences were also noted between the types of
neurone that showed the 'wind-up' effect on both
groups of rats. In vehicle-injected animals, as in nor¬
mal rats32, the 'wind-up' effect was mainly seen in
deep neurones, with medium to large-size cutaneous
receptive fields from which they could be activated
by noxious as well as innocuous stimulation of the
skin (multireceptive neurones). However, in capsai¬
cin-treated rats greater proportions of superficial
neurones, neurones with small receptive fields and
nociceptor-driven cells (nocireceptive neurones) dis¬
played 'wind-up' effects (Fig. 5). This indicates that
the reduction in the number of afferent C-fibres in¬
duced by capsaicin results in a shift of the tvpe and lo¬
cation of neurone capable of responding to repetitive
C-fibre stimulation with a 'wind-up' effect.

Cutaneous receptive fields
The responses to natural stimulation of the skin

were fully studied in 68 cells from vehicle-injected
rats and 75 neurones from capsaicin-treated animals.
As shown in Fig. 6. no significant differences were
observed between the two groups of rats in relation
to the kinds of cutaneous input that activated the
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Fig. 6. Cutaneous inputs and size of the receptive fields in vehi¬
cle-injected rats {open bars) and capsaicin-treated animals
(cross-hatched bars). Left: cutaneous inputs: Me.R. mechano-
receptive neurones; MR. multireceptive neurones: NR. noci-
receptive neurones. No differences were found between the
proportions of MeR. MR and NR neurones in both groups of
animals. Right: size of receptive fields. The proportions of
small (S)- and large (L)-sized receptive fields did not change
but there was an increase (** = P < 0.05) in the proportion of
medium-sized (M) receptive fields in capsaicin-treated rats. N

. = total number of units in each group.

neurones. In vehicle-injected rats. 40% of the neu¬
rones responded only to non-noxious mechanical
stimulation of the skin (mechanoreceptive neuron¬

es); 26% only to noxious mechanical stimulation (no-
cireceptive neurones) and 34% to both noxious and
non-noxious stimulation (multireceptive neurones).
In capsaicin-treated animals the corresponding per¬

centages were 30.6% mechanoreceptive. 36% noci-
receptive and 33.4% multireceptive.

The neurones were divided into 3 categories
according to the size of their receptive fields prior to
C-fibre stimulation. Receptive fields that included
one toe or a similar area elsewhere in the limb were

classified as small: those that included two toes or a

similar area in the limb were classified as medium-

size and receptive fields that encompassed several
toes and/or most of the foot/ankle or lateral leg were
classified as large. As shown in Fig. 6. no significant
differences were noted between the proportions of
neurones with small and large receptive fields in vehi¬
cle-injected and capsaicin-treated animals; however,
neurones with medium-sized receptive fields were
more abundant (P < 0.05) in capsaicin-treated rats
(Fig. 6). Receptive fields in the toes and distal parts
of the limbs are generally smaller than those in more

proximal regions of the limbs. Therefore, it was pos¬
sible that the increase in the proportion of neurones
with medium-size receptive fields in capsaicin-treat-
ed rats, was due to larger numbers of cells driven by
the sural nerve having receptive fields in more proxi¬

mal areas of the limb. Fig. 7 shows the proportions of
neurones in vehicle-injected and capsaicin-treated
rats with receptive fields in the toes, foot, ankle and
leg. It can be seen that in normal animals, most re¬

ceptive fields were located in the toes, with fewer in
the leg, foot and ankle, in that order. In contrast, the
receptive fields of dorsal horn neurones in capsaicin-
treated animals were located mainly in the foot and
ankle with fewer in the toes and leg. The proportions
of small/medium-sized/large receptive fields within
each group did not vary from vehicle-injected to cap¬
saicin-treated rats and therefore, it is possible to con¬
clude that the increase in the proportion of neurones
with medium-sized receptive fields in capsaicin-treat¬
ed rats was due to a change in the distribution of re¬

ceptive fields of dorsal horn neurones, with fewer re¬

ceptive fields in the toes and leg and more in the foot
and ankle (Fig. 7).

Expansion of receptive fields
The size of the receptive field and the type of cuta¬

neous input were assessed before and after C-fibre
stimulation. As explained above, care was taken not
to stimulate afferent C-fibre for more than 20 stimuli

every 10 min. After C-fibre stimulation, some neu¬
rones showed an expanded receptive field that re¬
turned to pre-stimulation size within 5-10 min after
the C-fibre stimulus. In vehicle-injected rats, only 4
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Fig. 8. Expansion of the receptive fields of two dorsal horn neu¬
rones recorded in capsaicin-treated animals. A: unit with a
C-fibre input (C + ). B: unit without a C-fibre input (C—). The
kinds of cutaneous input that activated the neurones and the
sizes of the receptive fields before and after C-fibre stimulation
are represented.

out of 24 neurones examined for receptive field ex¬

pansion showed an increased receptive field after the
C-fibre stimulation. All 4 neurones had a C-input and
were activated by noxious stimulation of the skin.
Three of them displayed a 'wind-up' effect on repeti¬
tive C-fibre stimulation.

In capsaicin-treated animals, a greater proportion
of neurones showed expanded receptive fields after
C-fibre stimulation. Of 38 units fully analyzed. 18
showed expanded fields. This group of neurones in¬
cluded 10 with no apparent C-input. Five out of the
18 neurones were mechanoreceptive. 10 were multi-
receptive and 3 were nocireceptive. Of the 8 neu¬
rones with C-fibre input. 4 showed a 'wind-up' effect.
Fig. 8 shows the expansion of the receptive fields
that occurred in two units from capsaicin-treated ani¬
mals: one with a C-fibre input and the other not
driven by C-fibres. The size of the expansion and the
types of cutaneous stimuli that activated them are
also represented in the figure.

DISCUSSION

Systemic administration of capsaicin to newborn
animals provides a technique for the study of the ef¬
fects on the central nervous system of afferent C-fi-
bre deprivation. Degeneration of unmyelinated af¬
ferent fibres occurs within hours of the neonatal in¬

jections1928. and therefore, the study of adult ani¬
mals that have been treated at birth with capsaicin,
can provide information on the functional conse¬

quences of a life-long reduction in the number of af¬
ferent C-fibres. Nevertheless, it is possible that the
phenomena observed in these animals, mav not be
the direct consequence of the loss of afferent C-fibres,
but the result of adaptative changes within the cen¬
tral nervous system that compensate for the loss of
this important source of peripheral inputs. What is
observed is not the function of the missing part but
the ability of the whole system to cope without the
missing part; it is essential to bear this in mind in the
interpretation of results obtained using the technique
of neonatal capsaicin.

Some of the results reported here appear to be sim¬
ilar to observations made in experiments where cap¬
saicin was applied directly to limb nerves in adult
rats910. It is interesting that these two techniques
seem to produce similar central changes as there are

important differences between them; local applica¬
tion affects only the treated nerve and observations
are generally made within a few weeks of applica¬
tion.

Another important point in the interpretation of
the data obtained with this technique is that neonatal
capsaicin is neither totally specific for afferent C-fi¬
bres. nor does it produce a complete loss of afferent
C-fibres. A small percentage of unmyelinated affer¬
ent fibres survive the treatment even at doses of cap¬
saicin which result in the degeneration of some small
myelinated fibres20-21-27. The surviving C-fibres in¬
clude some with thermoreceptive and nociceptive
endings2, whereas the degeneration of some among
the smallest Ad afferents indicates that the popula¬
tion of high-threshold mechanoreceptors (mechani¬
cal nociceptors) is also affected. These effects have
been reported using doses of capsaicin similar to
those employed in this study (50 mg kg-') and in con¬

sequence the interpretation of the present results will
take these observations into consideration.

The results presented in this paper show that in
adult rats treated at birth with capsaicin, fewer neu¬
rones in the dorsal horn respond to electrical stimula¬
tion of the surviving C-fibres in the sural nerve and
that some changes occur in the organization of sec¬
ond order neurones including the central representa¬
tion of cutaneous receptive fields. The reduction in
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the number of units with C-fibre input was smaller
than the corresponding reduction in the number of
peripheral unmyelinated afferents. Reduction in af¬
ferent C-fibres of up to 90% have been report-
ed2o.2i.27 ancj yet. in the present experiments, the pro¬

portions of neurones driven by sural C-fibres in the
dorsal horn fell from 54% in normal rats to 30% in

capsaicin-treated animals, a reduction of less than
50%. This could be due to compensatory sprouting of
the surviving C-fibres or alternatively it could be an
indication that afferent C-fibres in normal animals di¬

verge extensively within the dorsal horn. The fact
that the 'wind-up' effect in capsaicin-treated animals
was found to be less intense than in normal rats indi¬

cates that the ability of the unmyelinated afferent in¬

puts to evoke powerful excitations of dorsal horn
neurones is reduced when the number of afferent
C-fibres is also reduced. Therefore, the compensato¬
ry sprouting of the surviving C-fibres or the extensive
divergence of unmyelinated fibres in the spinal cord
may not be sufficient to restore normal effectiveness
of transmission of C-inputs through the dorsal horn.

In the present study of the 'wind-up' effect in cap¬
saicin-treated animals a number of major changes
were noted. Although the proportion of neurones
with C-input. that showed 'wind-up' was similar in
capsaicin-treated and control animals, the intensity
of 'wind-up' was reduced in capsaicin-treated rats.
The type of neurone that showed 'wind-up' had also
changed after capsaicin treatment, to include greater
numbers of neurones with small receptive fields, no-

cireceptive properties and located superficially in the
cord. This contrasts with the main type of neurone
that shows 'wind-up' in normal rats: multireceptive
neurones, deep in the dorsal horn and with large re¬

ceptive fields-1-. This shift in the type of neurone

showing 'wind-up' may offer an explanation for the
unchanged thermal nociceptive thresholds reported
in rats treated at birth with capsaicin2Many no¬

ciceptive neurones in the superficial dorsal horn of
rats project to the brain via the spino-thalamic
tract1-'.14. a pathway that plays an important role in
the central transmission of nociceptive signals. In
normal rats, these neurones do not usually respond
with a 'wind-up' effect to stimulation of C-fibres but
some of them do show 'wind-up' effects in capsaicin-
treated rats. This suggests that impulses in the surviv¬
ing C-at'ferent fibres (including heat-nociceptors)

may be effective in evoking normal behavioural reac¬
tions to noxious heat even though the peripheral sys¬
tems are extensively damaged. The presence of
'wind-up' effects in neurones that do not normally
have this property could be interpreted as a compen¬
satory change within the dorsal horn to permit effec¬
tive transmission of the reduced C-inputs through the
spinal cord. Whether these compensatory changes
succeed in restoring normal transmission of C-inputs
through the cord may depend on the extent of the pe¬

ripheral damage and hence on the dose and effective¬
ness of the neonatal injections.

No changes have been found, in the present study,
in the proportions of neurones excited by noxious
and non-noxious mechanical stimulation of the skin

(mechanoreceptive, multireceptive and nocirecep-
tive neurones). This agrees with a report by Salt et
al.30 on the properties of neurones in the trigeminal
nucleus caudalis of rats treated at birth with capsaicin
and with the data published in abstract form by Pear¬
son et al.29. This lack of change is surprising in view of
the fact that these animals are reported to show in¬
creased thresholds to noxious mechanical stimula¬

tion4, i'-16-24. The dorsal horn organization of the me¬
chanical nociceptive systems needs to be analyzed in
more detail to examine what changes could be re¬

sponsible for the behavioural effects.
Some differences were found between the recep¬

tive fields of dorsal horn neurones in capsaicin-treat¬
ed animals and those of neurones from normal rats.

A larger proportion of neurones from capsaicin-
treated rats had medium-sized receptive fields but
this increase in receptive field size appears to be due
to a change in the peripheral location of the receptive
fields. Greater numbers of neurones in capsaicin-
treated animals had receptive fields in the foot and
ankle where receptive fields tend to be larger than in
the toes, the location of the majority of receptive
fields in normal rats. This indicates that some

changes had occurred in the dorsal horn representa¬
tion of cutaneous inputs, an observation in line with
recent descriptions of altered somatotopic maps in
capsaicin-treated animals". The typical sizes of the
individual receptive fields within each area of inner¬
vation were not changed in capsaicin-treated rats.
However the expansion of the peripheral fields which
sometimes occurs immediately after C-fibre stimula¬
tion was more common in capsaicin-treated rats. In
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normal rats this phenomenon is only displayed in a
few neurones, all of them driven by afferent C-fibres.
In capsaicin-treated rats, expansion of the receptive
fields was recorded in about 50% of the neurones ex¬

amined, including those with no C-fibre input. This
suggests that reduction in the number of peripheral
C-fibres evoke central changes that result in weaker
inhibitory controls over second order neurones. The
inhibitory systems operating in the spinal cord ap¬

pear to be easier to remove by activity in the remain¬
ing C-fibres of capsaicin-treated rats, than by im¬
pulses in unmyelinated afferent fibres of normal ani¬
mals. This could account for the description by Wall
et al.35 of expanded receptive fields in rats treated at
birth with capsaicin particularly as they used spi-
naiized preparations in which supraspinal inhibitory
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SUMMARY

1. The possible contribution of non-mvelinated afferent fibres (C fibres) to the
mechanisms of primary afferent depolarization (p.a.d.) in the spinal cord of the rat
has been investigated.

2. Dorsal root potentials (d.r.p.s) were recorded in the lumbar cord of normal adult
rats, of adult rats which had been injected at birth with a solution of capsaicin
(50 mgkg-1 s.C.) and of adult rats which had been injected at birth with the drug
vehicle only.

3. D.r.p.s were recorded from the dorsal rootlet that entered the spinal cord in the
main area of termination of the tibial nerve. The location of this area was assessed

by mapping the spinal cord in the rostro-caudal axis while recording cord dorsum
potentials evoked by A-fibre volleys from the tibial nerve.

4. No differences in peak amplitude, area or time to peak amplitude were observed
between the d.r.p.s evoked in control and capsaicin-treated rats by stimulation of
the tibial, sural or common peroneal nerves.

5. The relation between the size of incoming A volleys to the spinal cord and the
size of the d.r.p.s evoked by them was unaffected by the neonatal capsaicin treatment.

6. Rats treated at birth with capsaicin showed a virtual absence of afferent C fibres
as assessed from the lack of C waves in the compound action potentials evoked in
each of the three nerves studied after antidromic stimulation of the dorsal roots.

7. The presence of p.a.d. in control and in capsaicin-treated animals was also
established using the technique ofexcitability testing ofprimary afferent fibres (Wall.
1958). No differences were observed between the p.a.d. recorded in control and in
capsaicin-treated animals using this technique.

8. D.r.p.s and p.a.d. (assessed by excitability testing of primary afferent fibres)
were of similar magnitude in control and in capsaicin-treated rats anaesthetized with
either sodium pentobarbitone or urethane.

9. It is concluded that p.a.d. of myelinated afferent fibres produced by incoming
volleys in myelinated afferent fibres is not affected by a life-long loss ofnon-myelinated
afferent fibres.
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INTRODUCTION

Treatment of neonatal rats with capsaicin (50 mgkg-1) (8-methyl-A'-vanillyl-
6-nonenamide) results in the permanent loss of up to 95 % of the non myelinated (C)
afferent fibres of these animals (Jancso, Kiraly & Jancso-Gabor, 1977 ; Nagy. Vincent,
Staines, Fibiger. Reisine & Yamamura, 1980; Nagy. Hunt, Iversen & Emson. 1981;
Nagy, Iversen, Goedert, Chapman & Hunt, 1983). In addition, a small but significant
reduction in the number of fine myelinated (A$) afferent fibres has also been reported
at capsaicin doses of 50 mgkg-1 and higher (Nagy et al. 1983). Morphometric analysis
of the dorsal root ganglia (d.r.g.) of rats treated at birth with capsaicin has shown
a 70 % loss of small dark d.r.g. cells, a cell type usually associated with small afferent
fibres (Lawson, 1981). Furthermore, neurochemical studies of the dorsal horn of the
spinal cord in such animals have demonstrated a severe reduction in the levels of
substance P, somatostatin and fluoride-resistant acid phosphatase (FRAP), all of
which are known to be present in the terminals of small-diameter afferent fibres
(Jessell, Iversen & Cuello, 1978; Nagy etal. 1980, 1981). The type I synaptic glomeruli
in the substantia gelatinosa of the spinal cord, which probably contain the central
terminals of afferent C fibres are also reduced by approximately 90 % following
neonatal capsaicin treatment (Ribeiro da Silva & Coimbra, 1984). However, non¬

myelinated efferent fibres of the autonomic nervous system do not appear to be
affected b}^ neonatal capsaicin (Cervero & McRitchie, 1982). Therefore, this treatment
results in the permanent loss of a population of afferent fibres including many of those
that transmit noxious sensory information from the periphery (Lynn & Carpenter,
1982; Fleischer, Handwerker & Joukhadar, 1983).

In the normal animal, afferent C fibres represent a large proportion of the input
to those neurones in the dorsal horn of the spinal cord responsible for the integration
of nociceptive information (Brown, 1982). In spite of the large decrease in the
numbers of afferent C fibres following neonatal capsaicin, the proportions of
mechanoreceptive (Class 1), multireceptive (Class 2) and nocireceptive (Class 3)
neurones in the dorsal horn and trigeminal nucleus caudalis of these animals appear
to be unchanged (Salt, Crozier & Hill, 1982; Cervero, Schouenborg, Sjolund &
Waddell, 1984). However, several reports have described changes in the functional
organization of the post-svnaptic relay in animals treated at birth with capsaicin
including increased thresholds to noxious heating of the skin (Salt et al. 1982), reduced
'wind-up' of neurones on peripheral C-fibre stimulation (Cervero et al. 1984), changes
in receptive-field properties (Cervero et al. 1984) and alterations of somatotopic maps
(Wall, Fitzgerald, Nussbaumer, Van der Loos & Devor, 1982).

Presynaptic inhibition of primary afferent fibres may contribute to the control of
receptive-field size of second-order neurones (Eccles, Schmidt & Willis, 1963;
Schmidt, 1971). This form of inhibition is the result of the activation of an
interneuronal pathway generating primary afferent depolarization (p.a.d.) and thus
inhibiting presynaptic impulses. It has been proposed that the pathway that mediates
p.a.d. includes neurones in the substantia gelat inosa of the spinal cord as well as other
neurones in deeper parts of the dorsal horn (Wall, 1962; Cervero. Iggo & Molony,
1978). The substantia gelatinosa is a major area of termination for afferent C fibres
and therefore, presynaptic inhibition from myelinated afferent fibre inputs onto
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myelinated afferent fibres could be disrupted by a life-long loss of the C-fibre input
to the p.a.d.-generating system. It could also be argued that some of the changes in
dorsal horn organization reported in animals treated at birth with capsaicin are the
result of alterations in the neuronal network that generates p.a.d.

The present study was designed to determine whether or not p.a.d. of myelinated
afferent fibres produced by activity in myelinated afferent fibres was altered in rats
treated at birth with capsaicin. In these experiments p.a.d. was quantified by
measurement of the time course and magnitude of the dorsal root potential (d.r.p.).
This potent ial is attributed to the electrotonic spread of depolarization along primary
afferent fibres in the dorsal root and has long been recognized as a simple measurement
of the magnitude of p.a.d. (Schmidt, 1971).

A preliminary report of this study has been published (Cervero & Plenderleith.
1984).

METHODS

Neonatal administration of capsaicin. Sprague-Dawley and Wistar rats were injected on their
second or third day of life with either capsaicin (50 mgkg-1) or with the same volume of the solvent
vehicle (10% (v/v) ethanol, 10% (v/v) Tween 80 in normal saline). All injections were carried out
under halothane anaesthesia (1% in 1:3 02 and 2:3 N20). The animals were returned to their
mothers after recovering from the effects of the anaesthetic and the immediate effects of the
injection. No further procedures were conducted on these animals until the acute electrophysiological
experiments.

Electrophysiological experiments. D.r.p.s were recorded from eight capsaicin-treated rats, two
vehicle-injected animals and ten untreated controls. In addition, two capsaicin-treated and two
control rats were used in experiments in which p.a.d. was assessed using the technique ofexcitability
testing of primary afferent fibres. At the age of 3-5 months the rats were anaesthetized with sodium
pentobarbitone (50 mg kg-1 I.p.). Further injections of pentobarbitone (10 mg kg-1 h"1 I.v.) were
given to maintain anaethesia. The trachea, the right femoral artery and the right femoral vein were
cannulated. Arterial blood pressure was continuously recorded and the experiments were terminated
if the mean blood pressure fell below 75 mmHg. The left common peroneal, tibial and sural nerves
were dissected free in the popliteal fossa and the lumbar enlargement of the spinal cord was exposed
by a laminectomy. Stimulating electrodes (bipolar silver electrodes) were placed on each of the
peripheral nerves and a recording electrode (bipolar silver electrode) was placed more proximally
on the sciatic nerve to allow monitoring of the input volley evoked by the stimulation of each of
the peripheral nerves. The animals were then paralysed with gallamine and artificially ventilated.
The end-tidal C02 was continuously measured and kept at around 3°0- Body temperature was
recorded by a rectal probe and maintained at 37 °C by a thermostatically controlled heating device.

The ipsilateral dorsal surface of the lumbar enlargement of the cord was mapped in the
rostro-caudal direction with a monopolar ball-tipped electrode while the tibial nerve was stimulated
at a maximal A-volley intensity. The first large negative wave of the recorded cord dorsum potential
is the result of electrical fields set up within the cord by the depolarization of post-synaptic neurones
activated by the afferent volley. The magnitude of this wave was used as an indicator of the area
of termination within the spinal cord of afferent A fibres in the tibial nerve (Handwerker. Iggo &
Zimmerman. 1975). The results of such a study in one rat are shown in Fig. 1 (top). The dorsal
rootlet entering this area of the cord was sectioned and the central end was placed on a bipolar
electrode for the recording of d.r.p.s. An electrode with a fixed interpolar distance of 6 mm was
used in all experiments and the proximal pole of the electrode was placed as close as possible to
but not touching the spinal cord. Fig. 1 (bottom) shows a diagram of the experimental arrangement.

D.r.p.s were evoked by maximal A-fibre stimulation. Twenty-five sweeps were averaged using
a micro-computer and the average was stored on magnetic disks. Peak amplitude, time to peak
and area under the negative d.r.p.s were measured off-line' using the same computer.

Excitability testing of primary afferent fibres. Two capsaicin-treated and two control rats were
used in experiments in which p.a.d. was assessed using the technique of excitability testing of
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primary afferent fibres (Wall. 1958). These four rats were prepared as described above. One control
and one capsaicin-treated rat were anaesthetized with sodium pentobarbitone (dose as above) and
the other two animals were anaesthetized with urethane (125 g kg-1 i.p.).

A glass-coated tungsten micro-electrode (30-40 /ijn exposed tip) was inserted into the spinal cord

Fig. 1. Top, cord dorsum potentials (negativity downwards) evoked by maximal A-fibre
volleys in the tibial nerve. Centre record, potential recorded at the location where the
amplitude of the negative wave was maximal. Potentials recorded 2-5 mm rostral (left)
and 2-5 mm caudal (right) to the location of maximal amplitude are also shown. Bottom,
diagram of the experimental arrangement. See text for details.

at a point half-way between the mid line of the cord and the dorsal root entry zone and in the area
of termination of the tibial nerve. The location of this area was assessed by recording the cord
dorsum potential evoked by a maximal A volley in the tibial nerve. The spinal cord micro-electrode
was used to stimulate antidromically primary afferent fibres at 1 Hz (pulse duration 01 ms). The
intensity of the stimulus was adjusted until the amplitude of the A wave in the antidromic
compound action potential recorded in the tibial nerve was half the maximum that could be evoked
in this nerve by intraspinal stimulation through the micro-electrode. These stimulus intensities were
of the order of 30-A0 fiA. Micro-electrode stimulations were applied at depths of 250 and 500 fim
from the cord surface and at several points within 1 mm rostral and 1 mm caudal to the spot from
which the largest cord dorsum potential evoked from the tibial nerve could be recorded. Electrical
stimulation of the A fibres in the common peroneal nerve (1 Hz, 01 ms duration) was used as a
conditioning stimulus. The intensity of this stimulus was adjusted to evoke a maximal A volley
in the nerve. Conditioning stimuli were applied at time of between 0 and 100 ms before the delivery
of the test stimulation from the cord micro-electrode. The generation of p.a.d. by these conditioning
stimuli was estimated as a percentage increase in the area under the antidromic compound action
potential evoked in the tibial nerve by the intraspinal stimulation. Areas were measured off-line
from averaged recordings of twenty-five sweeps. At the end of the excitability tests, d.r.p.s were
recorded, as described before, from a rootlet entering the cord in the area of termination of the
tibial nerve. D.r.p.s were evoked by electrical stimulation of A fibres in the tibial and common
peroneal nerves.

3 ms
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C-fibre loss. The effectiveness of the neonatal capsaicin treatment in causing a loss of afferent C
fibres was assessed at the end of each experiment by recording the antidromic C wave of the
compound action potential evoked in the hind-limb peripheral nerves by stimulation of the entire
L4 or L5 dorsal root at an intensity appropriate for non-myelinated fibres (10-15 V, 0-5 ms pulse
width, at 0-33 Hz). The dorsal roots used were cut and their peripheral ends were stimulated. This
method avoided the contamination of the evoked C waves with the component due to activity in
unaffected efferent C fibres.

Control

130 M
30 ms

Capsaicin

Peroneal n.

Tibial n.

Sural n.

Fig. 2. Dorsal root potentials (average of twenty-five sweeps) evoked by maximal A-fibre
volleys in the common peroneal, tibial and sural nerves in control and capsaicin-treated
rats. The time of application of the stimulus has been indicated (arrows) in each recording.

RESULTS

D.r.p.s evoked in the two vehicle-injected rats studied were found to be similar to
those evoked in untreated control animals. Therefore data from control and

vehicle-injected rats have been pooled in a single control group.
As shown in Fig. 2. the d.r.p.s evoked in the area of termination of the tibial nerve

by stimulation of the tibial, sural or common peroneal nerves at a maximal intensity
for afferent A fibres were qualitatively similar in control and capsaicin-treated
animals. D.r.p.s reached maximal amplitude within 25 ms of their onset and declined
exponentially over 150-200 ms.

Maximal amplitude. The maximal amplitude of the d.r.p. is the most commonly
used indicator of p.a.d. and in this study was calculated as the voltage between the
base line before the stimulus was applied and the d.r.p. peak (Fig. 3). No statistically
significant difference at the 5% level was found between the maximal amplitudes of
the d.r.p.s evoked by each nerve in control and in capsaicin-treated animals (two-tailed
Student's t test; Fig. 3).

Area of d.r.p. A more accurate index of the magnitude of p.a.d. is the value of the
area under the negative d.r.p. Measurement of the d.r.p. area takes into account the
magnitude of the potential with respect to time. D.r.p. areas were calculated using
a computer program which calculated the time—voltage integral between the two
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Fig. 3. Peak amplitude (inset) of the d.r.p.s evoked by maximal A volleys in the common
peroneal, tibial and sural nerves in control (□) and capsaicin-treated rats (ID), n indicates
number of animals in each group. Data presented as mean peak amplitude with standard
errors of the mean.
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Fig. 4. Area of the d.r.p.s (inset) evoked by maximal A volleys in the common peroneal,
tibial and sural nerves in control (□) and capsaicin-treated rats (HI), n indicates number
of animals in each group. Data presented as mean d.r.p. area with standard errors of the
mean.
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points in the negative d.r.p. that intersected the base line (Fig. 4). A summary of
d.r.p. data for each nerve in the control and capsaicin groups is shown in Fig. 4. No
statistically significant differences at the 5 % level were found between the values of
d.r.p. areas calculated in the two groups (two-tailed Student s i test).
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« io H
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U W
Peroneal n.

I
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n = 5

V

W
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Fig. 5. Time to peak amplitude (inset) of the d.r.p.s evoked by maximal A volleys in the
common peroneal, tibial and sural nerves in control (□) and capsaicin-treated (H). n
indicates number of animals in each group. Data presented as mean time to peak with
standard errors of the mean.

D.r.p. time to peak. To confirm that the loss of afferent C fibres had not affected
the time course of the p.a.d., the values of time to peak amplitude of the d.r.p.s were
measured. These values were calculated as the times between the peak of the small
positive wave produced by the arrival of the afferent volley into the cord and the
point of maximal amplitude of the negative d.r.p. (Fig. 5). As shown in Fig. 5 no
statistically significant differences at the 5 % level were observed between the time
to peak values in control and capsaicin-injected animals (two-tailed Student's t test).

Relation between the A volley and the d.r.p. Although there were no differences
between the d.r.p.s evoked by maximal afferent A volleys in control and capsaicin-
treated rats, it was conceivable that with submaximal volleys there was an effect due
to the lack of C fibres. In order to test this possibility, the relation between the afferent
A-vollev size and the d.r.p. it produces was first studied in normal rats. Fig. 6 A shows
the data obtained from three animals when the percentage of the maximal A volley
evoked in the tibial nerve by stimuli of increasing intensity was plotted against the
percentage of the maximal d.r.p. area evoked by it. Linear-regression analysis of this
data (slope = 0-95. r = 0-98) indicates a 45 deg linear relation between the size of the
afferent A volley and the d.r.p. evoked by it. Fig. 6B shows the data from similar
experiments carried out on three capsaicin-injected rats. The linear-regression
analysis of this data (slope = 103. r = 0-94) showed a similar 45 deg linear relation
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between the afferent A volley and the evoked d.r.p. No statistically significant
difference at the 5°0 level was found between the two regression lines.

C-wave data. The extent of afferent C-fibre loss produced by neonatal capsaicin was
assessed by recording antidromic compound action potentials in all three nerves
studied following electrical stimulation of the L-f or Lo dorsal roots. No differences

A volley (% of max.)

Fig. 6. Relation between the area of the incoming A volley and the area of the resulting
d.r.p. in three control rats (A) and three capsaicin-treated animals (B). Lines fitted by
linear regression.

were observed between the A waves of these compound action potentials in control
and capsaicin-treated rats. In contrast, the well-defined C waves evoked in the nerves
of control animals were absent or very severely reduced in capsaicin-treated rats
(Fig. 7). Therefore, the neonatal treatment had been effective in destroying a large
proportion of afferent C fibres in these animals.

Excitability tests. P.a.d. was also assessed in control and in capsaicin-treated rats
by the technique of excitability testing of primary afferent fibres (Wall, 1958). Fig. 8
shows the results obtained in one control (Fig. 8 A) and one capsaicin-treated (Fig. 8B)
rat anaesthetized with sodium pentobarbitone. Similar excitability curves were
obtained in the two rats. The magnitude of the changes in the excitability of tibial
afferent fibres varied in both animals depending on the location of the stimulating
micro-electrode in the spinal cord, but the range and variability of the changes in
excitability were similar in both rats. Smaller excitability changes were obtained by
moving the test electrode within 1 mm of the spot from which the largest excitability
change was obtained. The time course of the excitability curves was comparable to
the time course of the d.r.p.s recorded in the same animals and evoked by A volleys
in the common peroneal nerve (Fig. 8, bottom records).

P.a.d. (as assessed by excitability testing) and d.r.p.s were also recorded in one
control and one capsaicin-treated rat which had been anaesthetized with urethane.
No differences were observed between the excitability curves or between the d.r.p.s
recorded in these two animals. No C waves could be recorded in the tibial nerves of
the two capsaicin-treated rats used in excitability tests, following electrical stimulation
of the L4 or Lo dorsal roots at the appropriate intensity for C-fibre activation.
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Fig. 7. Compound action potentials recorded in the common peroneal, tibial and sural
nerves of a control rat (left) and of a capsaicin-treated rat (right) and evoked by
stimulation of the L4/L5 dorsal root. The diagram shows the experimental arrangement.
Note the presence of a conspicuous C wave in the control animal and the absence of such
a potential in the capsaicin-treated rat. Arrows indicate the time of application of the
stimulus.
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Fig. 8. P.a.d. in a control (A) and a capsaiein-treated (B) rat as assessed by the excitability
testing technique (top) and by the recording of d.r.p.s (bottom). Each excitability curve
was obtained by intraspinal micro-electrode stimulation at a different point within the
cord and in the area of termination of the tibial nerve. Conditioning stimuli were applied
to the common peroneal nerve 0-llX) ms before the test stimulus. Bottom records are

d.r.p.s evoked by maximal A volleys in the common peroneal nerve and recorded from
a rootlet entering the area of termination of the tibial nerve.
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DISCUSSION

We have been unable to find any changes in amplitude, time course or latency of
d.r.p.s recorded in rats treated at birth with capsaicin. We therefore conclude that
a life-long reduction in the number of afferent C fibres does not significantly affect
the spinal cord mechanism responsible for the generation of p.a.d. in myelinated
afferent fibres. D.r.p.s are an expression of p.a.d., which is generally acknowledged
to be an indicator of presynaptic inhibition in the spinal cord. These results suggest
that the changes in the functional organization and receptive-field control reported
to occur in the spinal cord of the capsaicin-treated rats (Salt et al. 1982: Wall et al.
1982; Cervero et al. 1984) are not due to alterations in presynaptic inhibition.

It must be emphasized that d.r.p.s represent the p.a.d. of myelinated afferent fibres
only and that p.a.d. in non-myelinated afferent fibres does not contribute to the
amplitude and time course of d.r.p.s (Schmidt, 1971). The small va^ue of the length
constant of non-myelinated afferent fibres would reduce to very low levels of current
any possible antidromic spread of their p.a.d. through the dorsal roots. Hence, our
observations based on the recording of d.r.p.s can only apply to the mechanisms of
p.a.d. generated on myelinated afferent fibres. Also, care was taken to restrict the
afferent volley into the cord to impulses in myelinated fibres. Therefore, the system
under study was triggered by impulses in myelinated afferent fibres which generated
p.a.d. in myelinated afferent fibres. This system is not altered after neonatal capsaicin
since no changes were observed in the relation between the size of the incoming A
volley and the size of the evoked d.r.p. It is therefore unlikely that the interneurones
in this p.a.d.-generating pathway are, in normal animals, under powerful influences
from afferent C fibres. However, it should be noted that p.a.d. in individual fibres
is the result of the activation of highly organized systems (Schmidt, Senges &
Zimmerman. 1967; Janig, Schmidt & Zimmerman. 1968a, b) whereas the d.r.p.s
recorded here were generated by activity in afferent fibres of unknown origin and were
recorded from a pool of non-homogeneous dorsal root fibres. Therefore, it is quite
possible that a life-long reduction in afferent C fibres could induce subtle changes in
the organization of p.a.d., not easily detected by the methods used in our study.
Nevertheless, we failed to observe changes in d.r.p.s evoked by nerves of predomi¬
nantly cutaneous (sural) or mixed (tibial and common peroneal) origin. Also, we have
commonly observed dorsal root reflexes in intracellular recordings from identified
primary afferent fibres in the dorsal columns of adult rats treated at birth with
capsaicin (F. Cervero & M. B. Plenderleith, unpublished observations).

The results presented in this paper do not agree with the statement by Wall (1982)
that p.a.d. is virtually absent in rats treated at birth with capsaicin. His conclusion
was based on observations made on two capsaicin-treated rats using the method of
excitability testing of primary afferent fibres. In our study, p.a.d. was assessed by
the recording of d.r.p.s complemented with the use of the excitability testing
technique in some animals. No change was detectable in either d.r.p.s or in the
excitability curves of control and capsaicin-treated animals. However, we noted that
the method of excitability testing depends on the accurate positioning of the
stimulating electrode within the spinal cord. Smaller excitability changes were
obtained by moving this test electrode within 1 mm of the spot from which the largest
excitability change was obtained. This variability ma}- account for the conclusion
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reached by Wall (1982) that p.a.d. was virtually absent in his animals. Our study
was largely based on the recording of the d.r.p., a phenomenon whose presence
indicates p.a.d. and whose variability can easily be assessed. By recording d.r.p.s in
several control and capsaicin-treated animals we were able to establish that the
variability of the d.r.p. from animal to animal was similar in both groups of rats.

Since the mechanisms considered to mediate presynaptic inhibition in the spinal
cord appear to function normally after neonatal capsaicin, other systems have to be
responsible for the altered functional organization of the spinal cord in capsaicin-
treated rats.

The early part of this study was conducted in the Physiology Department of Edinburgh
University. The financial support of the M.R.C. and the excellent technical assistance of Norma
Latham are gratefully acknowledged. Professor Bruce Matthews made very helpful comments on
earlier versions of the manuscript. M.B.P. was supported by an M.R.C. post-graduate studentship.
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SUMMARY

1. Single unit electrical activity has been recorded from dorsal horn neurones in
the lumbar cord of rats anaesthetized with sodium pentobarbitone. Three groups of
animals were used: normal adult rats, adult rats that had been treated at birth with
capsaicin (50 mg kg-1 s.c.) and adult rats that had been injected at birth with the
drug vehicle only.

2. Rats treated at birth with capsaicin showed a substantial reduction in the
number of afferent C fibres as indicated by the virtual absence of C waves in the
compound action potentials evoked in the sural nerve by antidromic stimulation of
the L4—L6 dorsal roots. No significant differences were found in any of the parameters
measured between the vehicle treated and the untreated animals. Therefore, rats from
these two groups are referred to as control animals.

3. All dorsal horn neurones studied were driven by electrical stimulation of the A
fibres in the ipsilateral sural nerve and had cutaneous receptive fields in the ipsilateral
hind limb. Two groups of neurone were distinguished: those receiving an input from
A fibres only (A only) and those neurones that could also be driven by sural C fibres
(A + C). In the control group, 56 % of the neurones were A only and 44% were A + C.
In capsaicin-treated rats these proportions were significantly different: 78 % and 22 %
respectively.

4. No differences were found in receptive field sizes of A-only neurones between
those recorded in control rats and those from capsaicin-treated animals. However,
a large and significant increase in receptive field size of A + C neurones was observed
in capsaicin-treated rats compared to their counterparts in normal animals.

5. In control rats 80% of the A + C neurones showed tonic descending inhibition
of their C-fibre-evoked responses as assessed by reversible spinalization. In capsaicin-
treated rats this proportion fell to 47 % of the A + C neurones. The magnitude of the
tonic descending inhibition was also reduced in the fewer A + C neurones of
capsaicin-treated rats that were subjected to it. Only 4 % of A + C neurones with tonic
descending inhibition in capsaicin-treated rats were powerfully inhibited compared
to 26 % in control animals.

6. The mean number of spikes evoked by C-fibre stimulation of the sural nerve in
A + C neurones of control and of capsaicin-treated rats was not significantly different
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between these two groups of animals in the intact and in the spinalized states. In
capsaicin-treated rats, the fewer neurones that received an input from C fibres were
still able to transmit C'-fibre-evoked impulses like A 4-0 neurones of normal animals.

7. It is suggested that the extent and magnitude of the tonic descending inhibition
of the C-fibre input to dorsal horn neurones develops in response to the powerful
excitation normally mediated by afferent C fibres.

INTRODUCTION

Many neurones in the dorsal horn of the spinal cord can be driven by impulses in
non-mvelinated (C) as well as in myelinated (A) afferent fibres. Destruction of up to
95 % ofafferent C fibres with the neurotoxin capsaicin (J ancso, Kiraly & * J ancsb-Gabor,
1977; Nagv, Vincent, Staines, Fibiger, Reisine & Yamamura. 1980; Nagy. Hunt,
Iversen & Emson, 1981; Nagy, Iversen, Goedert, Chapman & Hunt, 1983) reduces
the number of dorsal horn neurones driven by the surviving C fibres by only 50 %
(Cervero, Schouenborg, Sjolund & Waddell, 1984). As there is evidence against this
being due to the sprouting within the dorsal horn of the remaining C-fibre terminals
(Ribeiro da Silva & Coimbra, 1984) it follows that the anatomical distribution of
afferent C fibres within the spinal cord must normally be very divergent. Continuous
and repetitive C-fibre stimulation, but not A-fibre stimulation, increases the responses
and the levels of background activity of many dorsal horn neurones. This 'wind-up'
phenomenon (Mendell, 1966; Schouenborg & Sjolund, 1983) is interpreted as a sign
of neuronal arousal and of a general increase in excitability following the activation
of C-fibre inputs. In addition to these anatomical and electrophysiological observa¬
tions, many biologically active neuropeptides whose presence has been detected in
the spinal cord are contained in the terminals ofafferent C fibres (Hunt, Kelly, Emson,
Kimmel, Miller & Wu, 1981; Priestley, Bramwell, Butcher & Cuello, 1982) but not
in those of afferent A fibres. Enzymes such as fluoride-resistant acid phosphatase
(FRAP) (Coimbra, Sodre-Borges & Magalhaes, 1974) are also exclusive to afferent
C fibres. The functional significance of many of these compounds is far from clear
but their differential distribution within the dorsal horn according to the type of
afferent fibre points to further diversity between the two sets of afferents.

A well-documented property of many dorsal horn neurones is the tonic inhibition'
of the C-fibre-evoked responses by descending systems of supraspinal origin (Hand-
werker, Iggo & Zimmermann, 1975). This tonic descending inhibition is particularly
apparent in multireceptive neurones of the deep dorsal horn (i.e. those responding
to innocuous as well as noxious peripheral stimulation) (Handwerker et al. 1975;
Cervero, Iggo & Ogawa, 1976). Tonic descending inhibition on C-fibre-evoked
responses of dorsal horn neurones can be easily removed thus providing a useful tool
to analyse some of the functional peculiarities of the afferent C-fibre projection to
the spinal cord.

The present investigation was designed to study the relationship between the
excitation of dorsal horn neurones by inputs in afferent C fibres and the development
by the central nervous system of tonic descending inhibition on these C-fibre-evoked
responses of dorsal horn neurones. The neurotoxin capsaicin was injected to new-born
rats in order to destroy up to 95% of afferent C fibres (Nagy et al. 1981, 1983). These
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animals were then studied at adult age to examine the presence and intensity of tonic
descending inhibition on the C-fibre-evoked responses of dorsal horn neurones.
Observations were also made on the size of cutaneous receptive fields of dorsal horn
neurones and on possible changes of dorsal horn somatotopic organization after
neonatal capsaicin. These studies were conducted in view of previous reports of
changes in the sensory properties of dorsal horn neurones following neonatal capsaicin
treatment (Wall, Fitzgerald, Nussbaumer, van der Loos & Devor, 1982; Cervero et
al. 1984).

Some preliminary results have been published in abstract form (Plenderleith, 1985).

METHODS

Neonatal administration ofcapsaicin. Wistar rats were injected on their third day of life with either
capsaicin (50 mg kg-1 s.c.) or with the same volume of the solvent vehicle (10 % (v/v) ethanol, 10 %
(v/v) Tween 80 in normal saline). All injections were carried out under halothane anaesthesia (1 %
in 1/3 02 and 2/3 N20). Recovery from the capsaicin injections was uneventful. Another group
of Wistar rats received no treatment and were used as absolute controls.

Electrophysiological experiments. Between the ages of 3 and 7 months the rats were used in acute
electrophysiological experiments. All animals were anaesthetized with sodium pentobarbitone
(40-50 mg kg"1 I.P.). The trachea, the right femoral artery and the right femoral vein were
cannulated to allow artificial ventilation, administration of drugs and monitoring of blood pressure
respectively. A laminectomy was performed to expose the lumbar enlargement of the cord. The
left sural nerve was dissected free in the popliteal fossa, mounted on silver wire stimulating
electrodes and left in continuity. A second laminectomy was made at cervical level in order to place
a thermode on the surface of the spinal cord between the C5 and the C7 segments. The animals
were then mounted in a stereotaxic frame designed to stabilize the vertebral column. All exposed
tissues were covered with warm paraffin oil. The animals were paralysed with gallamine and
artificially ventilated. End-tidal C02 was recorded and maintained between 3-5 and 4-5% by
adjustments of the tidal volume. As the animals recovered from the effects of gallamine, withdrawal
reflexes were checked and further doses of anaesthetic were given intravenously as required.

The rostro-caudal and medio-lateral limits of the area of termination in the spinal cord of sural
afferent fibres were determined by recording cord dorsum potentials while stimulating the sural
nerve at a maximal intensity for A fibres (see Cervero & Plenderleith, 1984 for details). Systematic
micro-electrode tracks were made through this region of the cord using glass micro-electrodes filled
with 3 M-XaCl (impedance measured at 1 kHz was 20-30 Mf2). All neurones responding to electrical
stimulation of the A fibres in the sural nerve (1 Hz. 01 ms duration, 1 V intensity) and recorded
at depths of up to 1000 pm from the cord surface were included in the sample. Cutaneous receptive
fields of these neurons were carefully mapped with special attention paid to their absolute size and
to the types of cutaneous stimulation that excited the neurones. The sural nerve was then
stimulated at C-fibre intensity (0-33 Hz. 1 ms duration, 10-15 V intensity) to determine whether
the neurone received a C-fibre input. Parameters of stimulation for A and C fibres in the sural nerve
were chosen by reference to the stimuli that evoked A- and C-fibre waves in the compound action
potential recorded from the sciatic nerve and evoked by stimulation of the sural nerve (see Cervero
& Plenderleith. 1984 for details).

The responses of dorsal horn neurones to stimulation of C fibres in the sural nerve were recorded
before and after reversible spinalization of the animals. The spike discharges of the neurones were
recorded on line' by a microcomputer which constructed a dot raster display of the response and
stored this data on magnetic disks. Peri-stimulus time histograms of the responses were constructed
and analysed 'off line' using the same computer.

Reversible spinalization. Cold block of the spinal cord was produced by changing the temperature
of a gold-plated copper thermode placed on the cervical cord. A thermistor was glued to the contact
surface of the thermode to measure the temperature change of the cord surface. In the intact state,
water at 38 °C was pumped through the thermode. The circulating fluid was then changed to
anti-freeze mixture at 0 °C in order to produce a conduction block through the spinal cord by cold.

8 PHY .'H).")
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It was found that when the temperature of the cord surface dropped to 4 °C this resulted in a rapid
block of conduction through dorsal and lateral pathways and was accompanied by a drop in
systemic blood pressure (Fig. 1). Up to twelve spinalizations were conducted in the same animal
without sign of cord damage as assessed by the rapid and complete recovery of blood pressure on
rewarming the spinal cord.

A B

Fig. I. A, percentage of the maximal amplitude of the first large negative wave of the
cord dorsum potential recorded on L5 and evoked by stimulation of the ipsilateral dorsal
column at C4 (open circles) and of the ipsilateral sural nerve (filled squares). Cooling a
thermode placed at C5-C7 (cooling time indicated by arrows) produced a rapid block of
conduction through this part of the cord as indicated by the abolition of the potential
evoked from C4. The sural-evoked potential was unaffected. B, change in the surface
temperature of the cord under the thermode during a spinalization (upper trace) which
produced a drop in blood pressure (b.p.; lower trace). Note the complete recovery of the
blood pressure on rewarming the spinal cord.

C-fibre loss. At the end of each experiment the effectiveness of the neonatal capsaicin treatment
in causing a loss of afferent C fibres was assessed, as previously described (Cervero & Plenderleith,
1984), by recording the antidromic C wave of the compound action potential evoked in the sural
nerve by stimulation of the peripheral ends of the cut L4-L6 dorsal root at an intensity appropriate
for C fibres.

Neuronal locations. The position of the recording micro-electrode was marked by ionophoretic
deposition of Pontamine Sky Blue (4 % in 0-5 m-sodium acetate) in the last track ofeach experiment.
Marks were made in this track at 500 and 1000 /im from the cord surface. The cord was then
removed, fixed and the blue spots were recovered from 80 /im sections. Locations of recording sites
of all neurones were then calculated by reference to these spots. This method can locate recording
sites within+ 70 /im of the actual site (Molony, 1978).

RESULTS

Results were obtained from twenty-one rats: ten treated at birth with capsaicin,
two treated at birth with the solvent vehicle only and nine untreated controls. No
significant differences were found in any of the parameters measured in this study
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between the vehicle treated and the untreated animals. Therefore the data from these
two groups of animals has been pooled in a single group henceforth referred to as the
control group. Tests for statistical significance were two-tailed Student's t tests or
tests for the significance of the difference between proportions. Further information
on the use of the latter test has been published previously (Cervero et al. 1984).

Classification of neurones. The search stimulus used in this study was the electrical
stimulation of the sural nerve at an A-fibre intensity. Therefore, all the neurones in
this sample had an A-fibre input from this nerve as expressed by a short latency
(3-7 ms) burst of action potentials. Neurones that exhibited a longer latency
(> 70 ms) burst of action potentials when the stimulus intensity was raised above
C-fibre threshold were classified as receiving an additional C-fibre input and were thus
designated A + C neurones (for further details about this classification see Gregor &
Zimmermann. 1972). Those neurones that did not respond to electrical stimulation
of the C fibres in the sural nerve were termed A-only neurones. All A-only neurones
were activated by low threshold mechanical stimulation of the lateral plantar surface
of the ipsilateral foot. With few exceptions (nine of seventy-eight; 12%) their
responses adapted very quickly to continuous mechanical stimulation. One-third of
the neurones in this group (twenty-seven of seventy-eight) were driven by gentle
movements of the hair follicles and in a few cases (six of seventy-eight; 8 %) this was
the only cutaneous stimulus that activated the neurones. Neurones of the A + C type
responded to noxious stimulation of their receptive fields in addition to low threshold
mechanical stimulation of the skin. The noxious stimuli were delivered by pinching
small areas of the skin with serrated forceps or by raising the skin temperature above
45 °C with a feed-back controlled, radiant heat source. These forms of cutaneous

stimulation elicited a slowly adapting discharge of the neurones that could be easily
distinguished from the rapidly adapting responses of the units to low intensity
mechanical stimulation of their receptive fields. A few A + C neurones did not respond
to noxious stimulation of the skin or responded weakly and inconsistently and were
not included in our sample. Therefore A-only neurones are mechanoreceptive or class
1 neurones and A + C neurones are multireceptive or class 2 neurones (Iggo, 1974;
Brown & Rethelyi. 1981). A-only and A + C neurones showed no qualitative differences
in their responses to cutaneous stimulation between those recorded in control animals
and those in capsaicin-treated rats.

In four control and seven capsaicin-treated rats a record was kept of all dorsal horn
neurones that could be driven by electrical stimulation of the sural nerve. This sample
included 252 dorsal horn neurones: 101 from control and 151 from capsaicin-treated
rats. In the control group 56 % (57 of 101) of the neurones were A only and 44 % (44
of 101) were A + C. In capsaicin-treated animals these proportions were significantly
different (P < 0-05): 78% (118 of 151) and 22 % (33 of 151) respectively. Therefore,
neonatal capsaicin treatment results in a 50% reduction in the proportion of dorsal
horn neurones driven by the surviving C fibres.

Location of neurones. Fig. 2 shows the locations of the recording sites of sixty-two
A + C neurones from control animals and of forty-seven A + C neurones from
capsaicin-treated rats. Locations were distributed throughout all laminae of the
dorsal horn in the area of termination of afferent fibres from the sural nerve. This
area was determined by recording cord dorsum potentials evoked by A-fibre
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stimulation and as the locations of the recording sites of the neurones in control and
in capsaiein-treated animals were comparable it can be concluded that capsaicin-
treated animals showed no gross alterations in the areas of projection to the spinal
cord of myelinated primary afferent fibres from the sural nerve.

Control Capsaicin

rats superimposed on standard outlines of the grey matter of the Lo segment.

Receptive field size. The receptive fields of thirty-two A-onlv neurones from the
control group and of forty-six A-only neurones from capsaicin-treated animals were
carefully mapped and their total size was measured using a computer-controlled
digitizing tablet. These areas were of 114+ 14 mm2 (mean + s.E. of mean, n = 32) in
control animals and of 108 + 9 mm2 (mean + s.E. of mean, n — 46) in capsaicin-treated
rats. These values are not statistically different (P > 0-05). Similar measurements
were made of the receptive fields of seventy-one A + C neurones from control animals
and of fifty-one A + C neurones from capsaicin-treated rats. These areas were of
88 + 6 mm2 (means + s.E. of mean, n = 71) in control animals and of 207 + 13 mm2
(mean + s.E. of mean, n = 51) in capsaicin-treated rats, a statistically significant
difference (P < O'Oo).

Tonic descending inhibition. The responses of a representative A + C neurone from
a control animal to electrical stimulation of all fibres in the sural nerve is shown in

Fig. 3, in the intact and in the spinalized states of the animal. In order to quantify
the relative contribution made to these responses by the A and the C fibres in the
sural nerve, all spikes that occurred within the first 70 ms of the response were
counted as the A-fibre-evoked response of the neurone and all spikes within the
interval 70-300 ms were counted as the C-fibre-evoked response of the cell. The mean
number of spikes in the A-fibre and the C-fibre-evoked responses were calculated by
averaging the spike counts from ten consecutive responses.

In control animals, 34 % of the A + C neurones tested for tonic descending inhibition
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did not change their A-fibre-evoked responses during the spinal state: 49 % had an
increased A-fibre-evoked response and 17 % a decreased response. The magnitude of
these changes rarely exceeded + 50 % of control values. In capsaicin-treated rats 47 %
of the A + C neurones tested did not change their A-fibre-evoked responses on

Intact

T

T

Intact i i I ■»....«» —«

T

20 ms

Fig. 3. Responses of a representative A + C dorsal horn neurone from a control animal
to electrical stimulation of all fibres in the ipsilateral sural nerve in the intact state, the
spinalized state and after rewarming the spinal cord. Arrows indicate times of application
of the stimuli. In the spinalized state there is an increase in the number of action potentials
of the C-fibre-evoked response and a decrease in the latency of the response, presumably
because less temporal sumation is now required to excite the neurone.

spinalization: 31 % had an increased response and 22% a decreased response. The
magnitude of these changes was also within ±50% of control values. Therefore, no
significant differences were observed between control and capsaicin-treated animals
with regards to tonic descending effects on A-fibre-evoked responses.

Three types of A + C neurons were found in control and capsaicin-treated animals
according to the effects of spinalization on the C-fibre-evoked responses. Some
neurones showed a significant increase during the spinal state in the number of spikes
evoked by C-fibre stimulation and were classified as having tonic descending
inhibition (t.d.i.) (Figs. 3 and 4). Other neurones showed no change in this response

during the spinal state (Fig. 4) whereas the third group showed significant decreases
in the number of C-fibre-evoked spikes (Fig. 4).
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In eleven control rats, seventy-one A + C neurones were fully tested with reversible
spinalization: 80% showed t.d.i., 11% did not change and 8% showed reduced
responses in the spinal state (Fig. 5A). In ten capsaicin-treated rats fifty-one
neurones were fully tested before and after spinalization: 47 % showed t.d.i., 43 % did
not change and 10% showed reduced responses in the spinal state (Fig. 5A).
Therefore, rats treated at birth with capsaicin showed a significantly (P < 0*05)
smaller proportion of A -f C neurones subjected to t.d.i. at the expense of an increased
proportion ofA + C neurones that did not have t.d.i. The proportion ofA + C neurones
that had reduced C-fibre-evoked responses on spinalization did not change after
neonatal capsaicin (Fig. 5A).

Magnitude of t.d.i. Those A + C neurones that showed t.d.i. were subclassified into
three groups according to the magnitude of the t.d.i.: 'small' t.d.i. if the number of
spikes evoked by C-fibre stimulation increased after spinalization by less than 100 % ;
'medium' t.d.i. if the increase was between 100 and 300% and 'large' t.d.i. if the
increase was greater than 300%. In control animals, 35% of the neurones that
exhibited t.d.i. had small t.d.i., 39 % had medium t.d.i. and 26% had large t.d.i. (Fig.
5jB). In capsaicin-treated rats the corresponding figures were 58% small t.d.i., 38%
medium t.d.i. and only 4% showed large t.d.i. (Fig. 5B). Therefore, the fewer dorsal
horn neurones found that were subjected to t.d.i. in capsaicin-treated rats showed
less powerful inhibitions than neurones from control animals. This difference cannot
be explained by inter-animal variation since the over-all magnitude of t.d.i. in any

given control animal (i.e. the proportions of neurones with 'small', 'medium' or
'large' t.d.i.) was not significantly different from other animals in the group.

Magnitude of the C-fibre input. We wanted to determine whether A + C dorsal horn
neurones in rats treated at birth with capsaicin have a reduced capacity for the
transmission of impulses evoked by stimulation of afferent C fibres. If this was the
case, it could be that the small increases of the C-fibre-evoked responses of these cells
after spinalization were due to the reduced responsiveness of the neurones to C-fibre
stimulation. In order to assess this C-fibre-evoked responsiveness, the number of
spikes evoked in A + C neurones by the stimulation of C fibres in the sural nerve was
counted and mean values were calculated from averages of ten consecutive stimuli.
This was done before and after reversible spinalization of the animals. The mean
number of C-fibre-evoked spikes in control and in capsaicin-treated rats was not
significantly different between these two groups of animals both in the intact and
in the spinalized state. These results provide quantitative confirmation for the
observation reported above that there were no obvious differences in the responses

Fig. 4. Dot raster displays of examples of the three types of neuronal response to
spinalization recorded in control and in capsaicin-treated rats. Each dot represents an
action potential occurring at the time indicated by the abscissa. A 100 T electrical stimulus
was delivered to the ipsilateral sural nerve at the time indicated by the arrows. The fre¬
quency of stimulation was 0 33 Hz. The first twenty stimuli were delivered in the intact
state: stimuli twenty-one to forty were delivered 5 min after spinalization and stimuli forty-
one to sixty were delivered 5 min after rewarming the spinal cord. Top panels: neurones
showing tonic descending inhibition (t.d.i.). Middle panels: neurones that did not show
t.d.i. Bottom panels: neurones whose ('-fibre-evoked response decreased or was abolished
during spinalization.
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Fig. 5. A. proportions of dorsal horn neurones exhibiting tonic descending inhibition
(t.d.i.), no t.d.i. or a decrease in the C-fibre-evoked response on spinalization in control
(open bars) and capsaiein-treated rats (hatched bars). B. proportions of dorsal horn
neurones exhibiting small, medium and large levels of t.d.i. in control and capsaicin-
treated rats, n indicates the number of units in each group and the asterisks indicate
significant differences at 5 % level.

of A + C dorsal horn neurones of control and of capsaicin-treated rats to noxious
stimulation of the skin. Despite the massive loss of afferent C fibres as a consequence
of the capsaicin treatment, the neurones that received an input from the surviving
C fibres were still able to transmit C-fibre-evoked impulses like A + C neurones of
normal animals.

Effectiveness of the capsaicin treatment. The extent of afferent C-fibre loss produced
by neonatal capsaicin was assessed by recording antidromic compound action
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potentials in the sural nerve following electrical stimulation of the L4-L6 dorsal roots.
The well-defined C wave evoked in the nerves of control animals was absent in

capsaicin-treated rats (Fig. 6). Therefore, the neonatal treatment had been effective
in destroying a large proportion of afferent C fibres in these animals.

A Control B Capsaicin

T
t

20 ms

Fig. 6. A, C wave of the compound action potential evoked in the sural nerve of a control
rat by electrical stimulation of the peripheral ends of the cut L4-L6 dorsal roots. B, this
wave is absent in rats treated at birth with capsaicin. Arrows indicate time of application
of the stimulus. Traces are averaged recordings of 50 sweeps.

25 avf

DISCUSSION

Studying the effects of neonatal capsaicin treatment on dorsal horn sensory

systems provides some insight into the mechanisms used by the central nervous
system to compensate for a severe and life-long reduction in the number of afferent
C fibres. In agreement with a previous study from this laboratory (Cervero et al. 1984)
we have found that a large reduction in the number of afferent C fibres as a

consequence of neonatal capsaicin treatment does not cause a reduction of similar
magnitude in the number of dorsal horn cells driven by the surviving C fibres: 22 %
of the dorsal horn neurones studied in capsaicin-treated animals responded to
electrical stimulation of afferent C fibres in the sural nerve; a reduction of only 50%.
The discrepancy between the proportion of afferent C fibres destroyed by capsaicin
and the proportion ofdorsal horn neurones still driven by the remaining C fibres seems
to be a feature of the dorsal horn response to neonatal capsaicin and could be
interpreted as a consequence of extensive divergence of the C-fibre input to the dorsal
horn. It is conceivable that individual C fibres contact numerous second-order
neurones which individually receive synaptic contacts from a large number of C fibres
and spread the C-fibre input to many third-order cells. There is some anatomical and
functional evidence that supports this interpretation of a divergent organization of
the C-fibre input to the dorsal horn of normal rats (Schouenborg, 1984). Neonatal
destruction of most afferent C fibres would not thus result in a comparable reduction
in the number of C-fibre-driven dorsal horn cells. A normally divergent C input to
the dorsal horn and/or a compensatory change in synaptic efficacy of the afferent
C fibres are suggested since it appears that anatomical sprouting within the dorsal
horn of the C fibres that survive neonatal capsaicin can be ruled out (Ribeiro da Silva
& Coimbra. 1984).

In the present study, sampling of dorsal horn neurones was limited to those cells
driven by electrical stimulation of the ipsilateral sural nerve. The area of termination

387



234 F. CERYERO AND M.B. PLENDERLEITH

of this nerve within the spinal cord was found to be similar in control and in
capsaicin-treated animals and therefore all our recordings were made from neurones
whose recording sites were situated in comparable locations within the dorsal horn.
However, sampled neurones in capsaicin-treated rats showed some differences in the
properties of their cutaneous receptive fields compared with neurones from control
animals. These differences were particularly apparent in the size and extension of their
receptive fields which were significantly larger in capsaicin-treated animals. The
larger size of receptive fields applied only to those cells that had an input from afferent
C fibres and not to those with an exclusive input from A fibres whose receptive fields
were of similar size in capsaicin-treated rats and in control animals. The larger
receptive fields of the C-fibre-driven neurones of capsaicin-treated rats may explain
previous reports of altered somatotopic representation of cutaneous receptive fields
in the dorsal horn of these animals (Wall et al. 1982; Cervero et al. 1984). In a previous
paper we suggested that changes in size of cutaneous receptive fields after neonatal
capsaicin might be due to poor control by central inhibitory mechanisms of afferent
C-fibre excitations (Cervero et al. 1984). The observation reported here that the
increased size of receptive fields is selective for those neurones with a C-fibre input
provides some support for our earlier suggestion.

We wanted to examine whether other central inhibitory actions on C-fibre-evoked
responses were also altered in the dorsal horn after neonatal capsaicin. In the present
study we focussed our attention on the tonic descending inhibition that acts on the
C-fibre responses of dorsal horn neurones. This tonic inhibition can be readily shown
by reversible spinalization and can be quantified by counting the number of spikes
evoked by a C-fibre volley on a dorsal horn neurone before and after spinalization
(Handwerker et al. 1975; Duggan, Griersmith & Johnson, 1981). With this technique
we have shown that tonic descending inhibition is severely reduced in rats treated
at birth with capsaicin. This reduction was expressed in two forms. On the one hand
fewer dorsal horn neurones showed this form of tonic descending inhibition in
capsaicin-treated animals (47 % of all C-fibre-driven neurones compared with 80 % in
control animals). On the other hand, those cells that did show some tonic descending
inhibition in capsaicin-treated rats did not increase their C-fibre-evoked responses

during spinalization by as much as the responses of dorsal horn neurones from control
animals did. It could be argued that, in capsaicin-treated animals, the smaller
increases in the C-fibre-evoked responses of dorsal horn neurones during spinalization
were not due to reduced descending inhibition but to the inability of these dorsal horn
neurones to produce greater responses, even in the absence of any descending
inhibition. This interpretation would assume that dorsal horn neurones of capsaicin-
treated rats had a reduced capacity for transmission of impulses evoked by the
surviving afferent C fibres. We believe that this was not the case since neurones that
responded to electrical stimulation of afferent C fibres were able to generate
C-fibre-evoked discharges of similar magnitude in control and in capsaicin-treated
rats before and after spinalization. The fundamental differences shown between the
neurones of control and of capsaicin-treated animals were that fewer neurones in
capsaicin-treated rats increased their C-fibre-evoked responses on spinalization and
that the increases in the responses of those that did were smaller than the
corresponding increases of neurones from control animals. However, taking the whole
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sample of neurones as a population, no differences were observed in the total number
of spikes contained in the C-fibre-evoked responses of control and of capsaicin-treated
rats.

We therefore conclude that tonic descending inhibition of the C-fibre-evoked
responses of dorsal horn neurones is reduced in animals with a severe and life-long
loss of afferent C fibres. Two mechanisms could account for this reduction of central
inhibition. It could be that capsaicin has a direct neurotoxic action on the nuclei
within the central nervous system that are responsible for the tonic descending
inhibition of dorsal horn neurones. While this possibility has not been excluded in
the present study, we think that it is an unlikely explanation since anatomical studies
of the brain stem after neonatal capsaicin treatment have shown that the degenerative
lesions are restricted to the areas of termination of non-myelinated primary afferents
(Jancso & Kiraly, 1980). It is therefore more likely that the observed effects are not
the immediate consequence of a direct neurotoxic action of capsaicin on the central
nervous system but the result of compensatory reactions of the nervous system
for the loss of a substantial number of afferent C fibres. It has been suggested
that tonic descending inhibition may be enhanced by the surgical trauma induced by
the experiments (Duggan, 1985). Therefore, it could be that the observed reduction
in tonic descending inhibition in capsaicin-treated animals was due to a reduced
response of these animals to surgical trauma. This explanation is in line with
the assumption that the nervous system develops central inhibition in response
to and directed towards the excitations mediated by its afferent drives. If many
of the afferent C fibres that normally mediate powerful excitatory inputs are de¬
stroyed immediately after birth then the nervous system may not develop central
inhibitory controls of the C-fibre input to a similar level of intensity than that of
normal animals. We have previously shown that some central inhibitory mechanisms
are unchanged after neonatal capsaicin treatment, specially those that do not involve
afferent C fibres (i.e. primary afferent depolarization of afferent A fibres evoked by
activation of afferent A fibres (Cervero & Plenderleith, 1984)). We have also described
that in capsaicin-treated rats inhibitory controls on afferent C-fibre-evoked responses
in the dorsal horn are weaker and that the receptive fields of some dorsal horn
neurones can increase in size following stimulation of afferent C fibres (Cervero et al.
1984). Here we have shown that tonic descending inhibition of C-fibre-evoked
responses of dorsal horn neurones is reduced in capsaicin-treated rats. All these
observations are compatible with our proposal that central inhibition of the sensory
input develops in response to the normal presence of peripheral excitation. A reduced
central inhibition of the C-fibre-evoked responses of dorsal horn neurones could
explain the small changes in the behavioural responses to noxious heat that have been
observed in capsaicin-treated rats (Holzer. Jurna. Gamse & Lembeck, 1979; Cervero
& McRitchie. 1981; Hayes, Scadding, Skingle & Tyers, 1981; Buck. Miller & Burks,
1982). Therefore, reduced central inhibition in response to a decreased number of
afferent C fibres can compensate for the lost capacity in the signalling of peripheral
noxious events.
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Animals witb a severe reduction in tbe number of afferent C-fibres as a con¬

sequence of neonatal administration of capsaicin, exhibit a number of neurological and
behavioural deficits including increased nociceptive thresholds, altered somato-visceral
and viscero-visceral reflexes, depressed cardiovascular and respiratory reflexes and
changes in the organisation of spinal cord sensory systems. The reduction in the number
of C-fibres produced by neonatal capsaicin does not cause a decrease of similar magnitude
in the number of dorsal horn cells driven by the surviving C-fibres.Twenty-two per cent
of dorsal horn neurones in capsaicin treated animals respond to electrical stimulation
of the surviving afferent C-fibres: a reduction of only 50% from control values. Inhibi¬
tory controls on afferent C-fibre evoked responses of dorsal horn neurones are weaker
in capsaicin treated rats than in control animals. The cutaneous receptive fields of some
dorsal horn neurones can increase in size following stimulation of afferent C-fibres. Tonic
descending inhibition on C-fibre evoked responses of dorsal horn neurones is reduced
in capsaicin treated rats: fewer neurones show tonic descending inhibition in these

animals and those that do are subjected to less powerful inhibitions than similar
neurones from control animals. However, some central inhibitory mechanisms are
unchanged after neonatal capsaicin treatment, specially those that do not involve
afferent C-fibres. We suggest that the nervous system develops central inhibition in
response to and directed towards the excitations mediated by its afferent drives. There¬
fore reduced central inhibition in response to a decreased number of afferent C-fibres
can compensate for the lost capacity in the signalling of peripheral noxious events.

Keywords: dorsal horn, spinal cord, sensory pathways, C-fibres, central inhibition

Treatment of newborn rats with capsaicin results in the permanent loss
of up to 95% of the unmyelinated (C) afferent fibres of these animals [14, 16
17,18] (see Fig. 1). In addition, a small but significant reduction in the number
of fine myelinated (Ad) afferent fibres has also been reported with capsaicin
doses of 50 mg/kg and higher [18], However, unmyelinated efferent fibres of
the autonomic nervous system do not appear to be affected by neonatal cap¬
saicin [4]. Therefore, neonatal capsaicin treatment is a useful technique to
study how the central nervous system copes with a severe and life-long reduc¬
tion in the number of afferent C-fibres.

Behavioural and neurophysiological studies of adult rats treated at birth
with capsaicin have shown that a substantial reduction in the number of af-
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Fig. I. Compound action potentials recorded in the common peroneal, tibial and sural nerves
of a control rat (left) and of a capsaicin treated rat (right) and evoked by stimulation of the
L4/L5 dorsal roots. The diagram shows the experimental arrangement. Note the presence of
a conspicuous C-wave in the control animal and the absence of such potential in the capsaicin

treated rat. Arrows indicate the time of application of the stimuli

ferent C-fibres produces complex ueurological deficits that cannot be easily
explained by reference to a simple loss of one or another sensory quality [5].
Many research groups have reported that mechanical, chemical and visceral
nociceptive thresholds are greatly increased in adult rats treated at birth
with capsaicin but that thermal nociceptive thresholds remain unchanged
in these animals (2, 3, 5, 12, 13). This is a surprising result since most cutaneous
heat nociceptors are connected to afferent C-fibres [10, 15]. However, somato-
visceral and viscero-visceral reflexes with afferent C-fibre pathways are pro¬

foundly depressed in capsaicin treated animals [1, 3, 5].
It is therefore quite clear that the phenomena observed in adult rats

treated at birth with capsaicin are not the direct consequence of the loss of
afferent C-fihres hut the result of adaptative changes within the central nervous
system that compensate for the reduction of this important source of peripheral
input. What is observed is not the function of the missing part but the ability
of the whole system to cope without the missing part.

In order to analyze the adaptation of the central nervous system to a life-long loss of
afferent C-fibres. we have conducted a series of electrophysiological studies on the organisation
of sensory systems in the spinal dorsal horn in adult rats treated at birth with capsaicin.
In this paper we review the results obtained so far and propose, on the basis of our experimental
observations, that a close relationship exists between the magnitude of the afferent C-fibre
input to the spinal cord and the development of inhibitory controls on C-fibre inputs by the
central nervous system.

Acta Physiologica Hungarica 69, 1987

Methods

394



Capsaicin and dorsal horn neurones 395

Results and discussion

Afferent C-fibre input to dorsal horn neurones

About half of the dorsal horn neurones recorded in normal rats can be

driven bv impulses in A and C afferent fibres (7, 8). In rats treated at birth
with capsaicin, this proportion drops to 20—30% of all dorsal horn neurones
recorded [7, 8] (Fig. 2). Therefore, a loss of up to 95% of all afferent C-fibres
as a consequence of neonatal capsaicin results in a 50% reduction in the pro¬

portion of dorsal horn neurones driven by the remaining C-fibres. This is not
due to the sprouting within the dorsal horn of the surviving C-fibre terminals
since their synaptic glomeruli in the Substantia Gelatinosa are also reduced
by approximately 90% following neonatal capsaicin treatment (19). The dis¬
crepancy between the small proportion of afferent C-fibres that survive neo¬
natal capsaicin and the larger proportion of dorsal horn neurones still driven
by the remaining C-fibres could be interpreted as the result of considerable
divergence in the spinal cord relay of afferent C-fibres. Field potential studies
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Fig. 2. A: Responses of representative A-only and A — C dorsal horn neurones of a normal rat
to electrical stimulation of the sural nerve at times 10 and 100 threshold intensity. Arrows
indicate times of application of stimuli. B: Proportions of A-only and A — C dorsal horn neu¬
rones recorded in control rats and in rats treated at birth with capsaicin. ** = 5% significance

level
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in the dorsal horn of normal rats have provided some evidence for a divergent
C-fibre input to the spinal cord [21]. Individual C-fibres of normal animals
contact numerous second order neurones which in turn spread the C-fihre input
to many third order cells. Therefore, the neonatal loss of most afferent C-fibres
would not result in a comparable reduction in the numbers of dorsal horn cells
driven by the surviving afferents.

The mismatch between the extent of the C-fihre destruction by neonatal
capsaicin and the relatively high proportion of dorsal horn neurones that still
respond to C-fibre stimulation could also be the result of decreased central
inhibition of afferent C-fibre volleys. It is well known that the C-fibre input of
many dorsal horn neurones is under considerable central inhibition. As a result
of this inhibition some neurones in normal animals may not easily show their
C-fibre input under the conditions of acute electrophysiological experiments
and therefore the proportion of dorsal horn neurones driven by A and C afferent
fibres in normal animals could be greater that 50%. The fact that 20-30% of
dorsal horn neurones can still be driven by C-fibres after neonatal capsaicin
could be due to reduced central inhibition of the C-fihre input in these animals
whose dorsal horn neurones would therefore be more readily excited by afferent
C-fibres than their counterparts in normal animals.

A common property of many dorsal horn neurones driven by A and C
afferent fibres is that continuous and repetitive afferent C-fibre stimulation,
but not stimulation of A-fibres alone, increases their responses and their levels
of background activity. This "wind-up" effect is interpreted as a sign of neu¬
ronal arousal and of a general increase in excitability following the activation
of C-fibre inputs. The proportion of A + C dorsal horn neurones that show
"wind-up" does not change after capsaicin treatment but the intensity of the
"wind-up" effect is reduced in rats treated at birth with capsaicin [8]. In ad¬
dition, the type of dorsal horn neurone that shows "wind-up" properties does
change after neonatal capsaicin treatment, to include greater numbers of
neurones with small receptive fields, nocireceptive properties and located
superficially in the cord. This contrasts with the main type of neurone that
shows "wind-up" in normal rats: multireceptive neurones, deep in the dorsal
horn and having large receptive fields [22], The presence of "wind-up" effects
in neurones that do not normally have this property could also be interpreted
as evidence for a compensatory increase in the excitability of dorsal horn
neurones as a consequence of afferent C-fibre loss.

Cutaneous inputs to dorsal horn neurones

The responses of dorsal horn neurones to natural stimulation of their
receptive fields are not substantially altered bv neonatal capsaicin. In both
control and capsaicin treated rats about 1/3 of the dorsal horn neurones are
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mechanoreceptive, 1/3 are multireceptive and 1/3 are nocireceptive [8, 20].
This lack of change is surprising in view of the fact that capsaicin treated rats
show increased thresholds to noxious mechanical stimulation of the skin.

Some important differences have been reported between the receptive
fields of dorsal horn neurones in capsaicin treated rats and those of neurones
from normal animals. The former have been found to be significantly larger
than the latter [7, 24] and more susceptible to expansion following repeated
stimulation of afferent C-fibres [8]. This increase in receptive field size is respon¬
sible for an abnormal somatotopic arrangement of the dorsal horn [8, 24],
but it is not yet clear whether this is due to anatomical reorganization of af¬
ferent fibres within the cord or to changes in the mechanisms of central inhibi¬
tion that control receptive field size. The larger size of receptive fields in cap¬
saicin treated animals applies only to those dorsal horn neurones that have an
input from A and C afferent fibres and not to those with an exclusive input
from afferent A-fibres whose receptive fields are of similar size in control and
capsaicin treated animals (Fig. 3) [7].

A) Control Capsaicin

I I Control

Capsaicin

Fig. 3. A: Cutaneous receptive fields of 3 A — C type dorsal horn neurones in control and
in capsaicin treated rats. Neuronal locations have been plotted on a schematic diagram of the
grey matter of the lumbar spinal cord. B: Areas of the cutaneous receptive fields of A-only and
A t C dorsal horn neurones in control and in capsaicin treated animals.Data presented as mean

area with standard errors of the mean. N = number of neurones in each sample
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Presynaptic inhibition of myelinated afferent fibres

In an early electrophysiological study of the dorsal horn in rats treated
at birth with capsaicin, Wall [23] concluded that primary afferent depolariza¬
tion (PAD) was virtually absent in these animals. This was a surprising result
since PAD was evoked by impulses in myelinated primary afferents and was
also recorded from myelinated primary afferents. Wall and colleagues [23, 24]
proposed that afferent C-fibres can control the central connectivity of afferent
A-fibres and suggested that the destruction of the former by capsaicin results
in altered central connections of the latter, expressed by the absence of PAD
in myelinated fibres.

It has proved impossible to confirm that PAD is absent or even reduced
in rats treated at birth with capsaicin [6] (Figure 4). No change has been de¬
tected in the amplitude, time course or latency of dorsal root potentials (DRP)
recorded from lumbar dorsal roots of capsaicin treated rats and evoked by the
stimulation of various peripheral nerves. Excitability curves of myelinated
primary afferents in these animals were in all similar to those of control rats [6].
It is very bkely that Wall's [23] inability to record PAD in his animals was due
to technical reasons (see ref. 6 for a full discussion) and therefore we conclude
that the mechanisms of presynaptic inhibition of myelinated afferent fibres
in the spinal cord"are not altered by a life-long loss of afferent C-fibres. In ad¬
dition, the connectivity-control hypothesis of afferent C-fibre function needs
to be reinforced with further and more solid experimental evidence.

(B). Each excitability curve was obtained by intraspinal microelectrode stimulation at a dif¬
ferent point within the cord and in the area of termination of tbe tibial nerve. Conditioning
stimuli were applied to the common peroneal nerve 0-100 ms before the test stimulus. Bottom
records are dorsal root potentials evoked by maximal A-volleys in the common peroneal nerve

and recorded from a dorsal rootlet entering tbe area of termination of the tibial nerve
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Tonic descending inhibition of dorsal horn neurones

A well documented property of many dorsal horn neurones is the tonic
inhibition of their C-fibre evoked responses by descending systems of supra¬

spinal origin [11]. This tonic descending inhibition is particularly apparent
in multireceptive neurones of the deep dorsal horn and can be easily removed
by reversible spinalization of the animals, thus providing a useful tool to analyze
some of the functional peculiarities of the afferent C-fibre projection to the
spinal cord.

Rats treated at birth with capsaicin show a significantly smaller propor¬
tion of A -j- C dorsal neurones subjected to tonic descending inhibition (TDI)
at the expense of an increased proportion of A -j- C neurones that do not have
TDI [7]. In control rats 80% of A -J- C dorsal horn neurones show TDI of their
C-fibre evoked responses as assessed by reversible spinalization. In capsaicin
treated rats tbis proportion is of 47% of the A -j- C neurones [Fig. 5]. The mag¬
nitude of the TDI is also reduced in the fewer A -j- C neurones of capsaicin
treated rats that are subjected to it. Only 4% of the A A C neurones with TDI
in capsaicin treated rats are powerfully inhibited compared to 26% in control
animals (Fig. 5). We therefore conclude that TDI of the C-fibre evoked responses
of dorsal horn neurones is reduced in animals with a severe and life-long loss of
afferent C-fibres.
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Fig. 5. A: Proportions of dorsal horn neurones exhibiting tonic descending inhibition (TDI),
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Tonic descending effects can also be observed in the A-fibre evoked
responses of dorsal born neurones. However, we have been unable to detect any

significant differences between control and capsaicin treated animals with
regard to tonic descending actions on these A-fibre evoked responses.

Afferent C-fibre input and central nervous system inhibition

Our results indicate that, in capsaicin treated rats, inhibitory controls
on the C-fibre evoked responses of dorsal horn neurones are weaker than in
normal animals. We have shown that in rats treated at birth with capsaicin,
cutaneous receptive fields are larger and that their size can be increased by
continuous C-fibre stimulation: that many dorsal horn neurones can still be
driven by the surviving afferent C-fibres and that tonic descending inhibition
of the C-fibre input to the dorsal horn is selectively reduced. We have also shown
that some central inhibitory mechanisms are unchanged after neonatal cap¬
saicin treatment, especiallv those that do not involve afferent C-fibres (i.e.
primary afferent depolarization of afferent A-fibres evoked by activation of
afferent A-fibres and tonic descending inhibition of A-fibre volleys to dorsal
horn neurones). All these observations are compatible with our proposal that
central inhibition of the sensory input is a response to the normal presence of
peripheral excitation. It would appear that the nervous system uses central
inhibition in response to and directed towards the excitations mediated by its
afferent drives. If many of the afferent C-fibres that normally mediate powerful
excitatory inputs are destroyed immediately after birth then the nervous sys¬
tem may not raise central inhibitory controls of the C-fibre input to a similar
level of intensity than that of normal animals. This interpretation is in line with
the recent suggestion by Duggan [9] that tonic descending inhibition of dorsal
horn neurones may be enhanced in electrophysiological experiments by the
surgical trauma induced during the preparation of the animals.

A reduced central inhibition of the C-fibre evoked responses of dorsal
horn neurones could explain the relatively small changes in the behavioural
responses to noxious heat that have been observed in capsaicin treated rats
[2, 3, 5, 12. 13]. It is conceivable that reduced central inhibition in response
to a decreased number of afferent C-fibres can compensate for the lost capacity
in the signalling of peripheral noxious events.
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The inflammation of the joints induced by Freund's complete adjuvant does not
seem rely on neural systems involving afferent C-fibre activity. Neurogenic oedema
does not seem to play a major role in the maintenance of the chronic inflammation
produced by immune reactions.

Keywords: capsaicin, inflammation, Freund's adjuvant, C-fibre activity, neuro¬
genic oedema

In addition to their function as transmitters of sensory information,
unmyelinated afferent fibres (C-fibres) play an important role in the early
stages of the inflammatory reaction. It is tvell documented that afferent C-fibres
are involved in the production of neurogenic oedema: a local inflammatory
reaction triggered by the activation of C-fibre nociceptors and caused by peri¬
pheral vasodilation mediated by an axonal reflex [6]. It has been proposed that
this peripheral vasodilation is produced by the release of substance P (SP) from
the terminals of afferent C-fibres in the skin [7], Therefore, reduction of
afferent C-fibre activity and/or interference with the synthesis and release of
SP could conceivably modify the onset and strength of peripheral inflammation.

It is known that neonatal treatment of rodents with capsaicin reduces or
abolishes neurogenic plasma extravasation and substantially decreases SP
levels in the skin and internal organs [3, 5]. In the experiments reported here
we have examined whether the life-long loss of most afferent C-fibres induced
bv neonatal capsaicin treatment could alter the' onset and time course of the
generalised arthritic reaction that can be induced in adult animals by injection
of Freund's complete adjuvant (FCA) into a limb [1],
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Methods

Female Wistar rats (OLAC) were injected on their second day of life with either capsaicin
(50 mg/kg s.c.) or with the same volume of the solvent vehicle (10% ethanol. 10% Tween 80 in
normal saline). All injections were carried out under halothane anaesthesia (1% in 1/3 0„ and
2/3 N.O). Eight weeks after the neonatal treatment adjuvant arthritis was induced in all ani¬
mals by the injection into the right hind paw of 0.5 mg dead Mycobacterium tuberculosis cells
suspended in 0.1 ml mineral oil (FCA). The disease was monitored regularly for 20 days by
measuring the diameter of both hind paws and by a subjective scoring system which involves
a count of all affected joints in the four limbs and the tail with a weighting given for the severity
of the inflammation. The observer that carried out the measurements and scoring was unaware
of the neonatal treatment given to the animals. Bodyweights were also measured twice per
week. Seven days after the adjuvant injection, the mechanical nociceptive threshold of the
injected paw was estimated using an analgesy meter (Ugo Basile). This was done by measuring
the level of force applied to the paw that elicited an escape reaction of the animals.

The effectiveness of the neonatal capsaicin treatment was assessed by recording the
antidromic C-wave of the compound action potential evoked in the sural nerve by stimulation
of the peripheral ends of the cut L4-L6 dorsal roots at an intensity appropriate for C-fibres.

Results

a) Adjuvant arthritis.
No differences were observed between capsaicin and vehicle treated rats

in the onset and .severity of the arthritic reaction induced by the injection of
FCA (Fig. 1). Arthritic reactions were present in the injected paw within 2 days
of the treatment and in the non-injected contralateral paw within 10 days of
the injection. The intensity of the arthritic reaction followed the same time
course in vehicle and in capsaicin treated animals. The arthritis score failed to
detect any inhibitory effect of the capsaicin treatment.

Fig. 1. Intensitv and time course of the arthritic reaction induced by the injection of FCA into
a hind paw of rats treated at birth with capsaicin or with the solvent vehicle. The graph shows
the increase in the diameter of the injected paw and of the non-injected contralateral paw in

both groups of animals. Bars indicate standard errors of mean values
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b) Bodyweights.
At the time of the FCA injections, bodyweights of vehicle injected rats

were 150-180 g whereas those of capsaicin treated rats were 120-160 g. As the
arthritic reaction developed, hodyweights of vehicle and of capsaicin treated
rats decreased following a similar time course. However, no direct comparisons
were possible as there was a statistically significant difference between the
starting weights of both groups of animals.

c) Nociceptive thresholds.
No differences were observed between the mechanical nociceptive thresh¬

olds of the FCA injected paws in vehicle and in capsaicin treated rats. In both
groups of animals these thresholds were substantially lowered by the arthritic
reaction in comparison with past data from rats with non-inflamed paws but
they were not altered by the neonatal treatment with capsaicin.

d) Afferent C-fibres.
The well defined C-wave evoked in the sural nerves of vehicle treated rats

by electrical stimulation of the dorsal roots was absent in the nerves of capsaicin
treated animals. Therefore, the neonatal treatment had been effective in de¬
stroying a large proportion of afferent C-fibres in these animals.

Discussion

These results show that a capsaicin-induced loss of most afferent C-fibres
does not prevent or reduce the generalized arthritis caused by injection of FCA.
In our experiments, the adjuvant arthritis induced in rats treated at birth with
capsaicin had the same onset latency, intensity and time course than the arthri¬
tic reaction of control animals.

Colpaert et al. [2] have reported that systemic administration of capsaicin
to adult animals can reduce the intensity of the inflammatory response induced
by FCA injections. However, as these authors recognised, the anti-inflammatory
effect of capsaicin may not have been a specific action involving the peripheral
depletion of SP since it is well known that most irritant substances can have
anti-inflammatory properties, a phenomenon described as counter-irritation.

During the course of this investigation, Hara et al. [4] reported that neo¬
natal capsaicin does not alter the overall time course of the arthritic response
of rats to injections of FCA. In addition, these authors concluded that the de¬
crease in ambulatory and rearing behaviour which is characteristic of arthritic
animals was not so marked in rats treated at birth with capsaicin. Our results
confirm the observations of Hara et al. [4] on the lack of effect of neonatal
capsaicin treatment in the prevention of arthritis. However, in our experiments
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the mechanical nociceptive threshold of the paw injected with FCA was similar
in control and in capsaicin treated animals. Therefore, the improved ambulatory
behaviour of capsaicin-treated arthritic rats may not have been completely due
to reduced mechanical nociception of these animals.
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Distribution of sural nerve afferent fibres within the dorsal horn of
adult rats treated at birth with capsaicin
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The distribution of sural nerve afferent fibres within the spinal cord of normal adult rats and of adult rats treated at birth with capsai¬
cin was examined using transganglionic transport of horseradish peroxidase (HRP). Labelled fibres were seen, in normal and in cap-
saicin-treated rats, in Laminae I-VI of the central third of the dorsal horn, extending rostrocaudallv between the L3 and L< segments.
It is concluded that the changes in dorsal horn somatosensory systems induced by neonatal capsaicin are not due to anatomical redistri¬
bution of the areas of termination of peripheral nerves within the spinal cord.

The relative contribution of unmyelinated afferent
fibres (C-fibres) to somatosensory organization in
the central nervous system can be conveniently stud¬
ied with the help of the neurotoxin capsaicin. System¬
ic administration of capsaicin to new-born rats causes
an irreversible destruction of up to 95% of afferent
C-fibres13-'6-'7'19. Animals treated at birth with this
toxin can then be allowed to grow to adult life with a

permanent loss of most of their unmyelinated affer¬
ent fibres. This provides a useful model for studying
the way in which the central nervous system compen¬
sates for a life-long loss of such an important source
of afferent input". However, the actions of neonatal
capsaicin are not totally selective, i.e.. a few afferent
C-fibres survive the treatment and some small my¬

elinated afferents are destroyed by capsaicin1 .

Adult rats treated at birth with capsaicin show a
number of behavioural and neurological deficits such
as increased nociceptive thresholds, altered reflexes
and chronic impairment of trophic mechanisms'"110-
"■'s. In the spinal cord, previous reports from this
and other laboratories have described some changes
in the organization of somatosensory systems in the

dorsal horn of capsaicin-treated rats. These include
increases in the size of cutaneous receptive fields of
some dorsal horn neurones, reduced neuronal re¬

sponses to repetitive C-fibre stimulation and de¬
creases in tonic descending inhibition of C-fibre-
evoked responses of dorsal horn neurones6"*-33. All
these changes indicate a reduction in the general lev¬
el of central inhibition, but we have previously shown
that central inhibitory mechanisms which are not
driven by afferent C-fibres. such as primary afferent
depolarization of myelinated afferents induced by in¬
coming volleys in myelinated afferents. are not af¬
fected by neonatal capsaicin-. Also, the receptive
fields of those dorsal horn neurones not driven by af¬
ferent C-fibres are not enlarged in capsaicin-treated
rats". This shows a degree of selectivity in the reduc¬
tion of central inhibitionnnd has led us to suggest that
the CNS adjusts the level of inhibition in response to
and directed towards its peripheral afferent inputs6 .

Therefore, a considerable loss of afferent C-fibres in¬

duced by neonatal capsaicin can be partialis- compen¬
sated by a parallel reduction in the level of central in¬
hibition.

' Present address: Chemical Defence Establishment. Porton Down. Salisbury. U.K.
Present address: Department ot Anatomy. University ot Queensland. St. Lucia. Qld.. Australia.

Correspondence: F. Cervero. Department ot Phvsioloev. University ot Bristol. Medical School. University Walk. Bristol BSS 1TD.
U.K.
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Some of the changes in the organization of dorsal
horn sensory systems, such as the larger sizes of the
neurones' receptive fields, could also be explained by
extensive anatomical redistribution of the surviving
afferent fibres. Although two studies have indicated
that such anatomical reorganization takes place12"0 it
is not clear whether the areas of termination of indi¬
vidual nerves within the spinal cord are grossly al¬
tered after neonatal capsaicin. Therefore, the pres¬
ent study was undertaken to examine the area of dis¬
tribution of the sural nerve within the spinal cord of
normal adult rats and of adult rats that had been
treated at birth with capsaicin. The sural nerve was
chosen since most of our previous electrophysiologi¬
cal studies of dorsal horn neurones in capsaicin-
treated animals were conducted on cells driven by
electrical or natural stimulation of afferent fibres in
the sural nerve-"8.

Three groups of rats were used: (i) two normal
adult rats: (ii) 4 adult rats that had been injected on
the second day of life with capsaicin (50 mg/kg, s.c.);
(iii) 6 adult rats that had been injected on the second
dav of life with the solvent vehicle (10% ethanol.
10% Tween 80 in saline). All injections were carried
out under 0.5% halothane anaesthesia. All rats used
were less than 1 year old (body weights between 300
and 600 g).

The left sural nerve was surgically exposed under
pentobarbitone anaesthesia (40 mg/kg i.p.) and asep¬
tic conditions and dissected free from surrounding
tissue and blood vessels. The nerve was then cut

transversely at its most distal point of exposure. The
central cut end was sucked into a cannula, which was

then cut approximately 5 mm from the end of the
nerve. The proximal end of the cannula was sealed to
the perineurium with cvanoacrylate adhesive, and a
solution of HRP (40% in distilled water) or WGA-
HRP (10% in distilled water) was introduced into the

cannula. More cvanoacrvlate was used to seal the

open end of the cannula. The wound was then treated
with suiphonamide powder and closed in layers, fol¬
lowing which the animal was allowed to recover. Af¬
ter a recovery period of 72 h. which was found by Mo-
lander and Grant1" to produce the densest labelling in
the dorsal horn, the animals were deeply anaesthe¬
tised with pentobarbitone and transcardially per¬
fused with 250-500 ml of saline containing 1%
NiiNO-.. followed by 1 litre of chilled fixative (1.25%

glutaraldehyde and 1.0% paraformaldehyde) and
500 ml of chilled 40% sucrose in phosphate buffer.
Spinal cord segments L3-L6 were removed and sec¬
tioned serially at a thickness of 50,um on a vibratome.
These sections were then processed for HRP with te-
tramethvlbenzidine14. Every section was accounted
for. so that if a section was lost, mounting space was
left on the slide to mark its position.

The L5 and L6 dorsal root ganglia contralateral to
the site of HRP application were removed from cap-
saicin-treated and control rats and embedded in par¬
affin wax. Sections were cut at 7 um thickness and

stained with Cresyl violet. The effectiveness of the
neonatal capsaicin treatment was determined by as¬

sessing the loss of small dark cell bodies which are as¬
sociated predominantly with unmyelinated afferent
fibres9.

Using a Leitz microscope with a drawing tube at¬
tachment. alternate sections were traced onto paper
and the extent of the transganglionic label in the ipsi-
lateral dorsal horn was marked. This labelling was

considerably denser in the superficial laminae (I-II)
than in the deeper layers. For this reason it was de¬
cided to reconstruct the rostro-caudal extent of label¬

ling at the mid-Lamina II level. To aid reconstruc¬
tion. the superficial dorsal horn was treated as a flat
sheet—"4. For each section examined, the straight-
line distances between the midline of the spinal cord
and the medial and lateral boundaries of the labelling
in Lamina II were measured and transposed to the
longitudinal plane on graph paper. The distances of
the medial and lateral borders of the dorsal hom

were also measured from the midline and plotted. As
the number and thickness of the sections were

known, the length of each spinal segment could be re¬
constructed. Lines were then plotted to connect all
the measured margins for the dorsal horn and for the
transganglionic label.

When HRP was applied to the sural nerve in the 3
groups of rats, transganglionicallv transported label
was seen in the dorsal horn in segments L,-L- of the
spinal cord. The pattern of labelling was very similar
in all 3 groups. In fact, we were unable to distinguish
between the 3 groups of rats on the basis of the extent
of the termination of their sural afferent fibres. Fig. 1
shows representative transverse sections of the spinal
cord from a vehicle control and a capsaicin-treated
rat. following transganglionic transport of HRP ap-
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plied to the sural nerve. As previously described in
normal animals'5 22 24, the labelling was confined to
the central one-third of the dorsal horn and extended

dorsoventrally throughout Laminae I-VI. In most
sections, the highest density of label was observed in
the superficial laminae but the granular nature of the
reaction product from tetramethylbenzidine process¬
ing did not allow us to distinguish between terminals
and fibres of passage. However, as shown in Fig. 1,
some fibres were labelled in the deeper regions of the
dorsal horn whose position and orientation suggested
that they were collaterals of the thick myelinated fi¬
bres known to terminate in these regions of the dorsal
horn.

Horizontal reconstructions of the labelling in mid-
Lamina II are shown in Fig. 2. These were very simi¬
lar for capsaicin-treated rats and vehicle controls.
The labelling extended from the rostral part of L, to
the caudal .end of L5, becoming more medial in the
caudal part of its distribution. This pattern of termi¬
nation of the sural nerve has been described pre¬

viously in normal rats15,22'24.
The effectiveness of the neonatal capsaicin treat¬

ment was assessed by examining sections of the L<
and L,, dorsal root ganglia stained with Cresyl violet.
The numbers of small dark cell bodies, which are as¬

sociated predominantly with unmyelinated afferent
fibres'4, were compared between capsaicin-treated
animals and those which had received only solvent
vehicle injections. Ganglia from capsaicin-treated
animals contained very few small dark cell bodies, in¬
dicating a substantial loss of unmyelinated afferent fi¬
bres. Littermates of the animals used in this study
and treated with capsaicin or solvent at the same
time, were used in electrophysiological experiments
described elsewhere. In these experiments, no com¬

pound action potentials could be recorded in the su¬
ral nerve of capsaicin-treated animals following elec¬
trical stimulation of the dorsal roots at an intensity
sufficient to activate C fibres which demonstrates the
effectiveness of the capsaicin treatment.

We conclude that a life-long loss of afferent C-fi-
bres does not induce gross anatomical redistribution
of sural nerve afferent fibres beyond their normal
area of projection within the dorsal horn. The tech¬
nique used in the present study does not allow the as¬
sessment of anatomical changes that may take place
within the area of termination of the nerve: it is

therefore possible that some anatomical reorganiza¬
tion of fibres in the dorsal horn occurs after neonatal

capsaicin without affecting the boundaries of the spi¬
nal cord area of projection of the sural nerve.

Two previous HRP studies have reported such an¬
atomical reorganization of afferent fibres. Hunt and
Nagy12 injected HRP into the lumbar dorsal root gan¬

glia of capsaicin-treated rats and concluded that af¬
ferent fibres normally terminating in Lamina III of
the dorsal horn extended, in these animals, into the
inner Lamina II. In addition they reported a deple¬
tion of fine afferent fibres from Laminae I and inner

II but not. to the same extent, for the outer Lamine
II. Rethelvi et al.20 applied HRP crystals to the cen¬
tral ends of severed lumbar roots in capsaicin-treated
animals and also reported an invasion by Laminae III
and IV afferent terminals into the inner parts of Lam¬
ina II. Their technique did not label fine afferent fi¬
bres and it is therefore clear that the invading termi¬
nals came'from thick myelinated afferents. They also
reported some medio-lateral reorganization of thick
afferent fibres in the deeper laminae (IV and V) of
the dorsal horn.

These observations indicate some anatomical

changes, after neonatal capsaicin, in the afferent in¬
put to the cord particularly in relation to the laminar
distribution of afferent terminals. We have also

noted in our material that the superficial Laminae of
the dorsal horn were still labelled after neonatal cap¬
saicin even though we had anatomical evidence for a
considerable reduction in the number of fine afferent
fibres as shown by ceil depletion in the dorsal root
ganglia. This superficial label could be due to the
staining of fibres passing through the superficial dor¬
sal horn or to the projection of afferents from deeper
Laminae of the dorsal horn into the more superficial
Laminae.

In this study we have shown that there are no ob¬
vious changes in the location and extent of the sural
nerve projection to the spinal cord after neonatal
capsaicin. In previous electrophysiological stud¬
ies"-". we observed that the changes that take place
in dorsal horn sensory systems after neonatal capsai¬
cin. such as increased receptive fields and reduced
central inhibition, were directed selectively towards
dorsal horn neurones driven bv afferent C-fibres.
These two observations suggest that capsaicin in¬
duced changes in the somatosensory properties of
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Fie. 1. Dark-field photomicroeraphs of transverse sections at the L., spinal segment showing the distribution of reaction product fol¬
lowing transport of HRP through the sural nerve of a vehicle control rat (A) and a capsaicin-treated rat (B) DC. dorsal column. Bar =
100 urn.
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Fig. 2. The distribution of HRP reaction product in a vehicle control (A) and a capsaicin-treated (B) rat following application of HRP
to the left sural nerve. The drawings on the left show representative transverse sections of the dorsal horn. The diagrams on the right
are horizontal reconstructions ot the extent of labelling in mid-Lamina II. DC. dorsal column.
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dorsal horn neurones cannot only be explained by an¬
atomical alterations in the extent of the spinal projec¬
tions of peripheral nerves. Consideration must also
be given to reorganisation of afferent fibres within
the dorsal horn and to functional changes in somato¬
sensory systems.
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Capsaicin-Sensitive Vagal Afferent Fibers and
Gastric Motility: Evidence for an "Axon
Reflex" Mechanism

Jennifer M. A. Laird, Bernard Chang, Rachel Hoey,
and Fernando Cervero

Department of Physiology, University of Bristol Medical School, England

The role of capsaicin-sensitive afferent fibers in gastric motility has been studied in normal rats and in rats
treated at birth with the sensory neurotoxin capsaicin, a procedure known to destroy up to 90% of unmyelinated
afferent fibers. Gastric motility was measured as intragastric pressure changes evoked by the distention of the
stomach with 8 to 10 ml of normal (154 mM) or 1 M saline solution. No differences were observed between the
motility patterns evoked by gastric distention with these two solutions. Distention of the stomach evolcea a

significantly lower basal tone and a reduced number and amplitude ofphasic contractions in capsaicin-treated
rats compared to control rats. Intravenous administration of the ganglionic blocker hexamethonium substan¬
tially reduced phasic motility in both groups of animals. Subsequent bilateral vagotomy had little extra effect.
After bilateral vagotomy, electrical stimulation at supramaximal intensities ofthe peripheral end of the cut right
vagus in the presence of hexamethonium produced an inhibition of the gastric basal tone in both groups of rats
and, on cessation of stimulation, a series of rebound contractions in most control animals, but not in those
treated at birth with capsaicin. These results provide evidence for an efferent role of vagal afferent fibers in the
control of gastric motility, possibly via an axon reflex mechanism. (Journal of Gastrointestinal Motility
1991;3(3):138—143)

Key Words: gastric motility; vagus nerve; capsaicin; axon reflex; afferent C-fibers.

Introduction

Vagal afferent fibers play a key role in the control of
gastric motility and secretion (1). The peripheral
ends of these fibers are connected to sensory recep¬
tors in the gut wall that supply information to the
central nervous system about the mechanical and
chemical events associated with gastric digestion (for
review , see reference 2). The adequate reflex control
of gastric function depends, therefore, on the accu¬
rate sensing of gastric stimuli by vagal afferent fi¬
bers.

In the skin, it is known that unmyelinated afferent
fibers connected to cutaneous nociceptors can have,
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in addition to their sensory role, an efferent function.
This is usually described in terms of the "axon re¬
flex" mechanism whereby the activation of cutaneous
nociceptors results in a local vasodilation due to the
release of a neurotransmitter by a collateral of the
afferent fiber or by the nociceptive ending itself (3).
It is now thought that the neurotransmitter involved
in this mechanism is substance P and that the affer¬
ent fibers involved are mostly capsaicin-sensitive un¬

myelinated (C) fibers (4).
There are suggestions in the literature that vis¬

ceral afferent fibers can also have an efferent func¬
tion via an "axon reflex" mechanism (5). These
actions could be exerted by vagal afferents directly
on the smooth muscle or indirectly by influencing
enteric neurons, perhaps involving substance P as a
mediator (6). Delbro and colleagues (7-11) have
suggested that vagal afferent fibers can release sub¬
stance P via an "axon reflex" mechanism and that
this will in turn induce contractions of the gastric
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ministration and the light femoral artery was also
cannulated to record systemic arterial blood pres¬
sure. A tracheostomy was performed to help respira¬
tion, but the animals were allowed to breathe sponta¬
neously. The right and left vagal nerves were
identified in the neck and freed from connective tis¬
sue but left in continuity. The stomach was cannu¬
lated via an esophageal cannula introduced through
the mouth and fixed with a ligature around the cervi¬
cal esophagus. A small midline laparotomy was per¬
formed and the pylorus was ligated. Systemic blood
pressure was recorded continuously throughout the
experiments. Rectal temperature was also recorded
and kept at 37.5°C by a feedback-controlled heating
blanket.

EXPERIMENTAL PROTOCOL
Prior to abdominal surgery, an intravenous injection
of the adrenergic blocker guanethidine (5-6 mg/kg)
was administered to prevent the sympathetic inhibi¬
tion of gastric motility due to surgical trauma. After
completion of surgery, the animals were allowed to
rest for 15 to 20 minutes. Then the stomach was

distended by the injection of 10 ml of NaCl solution
(either isotonic or 1 M; see Results) via the esopha¬
geal cannula at a rate of 1 ml per minute. The two
female rats from the capsaicin group with lower body
weights were injected with only 8 ml of saline solu¬
tions. Gastric basal tone and phasic motility were
monitored continuously as intragastric pressure
changes via a pressure transducer connected to the
esophageal cannula.

Gastric motility reached a stable pattern approxi¬
mately 7 to 10 minutes after the end of the initial
distention. The effects of intravenous administration
of the ganglionic blocker hexamethonium (25 mg/
kg), bilateral vagotomy, and electrical stimulation of
the peripheral end of the cut right vagus were then
examined. After bilateral vagotomy, the peripheral
end of the right vagus was placed on bipolar silver
electrodes and the nerve was stimulated supramax-
imally (at 15 volts, 0.5-ms pulses, 5—50 Hz) for
periods of 1 minute. Vagal stimulation was per¬
formed within a period of 30 minutes after adminis¬
tration of hexamethonium to ensure that the effects of
the drug had not worn off. At the end of the experi¬
ments the animals were killed by an overdose of
sodium barbiturate.

DRUGS
The following drugs were used: guanethidine mono-
sulfate (IBA Laboratories), hexamethonium (Sigma
Chemical Co.), and capsaicin (Sigma Chemical Co.).

Results

EFFECTIVENESS OF CAPSAICIN TREATMENT
The effectiveness of capsaicin treatment was tested
by means of the "wiping test," which examines the
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I Control

Capsaicin

Figure 1. Patterns of gastric motility evoked by disten¬
tion of the stomach with 8 to 10 ml of 1 M
saline solution in a control rat (top) and a cap-
saicin-treated rat (bottom). The records show
the period of adaptation after the end of the
injections of saline (beginning of records).
Note that the amplitude and number of phasic
contractions are higher in the control rat, as
is the level of basal tone.

sensitivity of the animals to chemogenic pain. When
capsaicin solution was instilled into the eye of nor¬
mal rats (immediately prior to general anesthesia)
they performed more than 10 protective wiping
movements per minute. In contrast, capsaicin-
treated rats did not produce any wiping movement,
or responded with only two or three movements, pre¬
sumably owing to the mechanical irritation of the
drop of capsaicin solution. This test for the neuro¬
toxic effects of capsaicin is regarded as very sensi¬
tive (14), and we therefore concluded that capsaicin-
treated animals had undergone a severe loss of
unmyelinated afferent fibers.
EFFECTS OF DISTENTION OF THE STOMACH ON
GASTRIC MOTILITY

Figure 1 shows the effects of distention of the stom¬
ach with 10 ml of 1 M saline solution on the gastric
motility of a normal rat and a capsaicin-treated rat.
This procedure evoked a series of phasic contrac¬
tions of the stomach over a relatively constant level
of basal tone. Distention was evoked in 9 animals (5
control, 4 capsaicin-treated) with normal saline solu¬
tion and in 10 others (6 control and 4 capsaicin-
treated) with 1 M saline solution. The level of basal
tone and the number and amplitude of phasic con¬
tractions were measured in control and in capsaicin-
treated rats.

Basal Tone
Basal tone became stable approximately 1 to 7 min¬
utes after gastric distention. The mean basal tone
was measured over 10 minutes after stabilization.
Whether the stomachs had been distended with nor¬

mal or with 1 M saline made no difference to the
levels of basal tone within either control or capsa¬
icin-treated animals (Fig. 2). On this evidence all
the results from the control group have been pooled,

as have all data from the capsaicin-treated group
(Fig. 2). The analysis of the data (/ tests) showed a

significant difference (p < 0.01) between the two
groups of animals in the level of basal tone. For the
control animals mean basal tone ( ± SE) was 18.2 ±
1.52 mm Hg (n = 11) compared to 12.0 ± 0.84
(± SE) mm Hg (n = 8) for the capsaicin-treated
group.

Phasic Motility
Phasic motility was measured for 10 minutes after
stabilization of motility, as the number of contrac¬
tions per minute induced by the distention of the
stomach. As with basal tone, there was no difference
within each group of animals between phasic motility
evoked by normal saline and by 1 M saline solutions
(Fig. 3). There was, however, a significant difference

Basal tone

Control Capsaicin
Figure 2. Mean basal tone ± SE evoked by distention of

the stomach with 8 to 10 ml of either isotonic
or 1 M saline solutions in control and capsa¬
icin-treated rats (differences between groups
significant at p < 0.01).

Phasic motility

Control Capsaicin

Figure 3. Mean phasic motility (expressed as average
number of contractions per minute ± SE)
evoked by distention of the stomach with 8 to
10 ml of either isotonic or 1 M saline solu¬
tions in control and capsaicin-treated rats
(differences between groups significant at
p < 0.001).
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Figure 4. Percentage histograms of the total number of

phasic contractions over a 10-minute period
evoked by distention of the stomach with 8 to
10 ml of saline solutions in control and capsa-
icin-treated rats. Note the lower number of
contractions and their smaller amplitude in
capsaicin-treated rats.

trol and capsaicin-lreated rats, but because of the
poor phasic motility of capsaicin-treated animals,
the effects on this group of rats were much less pro¬
nounced. Hexamethonium had no effect on the basal
tone of either group of animals.
BILATERAL VAGOTOMY
This procedure, when carried out in the presence of
hexamethonium, had little detectable effect on the
gastric motor patterns of control and capsaicin-
treated animals. If it was carried out when the effects
of hexamethonium had worn off, there was usually a
transient increase in basal tone and a few strong
phasic contractions; these effects presumably were
due to the injury discharge evoked in the nerves by
the section.

EFFECTS OF ELECTRICAL STIMULATION OF THE
VAGUS NERVE
Stimulation was carried out always after bilateral va¬
gotomy and in the presence of hexamethonium. The
cut end of the right vagus was stimulated at supra¬
maximal intensity (square pulses, 15 volts, 0.5-ms
duration) at rates of 5 to 50 Hz for periods of 1
minute. This procedure evoked a fall in basal tone in
seven of nine control rats and in five of six capsa¬
icin-treated animals (Fig. 5). No effects were ob¬
served in the remaining rats (two of nine controls and
one of six capsaicin-treated). The fall in tone was
more marked in animals of the control group (4.7 ±
0.75 mm Hg (n = 7)) compared to capsaicin-treated
rats (2.1 ± 0.33 mm Hg (n = 5), significance level
p < 0.05, t test), but they had a higher level of basal
tone before stimulation (see above). In control ani¬
mals clear effects were observed at frequencies of
vagal stimulation of 5 Hz, whereas in capsaicin-
treated animals higher frequencies of 10 Hz and
above were required. No changes in systemic arterial
blood pressure were observed in control or in capsa-

(p < 0.001) between phasic motility in control rats
md in capsaicin-treated rats (Fig. 3). For the control
rbmals mean number of phasic contractions per

minute (± SE) was 3.96 ± 0.28 (n = 11) (± SE)
compared to 3.0 ± 0.19 (n = 7) for the capsaicin-
treated group.

The amplitude of the phasic contractions was also
smaller in the capsaicin-treated group (Fig. 4). More
than three-quarters (79%) of phasic contractions in
capsaicin-treated animals were 2 mm Hg in ampli-
"ude or less, compared to only 18.6% in control
<inimals (Fig. 4).
EFFECTS OF HEXAMETHONIUM
Intravenous administration of 25 mg/kg of hexa¬
methonium markedly reduced phasic motility in con-

^omroi

1-5
„ 7 V~

Figure 5.

20Hx

Capsaicin

Effect of supramaximal electrical stimulation
of the peripheral end of the cut right vagus
nerve on gastric motility in a control rat (top)
and a capsaicin-treated rat (bottom). Both
rats show inhibition of gastric basal tone on
stimulation. The control rat shows additional
rebound contractions and increased phasic
motility after stimulation. Stimulation times
are of 1-minute duration.
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icin-treated animals on stimulation of the peripheral
end of the vagus nerve.

Immediately after stimulation, a number of strong
nJoound contractions were observed in five of the
seven control animals in which vagal stimulation had
inhibitor)' effects (Fig. 5). However, none of the cap-
saicin-treated rats showed any rebound contractions
or increases in phasic motility after cessation of the
electrical stimulus (Fig. 5).

The presence of rebound contractions was quanti¬
fied by counting the number of gastric contractions
and measuring their amplitude during the minute
immediately before stimulation of the vagus nerve
and during the minute immediately after the stimula¬
tion. This was done in all animals in which electrical
stimulation of the vagus nerve produced any effects
(i.e., five capsaicin-treated and seven control rats).

No differences were found in the average number
of contractions before and after stimulation in control
or in capsaicin-treated rats; therefore we conclude
that vagal stimulation did not produce subsequent
alterations in the frequency of phasic gastric motility
in either of these groups of animals. Also, the aver¬
age amplitude of phasic contractions 1 minute before
and 1 minute after stimulation remained unchanged
in capsaicin-treated animals (0.92 ± 0.06 mm Hg
[n = 46] before and 0.96 ± 0.07 mm Hg [n = 48]
after) and in the two control rats in which we could
not detect rebound contractions (1.76 ± 0.16) mm

Hg [n = 25] before and 1.84 ± 0.14 mm Hg [n =
25] after). In contrast, the average amplitude of the
contractions 1 minute after stimulation was found to

be significantly greater in the five control rats in
which rebound contractions had been detected (1.95
± 0.18 mm Hg [n = 45] before and 4.9 ± 0.32 mm
Hg [n = 47] after; significance level p < 0.001, t
test). This demonstrates a substantial increase in the
amplitude of phasic contractions after vagal stimula¬
tion in this group of animals.

Discussion
The results presented here demonstrate the impor¬
tant contribution of afferent C-fibers to the reflex
control of gastric motility and provide some evidence
for an efferent function of capsaicin-sensitive vagal
afferents. Our observations add further experimental
grounds to the suggestion that "axon reflex" mecha¬
nisms are also present in internal organs.

RESPONSES TO DISTENTION
Distention of the stomach with saline solutions
evoked the well-known development of basal tone
and reflex phasic motility (15). The initial accommo¬
dation of gastric tone to accept the large volume of
fluid without a considerable increase in basal tone is

probably due to smooth muscle adaptation. This is
confirmed by our observation that this response was

also present in capsaicin-treated rats in which the
afferent limb of regulator)' reflexes had been de¬
stroyed. However, contributions to this adaptation by
reflex activity mediated by the enteric nervous sys¬
tem (capsaicin-resistant) cannot be excluded.

The level of basal tone in capsaicin-treated ani¬
mals was significantly lower than in control rats. This
could be due to the reduction in afferent inflow
caused by the capsaicin treatment or to alterations in
the tissue mass of the stomach induced by afferent
denervation. We did not observe gross abnormalities
of the stomach in capsaicin-treated animals, but, in
the absence of quantitative data on gastric weight,
the latter possibility must be considered.

The amplitude and number of phasic contractions
were considerably smaller in capsaicin-treated rats
than in control rats. This confirms the role of capsa¬
icin-sensitive afferents in mediating motility re¬

sponses to gastric distention. Such a role appears to
be the transmission of information to the central ner¬

vous system about mechanical events in the stomach
that are normally monitored by mechanoreceptors in
the stomach wall connected to unmyelinated (and
capsaicin-sensitive) afferent fibers (2,16).

We did not observe any differences in the motility
patterns evoked, in normal and in capsaicin-treated
animals, by distention of the stomach with isotonic or
with 1 M saline solutions. This would appear to rule
out a contribution by chemoreceptors (or nocicep¬
tors) to the development of gastric motility patterns.
However, the distention stimulus used in our study
was sufficiently large enough to excite most tension
receptors so that the reflex responses evoked were
probably maximal. Under these conditions it is diffi¬
cult to observe additional or separate contributions
by gastric chemoreceptors to the development of mo-
tibty patterns in the stomach.

VAGAL NERVE STIMULATION
Electrical stimulation of the peripheral end of the
vagus nerve in the presence of hexamethonium and
in vagotomized animals produced an inhibition of
gastric tone in most animals (control or capsaicin-
treated) followed by rebound excitations and phasic
contractions in control animals only.

The inhibition of motility by vagal nerve stimula¬
tion is well documented (17,18). This inhibition,
which is not prevented by atropine or guanethidine.
occurred in both control and capsaicin-treated rats
and in the presence of hexamethonium in our experi¬
ments. It seems likely, therefore, that it was caused
by nonadrenergic, noncholinergic efferent fibers in
the vagus nerve. However, capsaicin does not com¬

pletely eliminate all unmyelinated afferent fibers.
Therefore it could also be that a component of this
inhibitor) response was mediated by "axon reflex*'
mechanisms triggered by the stimulation of capsa-
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it in-insensitive vagal afferent fibers. This interpreta¬
tion appeared to be supported by the observation that
the inhibition was smaller in capsaicin-treated rats
(i.e., animals with very reduced numbers of vagal
afferent C-fibers) and required, in these animals, a
higher frequency of stimulation of the vagus nerve in
order for the inhibitor)' response to take place. How¬
ever, it is also known that the magnitude of the gas¬
tric relaxation induced by various stimuli depends on
the prevailing level of gastric pressure (17,18), and
in our experiments capsaicin-treated rats had lower
levels of gastric pressure than control animals.
Therefore the gastric relaxation induced in our ex¬

periments by vagal stimulation could have been
caused by nonadrenergic, noncholinergic efferent fi¬
bers, by capsaicin-insensitive afferent fibers, or by
both.

The rebound excitatory responses were seen only
in control animals, suggesting that they were medi¬
ated by capsaicin-sensitive afferents. These rebound
contractions outlasted the period of electrical stimu¬
lation for at least 1 minute; therefore it is tempting to
suggest that they were mediated by an "axon reflex"
mechanism involving the antidromic release of sub¬
stance P or other excitatory neuropeptide. This
mechanism has been suggested by Delbro (7,8), who
proposes that substance P released by gastric affer¬
ents excites postganglionic enteric neurons, which in
turn evoke the excitatory response.

We conclude that capsaicin-sensitive afferent fi¬
bers have a role in mediating the reflex response of
gastric motility to mechanical distention and that
capsaicin-sensitive vagal afferents may also have an
efferent function that could affect motor responses of
the stomach. This response, which in our experi¬
ments was expressed mainly as increases of motility,
is probably mediated by an "axon reflex" mecha¬
nism, perhaps involving the antidromic release of
neuropeptides.
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Natural stimulation of urinary bladder afferents does not affect transmission
through lumbosacral spinocervical tract neurones in the cat
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Convergence of cutaneous and visceral afferents onto spinal cord neurones

projecting through somatosensory ascending pathways has been proposed as a

possible mechanism for referred pain20. This 'convergence-projection theory' received
initial support when several authors reported dorsal horn neurones in the thoracic and
lumbar spinal cord responding to both cutaneous and visceral inputs5-10'13-19-21.
Subsequently, neurones exhibiting somatovisceral convergence have been described
projecting into the ventrolateral quadrant6-7-11, joining the spinothalamic tract
(STT)12, or projecting to the reticular formation18. In a recent paper. Foreman9 has
reported convergence of cardiac afferents onto spinal cord neurones having a
cutaneous receptive field in the left hindlimb. This latter report has shown a typical
referred pain pattern in terms of the 'convergence-projection theory'.

Most of the studies on viscerosomatic convergence have been conducted on
unidentified dorsal horn neurones, STT neurones or axons ascending in the ventro¬
lateral quadrant of the cord, neglecting a major somatosensory pathway in the spinal
cord of the cat: the spinocervical tract (SCT). SCT neurones receive their inputs
mainly from hair follicle receptors, although noxious stimulation of the skin has been
shown to excite them1-3, or to modify their activity3. As the SCT may play a role in
nociception, we decided to study whether or not SCT neurones receive viscerosomatic
convergence. Natural stimulation of urinary bladder receptors has been used as a
method of activating visceral afferents.

Results have been obtained from 13 cats weighing 1.5-3.3 kg. Four cats were
decerebrated at midcollicular level under halothane anaesthesia which was discon¬

tinued thereafter, and 9 were anaesthetized with chloralose (60 mg/kg, i.v.). Several
parameters (arterial blood pressure, end-tidal CO2, rectal temperature and spinal cord
temperature) were continuously monitored, and maintained within physiological
limits. Single neuronal activity was recorded in the L7 segment of the spinal cord
through glass microelectrodes filled with 4% Pontamine sky blue in 0.5 M sodium
acetate. Natural stimulation of the skin was provided by brushing the skin surface or
the hairs, applying steady light pressure, squeezing the skin with smooth and serrated-
tip forceps, or applying radiant heat. The technique for identification of SCT neurones
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Fig. 1. A: diagram of the experimental arrangement to produce distensions and active contractions
of the bladder. Further explanation in the text. B, upper trace: spontaneous isometric contractions of
a full bladder; lower trace: powerful isometric contractions evoked by closing the tap connecting the
bladder to the reservoir during an isotonic contraction (arrow). C: inhibition of the background
activity of two dorsal horn non-SCT neurones by spontaneous (upper diagram) or evoked (lower
diagram) isometric contractions of the bladder.

and a more complete description of the general experimental methods have been
previously published3. The urethra was cannulated intra-abdominally using a double-
barrelled polyethylene catheter. One of the compartments of the catheter was
connected to a pressure transducer, and the other to a reservoir from which saline
(0.9 %) was allowed to flow in at heights of up to 60 cm above the bladder. Fig. 1A
shows a diagram of this arrangement. If, when the bladder was full, the tap connecting
the reservoir to the bladder was closed, spontaneous isometric contractions developed
(see Fig. IB, top trace). Opening the tap and raising the reservoir to different heights
permitted the induction of passive distensions and isotonic contractions of the
bladder. If during the rising phase of an isotonic contraction the tap was suddenly
turned off, a powerful isometric contraction supervened (Fig. IB, bottom trace). This
reflex, described by Mellanby and Pratt16, was often used to evoke powerful natural
contractions. Iggo14 has shown that spontaneous rhythmic isometric contractions and
passive distensions of the bladder result in an activation of bladder receptors,

discharging up to 10 Hz. When isometric contractions were evoked, by the method
stated above, the rate of firing of bladder afferents increased to 30-40 Hz for 2 sec and
remained at 20 Hz14. It can be concluded that this method of stimulation of bladder

afferents was satisfactory to produce a barrage of impulses travelling towards the
spinal cord.

Afferent fibres coming from the body of the bladder join the hypogastric nerves
and enter into the spinal cord at low thoracic or upper lumbar levels15. Afferents
coming from the trigone follow the pelvic nerves and enter the spinal cord at SI and S3
segments. Recently, some bladder afferents have been described to enter the cord via
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J i 1
1 min

Fig. 2. Unresponsiveness of 4 different SCT neurones to various natural stimuli of the bladder. A:
spontaneous isometric contractions vs. the background activity of a SCT neurone (El-cell). B: isometric
evoked contraction vs. background activity (I-cell). C: passive distension of the bladder vs. background
activity (I-cell). D: isometric evoked contraction vs. activity evoked by moving hairs (H) in the cutaneous
receptive field of the SCT neurone (E-cell).

the L7 and SI ventral roots4'8. As we were recording exclusively in the L7 segment, it
was necessary to assess whether the activation of the bladder afferents was able to
produce any effects on the neurones of this segment. Fig. 1C shows the effects of
spontaneous isometric contractions (upper diagram) and of evoked isometric sus¬
tained contractions (lower diagram) in two different lamina V neurones recorded in
the L7 segment. In both cases, an inhibition of the background activity was evoked.
None of these cells belonged, however, to the SCT.

In this study a total of 60 SCT neurones were recorded in the grey matter of the
L7 segment. The recording sites of 57 neurones were established. Thirty-seven sites
were in lamina IV, 9 in laminae I—III and 11 in laminae V-VI. Since most SCT
neurones in the L7 segment are concentrated in laminae III—V2, it is possible that the
more superficial recordings were made from SCT axons in their way to join the
dorsolateral funiculus2. All 60 SCT neurones were tested for visceral convergence from
the bladder, and none of them showed any signs of excitation or inhibition by the
visceral stimulus. Fig. 2 shows examples of their unresponsiveness to bladder
stimulation taken from 4 different SCT neurones.

Spontaneous isometric contractions (Fig. 2A), evoked isometric contractions
(Fig. 2B) and passive distensions (Fig. 2C) failed to produce any noticeable change in
the rate of background firing of the SCT neurones. In some cases isometric
contractions of the bladder were evoked while the cutaneous receptive field of the SCT
neurone was being stimulated by hair movement (Fig. 2D). The responses to hair
brushing before, during or after the contraction remain unchanged. Three groups of
SCT neurones have been recently described by Cervero et al.3, according to their
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responses to noxious stimulation of the skin: (i) neurones excited by nociceptors (E-
cells), (ii) neurones inhibited by nociceptors (f-cells) and (iii) neurones switching their
sensitivity to nociceptors from excitation to inhibition (El-cells). In the present
experiments, neurones from all 3 groups were tested for viscerosomatic convergence.
The sample studied included 19 E-cells, 6 I-cells and 6 El-cells. As reported above,
none of them showed any changes in their rate of firing when the bladder was
distended. The SCT neurones presented in Fig. 2 are one El-cell (Fig. 2A), two I-cells
(Fig. 2B and C) and one E-cell (Fig. 2D).

The principal conclusion to be drawn from these results is that SCT neurones in
the lumbosacral cord seem not to be affected in any way by the activation of urinary
bladder afferent fibres. As this area of the cord receives a major share of the total
cutaneous inflow from the hindlimb, we suggest that the SCT is not involved in
viscerosomatic convergence and, therefore, does not participate in the mechanisms of
referred pain. Two recent reports support this assumption. Gokin et al.11 have
suggested that lamina IV neurones of the dorsal horn are not immediately involved in
ascending transmission of high-threshold visceral impulses. As most of the SCT
neurones are concentrated in the lamina IV2, Gokin et al.11 conclude that SCT
neurones are not excited by visceral volleys at all. On the other hand, McMahon and
Morrison17 have briefly described a number of axons in the dorsolateral funiculus of
the cat that exhibited viscerosomatic convergence from the bladder. They reported
that none of them were SCT axons when tested for antidromic responses from the
cervical segments.

These results taken together with other published reports point to the STT12 or
other pathways ascending in the ventrolateral quadrant6'7 as the major pathways in
the transmission of viscerosomatic convergent information to the brain. STT neurones
have been shown to have visceral inputs12, but it has also been reported that well-
executed anterolateral cordotomies in man induce little or no bladder disturbance

either sensory or motor15. From a number of clinical studies it has been concluded that
bladder afferent tracts occupy a posterolateral position in the cord, i.e. in the
dorsolateral funiculus (for a review see ref. 15). The report of McMahon and
Morrison17 of ascending axons in the dorsolateral funiculus exhibiting viscerosomatic
convergence would support this interpretation. Although it is necessary to account for
species differences, it is possible to conclude that the STT, the spinoreticular tract and
tracts coursing in the dorsolateral funiculus are the major responsibles for the
transmission of convergent viscerosomatic information to the brain. In any case the
SCT seems not to be involved in this process.
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Deep and Visceral Pain
F. Cervero
Department of Physiology, University of Edinburgh
Medical School, Edinburgh EH8 9AG, Scotland

Abstract■ Pain of deep and visceral origin is the most common
form of pain produced by diseases. In contrast to the well-
localized and generally acute cutaneous pain, deep and visceral
pain are aching, ill-localized and of chronic evolution. There
is still no agreement on whether visceral pain is referred to
the surface of the body or is simply vaguely localized by the
higher centers of the nervous system. Some viscera are insen¬
sitive to noxious stimuli whereas others are extremely sensi¬
tive to them. The phenomenon of referred pain has been attri¬
buted to the convergence of visceral and somatic afferent fibers
onto the same pool of sensory neurons in the spinal cord and
subsequent cutaneous localization by the upper centers of the
brain. There is no electrophysiological evidence of the exis¬
tence of specific visceral nociceptors. Some visceral afferent
fibers enter the spinal cord via the ventral roots. Studies
in the spinal cord have shown convergence of visceral and cu¬
taneous afferent fibers onto interneurons and neurons project¬
ing through several sensory ascending pathways including the
spinothalamic tract. No pure visceral pathway has so far
been found in the spinal cord. Data on the central nervous
system representation of visceral information is scarce and
inconclusive.

INTRODUCTION

Pain arising from deep somatic structures or from viscera
accounts for a substantial proportion of recurrent and per¬

sistent pain syndromes. In fact, pain of deep or visceral

origin is the chief, if not the only, reason for most patients
to seek medical attention. Yet, our knowledge of the mechanisms
of deep pain is very limited whereas research efforts concentrate
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more on pain of cutaneous origin. From a social point of view,

deep and visceral pain receive less attention than they deserve.

There is a reason, and a very strong reason indeed, for this

apparent lack of research interest in visceral pain. The

dichotomy between "la douleur maladie" and "la douleur labora-
toire" so vividly pictured by Leriche (11) has its roots in
the inability of reproducing visceral pain for the purpose

of research analysis. If deep and visceral pains are by nature

ill-defined, dull, vague, and referred, it is not surprising
that a proper rigorous analysis of their mechanisms is lacking.
This failure in bringing the limits of deep and visceral pain
within a rigorous framework has led to wide speculations and am¬

biguities on the definition of the problem as well as on the

very existence of visceral pain as such. It is not only the

particular neurophysiological mechanisms of deep and visceral
pain that are the subject of controversy, it is also the con¬

ceptual approach to the problem that is at stake.

When trying to prepare an overview of the current status of
the subject, it is therefore useful to separate those problems
which can be classified as conceptual from those aspects of
the topic which correspond to precise physiological problems.
This background paper intends to reflect our current ideas on

the qualities of visceral pain as well as the present status
of some aspects of the neurophysiology of visceral pain.

CONCEPTUAL ASPECTS OF DEEP AND VISCERAL PAIN

Classes of Deep and Visceral Pain

The general view currently held is that there are two basic
forms of pain: (a) a bright and well-localized superficial
pain and (b) a dull, aching, and ill-localized deep pain. The
first class is normally described as cutaneous pain whereas
the second is divided into pain from visceral structures, either
hollow or parenchymatous (visceral pain) and pain from somatic
structures beneath the skin, such as muscles, ligaments, bones,
and joints (deep pain). It is important to emphasize at this
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point that the distinction between superficial and deep pain
is only based on their differences in qualities and not on

any other anatomical or physiological considerations. To bear
this observation in mind is important in order to understand

the sometimes radically opposite views on the origins and mech¬
anisms of visceral pain. Leriche (11) considered that pain
is of two main classes: (a) the consistent type, corresponding
to the peripheral distribution of a cerebro-spinal nerve and

responding to division of the pain pathways and (b) the badly-
localized, diffuse, and somewhat "illogical" pain that does not

disappear by sections along the cerebro-spinal system and is of

sympathetic origin. Needless to say, visceral and deep pains
were included by Leriche in the second category. The leading
role that Leriche attributed to the sympathetic nervous system

in many painful conditions was later questioned but the division
between superficial and deep pains based on terms of quality
has survived. Lewis (12) stated that there are basically two

classes of pain, each of them with a different representation
in the central nervous system: The superficial and the deep pains.
To Lewis, pain derived from deep-lying somatic structures was

similar in character to that to which "visceral disturbances

give rise."

Grouping pain of deep somatic origin with visceral pain requires
the assumption that both sets of structures involved share
the same representation in the central nervous system. This was

considered to be a controversial view since it would mean that

organs innervated by somatic nerves (muscles, joints, bones)
would have more in common with organs innervated by sympathetic
nerves (viscera) than with organs innervated by other somatic
nerves (skin and mucous membranes). On the other hand, pain
of deep somatic origin and visceral pain, although having many

properties in common, cannot be considered similar in every

respect. Rather than trying to classify pain by the division of
the nervous system which subserves the innervation of the organ,

it would be perhaps more appropriate to consider the embryolog-
ical aspects of the problem. This was already suggested by
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Lewis and could be the basis of a new approach to the question.
In this sense, there would be pain of ectodermal origin (skin
and mucous membranes) characterized by its good localization
and brightness, pain of mesodermal origin corresponding to

our present concept of deep pain, and pain of endodermal origin
(alimentary canal) which would be the visceral pain. The degree
of ill-localization and dullness would be greater in pain of

endodermal origin than in that of mesodermal origin.

Site of Origin of Deep and Visceral Pain
That pain of mesodermal origin (muscles, joints, ligaments,
parietal membranes) arises from the diseased or injured struc¬

tures seems to be a view held without disagreement (12). Deep
somatic pain has generally been attributed to direct stimulation
of "pain receptors" within the organs in which pain is elicited.
As far as visceral pain is concerned, the situation is however
quite different. Observations made on patients undergoing
abdominal surgery under local anesthesia or on human volunteers

receiving localized injections of hypertonic saline have pro¬

duced contradictory results on the sensitivity of viscera.
Based on his surgical experience, Lennander (see ref. (12))
stated that viscera were insensitive and Mackenzie (14) strongly

supported this view with his own observations. However, whereas
Lennander believed that viscera lacked innervation, Mackenzie

thought that pain in visceral disease arises from the viscus
itself via afferent impulses not related to pain, and Morely
(16) stated that visceral pain is due only to the action of the
diseased viscus on the parietal wall or on branches of somatic
nerves, thus supporting the lack of innervation of visceral
structures proposed by Lennander.

It is true that some viscera, particularly the parenchymatous

organs (liver, kidney), are insensitive and that certain in¬

flammatory conditions, such as some forms of cholecystitis,
only become painful when the parietal membranes are affected.
But it is also true that visceral pain can easily be evoked
from some viscera. The whole argument of the sensitivity or
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insensitivity of viscera to noxious stimuli rests on the lack
of agreement on what forms of stimuli can be considered to
be noxious to a particular viscus. Moreover, the sensory

innervation of many viscera has not yet been properly studied
and the results so far available are contradictory as to whether
or not viscera possess specific "visceral nociceptors." This

point will be dealt with in more detail later in this paper

as it is one of the key points in the controversy regarding the

sensitivity of viscera.

A different approach has also been taken to the question of
visceral noxious stimuli. Rather than defining what stimuli
are noxious and then looking for responses to such stimulation,
some authors have decided to term as noxious all such stimuli

which will evoke pain or discomfort, no matter whether they are

of general or local nature. This is an extension of the "ade¬

quate stimulus" approach to cutaneous sensibility.

In 1937 Ayala (1) listed the following as adequate stimulations
to evoke visceral pain: (a) spasm of the smooth muscle in hollow
viscera, (b) distension of hollow viscera, (c) ischemia, (d) in¬

flammatory states, (e) chemical stimuli, and (f) traction, com¬

pression, or twisting of mesentery. Although in general this
list is still valid, it is important to point out that the stimu¬
lations listed above are far from being general ways of evoking
visceral pain as not all viscera will respond to all of those
stimuli.

Qualities of Deep and Visceral Pain

Cutaneous pain has an element of usefulness: to avoid injury.
Good localization is thus a prime qualitiy to achieve its goal.

Deep somatic pain, though dull and aching, is sufficiently
well circumscribed to provoke defense reactions suitable for
the avoidance of further damage to the muscles, joints, or

bones involved. These protective mechanisms are also triggered
by other forms of pain of mesodermal origin, such as cardiac

pain in coronary artery disease.
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Some forms of visceral pain are, however, useless to the organism.
Extensive damage to some organs (liver, lungs) does not evoke

pain whereas relative minor injuries or situations which cannot

be improved by any form of natural therapy are extremely pain¬
ful (renal and bile calculi). Leriche (11) strongly supported
the view of the uselessness of pain in some diseases: "Pain is

always a baleful gift, which reduces the subject of it and makes
him more ill than he would be without it. " The two major qual¬
ities of visceral pain: ill-localization and reference to super¬

ficial areas have been claimed to be the consequence of this lack

of useful purpose of some forms of visceral pain (11).

In 1893, Head first used the term "referred pain" to point out

the reference of pain to the skin when the lesion affects an

internal organ. Head, who did not deny the existence of pain
of visceral origin and localization, divided visceral pain into
that localized vaguely inside the body (dull visceral pain) and
that referred to the skin surface (aching referred pain). He

assumed that the reference was due to convergence of visceral
and skin nerves onto the same spinal cord structures and a

subsequent "psychical error" of localization. The concept of
referred pain has suffered a long series of modifications after
Head's first proposal and the modern use of the term "referred"
is largely a matter of convention. Three different modern

interpretations of the concept of referred pain are: (a) faulty

localization, (b) poor localization, spread beyond the point of

origin, or (c) localization in a remote part from the point
of origin.

There seems to be two contradictory views on the problems of
localization of visceral pain. To some, visceral pain is
purely referred to the skin surface, to others, visceral pain
is simply ill-localized. Mackenzie (14), who was the major
defender of the reference hypothesis, did not deny that stimuli
from viscera produce pain. He maintained that the location of
such pain is in the viscus but its localization is achieved by
an "irritable focus" in the spinal cord; this, in turn, is
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responsible for the reference of pain to the corresponding
skin areas, the muscular spasm, the vascular changes, and the

secretory changes.

On the other hand, reference of visceral pain to the skin
surface was emphatically denied by Leriche (11) who vigorously

put forward the idea of ill-localization, a view also held by
Lewis (12). Leriche attacks the "mistaken doctrine" of referred

pain as an idea of "English origin" and criticizes Head and
Mackenzie. He suggests that visceral pains are felt in the
viscera but that they are imperfectly appreciated because vis¬
ceral sensibility is not normally conscious and therefore when

.brought to conscience produces an indefinite type of sensation:
visceral pain. Lewis, in spite of being an "Englishman," ex¬

pressed views more in line with those of Leriche. To him vis¬
ceral pain is purely a central phenomenon due to the lack of
detailed central representation of visceral structures. Viscera
have a mass representation in the central nervous system which
results in only very coarse sensations being awakened by their
stimulation.

Both interpretations of the basic mechanisms of visceral pain,
ill-localization, and reference contain large elements of ob¬

jective observation. True reference exists, such as in anginal
pain, but it is also common experience that some types of ab¬
dominal pain are felt "inside" the body in a vague manner.

Whether it is possible to present visceral pain as a function
which can be reduced to a simple general law is a completely
different matter.

A number of theories have been proposed to account for the

phenomena of referred pain. All of them are based on the

presence of convergence between visceral and somatic informa¬
tion along the neuraxis and subsequently faulty interpretation.
The current theory is the "convergence-projection" theory of
Ruch (22): "Some visceral afferents converge with cutaneous pain
afferents to end upon the same neuron at some point in the
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sensory pathway. The first oppurtunity for this is in the

spinothalamic tract. The resulting impulses, upon reaching
the brain, are interpreted as having come from the skin, an in¬

terpretation which has been learned from previous experiences
in which the same tract fiber was stimulated by cutaneous af-
ferents." The essence of this theory had already been stated

by Ross in 1888 and by Head in 1893.

A clinical phenomenon often associated with referred pain is

hyperalgesia (hyperaesthesia in Noordenbos (19) nomenclature)
of the skin area where pain is referred to. That this hyperal¬
gesia is not of intrinsic cutaneous origin seems to be well
established by the observations of abnormal reference of pain
to a phantom left arm in attacks of angina pectoris. The

"convergence-projection" theory of Ruch accounts for the hyper¬
algesia as a result of facilitation of cutaneous nerve impulses
onto spinothalamic tract neurons already highly excitable by
the barrage of visceral impulses. This and similar earlier
interpretations led to the view that local anesthesia of the

cutaneous hyperalgesic area would result in an amelioration of
the visceral pain. Clinical tests of this hypothesis produced

contradictory results, and the lack of a unifying nomenclature

prevents rigorous analysis of the available literature. The

only point of agreement is that cutaneous hyperalgesia is not

necessarily a symptom always associated with referred pain.
Whereas referred pain appears to be a quality of visceral pain,
hyperalgesia of the referred area seems to be an additional

phenomenon in some cases of visceral pain.

NEUROPHYSIOLOGICAL CORRELATES OF DEEP AND VISCERAL PAIN

Deep and Visceral Nociceptors

There seems to be little doubt that specific nociceptors are

widely distributed in deep somatic structures. In contrast,
no definite electrophysiological or histological evidence of
specific visceral nociceptors exists.

434



Deep and Visceral Pain 271

Deep nociceptors. Muscle nerves contain a large amount of

small myelinated and unmyelinated afferent fibers that do not

originate from proprioceptors. Both A6 and C afferent fibers
generate from free nerve endings associated with' muscle fibers,
capsules of spindles and tendon organs, tendon tissue, vessels,
fat cells, and connective tissue (23). These small afferent

fibers respond to high intensity mechanical and thermal stimuli
as well as to the administration of algogenic substances (9,15).

They are considered nociceptors. Recordings from unmyelinated
muscle afferents have yielded some responses interpreted as

produced by "ergoceptors" (receptors responding to muscle con¬

tractions) . Nevertheless, the borderline between nociceptors
and ergoceptors is not sharp.

Free nerve endings originating from unmyelinated or small

myelinated afferent fibers have also been described in other

deep somatic tissues such as tendons, ligaments, fat pads,
articular capsules, and periosteum. Electrophysiological
studies have only been carried out on small myelinated fibers

arising from joints and claims have been made of their nocicep¬
tive nature. Further electrophysiological studies are needed
to analyze different kinds of deep nociceptors in several

structures, but the principle of the existence of specific
nociceptors in deep tissues seems to be firmly established.

Visceral nociceptors. Pain impulses arising within the abdomi¬
nal and thoracic cavities may reach the central nervous system

by three channels: (a) the parasympathetic nerves (i.e., pelvic
and vagus nerves), (b) the sympathetic nerves (i.e., splanchnic
nerves), and (c) somatic nerves innervating the body wall and
the diaphragm (i.e., phrenic nerve). The relative importance
of these pathways in conveying visceral pain is, however, quite
heterogeneous, with the sympathetic nerve carrying the major
share of visceral impulses.

Over the past twenty years a number of careful studies on vis¬
ceral sensory receptors have yielded a comprehensive view of
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the different types of receptors present in the internal organs

and a useful clarification of their mechanisms of activation.

Yet, in all these studies no clear electrophysiological evidence
has emerged as to the existence of specific visceral nociceptors.

The open question of the peripheral origin of visceral pain
can thus be approached from at least three different points
of view: (a) Receptors responsible for the sensations of vis¬
ceral pain are the same population of visceral receptors re¬

sponding to innocuous stimuli and responsible for visceral reflex
actions. These receptors would respond with higher frequencies
of firing to noxious stimuli. This approach is essentially
based on the intensity theory of pain mechanisms. (b) Receptors

responsible for the sensations of visceral pain are a different

population of visceral receptors which respond to the same

stimuli that evoke visceral reflex actions but with different

thresholds. This view is an extension to viscera of the cur¬

rent ideas on cutaneous nociceptors. (c) Receptors responsible
for the sensations of visceral pain are a different population
of visceral receptors which respond to the same stimuli that
evoke visceral reflex actions but by different mechanisms (i.e.,
release of chemicals, presence of irritants). This is a view
based on the existence of specific visceral nociceptors, but
it also would account for some of the mechanisms peculiar to

the eliciting of visceral pain (inflammation, ischemia).

None of these three interpretations has been wholly proved
or disproved. The observation that some forms of visceral
pain can be relieved by section of the splanchnic nerves with¬
out affecting visceral reflexes, which are mediated by the vagus

nerves, seems to strengthen the opinion that some form of

specific visceral nociceptors may exist. Based on the well
documented algogenic properties of bradykinin when injected
in the mesenteric arteries and on the existence of numerous

free nerve endings associated with small intestinal vessels,
Lim (13) proposes that the fibers originating perivascular
receptors constitute the visceral division of the spinal nerves
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and are responsible for evoking the sensation of visceral pain.

According to Lim these specific visceral nociceptors are most

effective when stimulated by chemical agents such as may be

formed during inflammation, i.e., bradykinin. This generalizing
view received a severe blow when it was shown that bradykinin
is a non-specific depolarizing agent which not only causes the
activation of sensitive mechanoreceptors but also produces con¬

tractions in smooth muscle which in their turn will further

excite visceral receptors.

The current approach to the study of visceral nociceptors is to

link particular visceral conditions known to evoke pain with the

receptors likely to be activated under these circumstances. This
is the best approximation to the concept of an adequate stimulus

although it has not yet yielded a distinct type of "pure" vis¬
ceral nociceptor.

Unpleasant respiratory sensations such as dyspnea, tightness in
the chest produced by inhalation of irritant chemicals, and burn¬

ing pain evoked by mechanical stimulation of endotracheal and
endobronchial mucosae are thought to be provoked by the activa¬
tion of "irritant receptors" connected to AS vagal afferent
fibers (6). Other types of pulmonary receptors, such as the

juxta-pulmonary capillary receptors (J-receptors) from which
vagal C-afferents arise, have been implicated in the generation
of pain in pulmonary edema and lung embolism (20). The pain of

angina pectoris has been attributed to the activation of cardiac

receptors which respond to ischemia due to coronary occlusion.
These receptors are connected to At and C afferent fibers which
reach the upper thoracic dorsal roots via sympathetic cardiac
branches. Some crucial questions, such as the chemical sensi¬

tivity of these receptors and their differentiation from other

types of cardiac receptors involved in cardio-vascular reflexes,
have still to be answered adequately.
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Pain, arising from the alimentary canal has been attributed to

the activation of the in-series tension receptors located in the

muscular walls of hollov.- viscera (9). Most of the conditions

that give rise to sensations of abdominal visceral pain also
evoke discharges in this type of receptor. Passive distensions
of a viscus, isometric contractions, impactions, and constric¬
tions produce vigorous discharges in the in-series tension re¬

ceptors of the visceral walls (10). Most of these receptors
are connected to unmyelinated afferent fibers which join the

parasympathetic vagus and pelvic nerves. This observation

suggests that the sensations of pain from abdominal organs must
be mediated by another set of receptors since in animals most
of the pseudoaffective responses to noxious visceral stimuli
are abolished by section of the sympathetic splanchnic nerves

but not by section of the parasympathetic pelvic and vagus

nerves.

Morrison (17) has described splanchnic afferents whose recep¬

tive fields contain up to eight punctate mechanosensitive sites
distributed along the superior mesenteric artery and the vessels
in the mesentery and the walls of the viscera. These serosal
receptors, connected to A 6 and C afferent fibers respond with
a slowly adapting discharge not only to light mechanical stim¬
uli but also to tension applied to the mesentery and visceral
peritoneum, to smooth muscle contractions and to visceral dis¬
tensions. Morrison (17) suggests that they are directly in¬
volved in the mechanisms of visceral pain since they respond to
stimuli known to evoke pain sensations and follow the pathways
of the sympathetic nerves. Their lack of specificity to noxious
stimuli is a puzzling factor which underlies the conflicting
views on the existence of visceral nociceptors and seems to
favor the opinion that visceral pain is associated with maximal
discharges of unspecific visceral receptors.

Visceral and Deep Afferent Fibers in the Ventral Roots

The so-called"Bell-Magendie Law" has met a considerable amount
of opposition since it was first formulated. Magendie himself
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had to explain the pain reactions evoked in animals when the
ventral roots were stimulated as a consequence of "recurrent"

afferent fibers from the dorsal roots. In 1894 Sherrington
described a few small myelinated "recurrent" fibers in the ven¬

tral roots. In 1942 Lewis (12) reviewed past and current criti¬
cisms and concluded that the ventral roots could only be con¬

sidered subsidiary channels for the conduction of pain.

Recently a number of studies carried out by Coggeshall and his
associates (see (24) for references) have attempted to quantify
the afferent component of the ventral roots at different levels
of the cord in several species, including man. The conclusion
is that many ventral roots contain a large number of sensory

axons (up to 30%), the vast majority of which (up to 99%) are

unmyelinated.

When electrophysiological experiments were conducted to estab-
lich the nature of these afferent fibers in the ventral root,

it was reported that about one third of them came from cutaneous

and deep nociceptors and that the other two thirds were of vis¬
ceral origin (see references in (24)). These findings have led
to a reconsideration of earlier proposals that the sensations
of deep and visceral pain are always mediated via the ventral
roots (see (12)). Such an opinion cannot be upheld in view of
the numerous studies of visceral afferents on the dorsal roots,

but the fact that most of the ventral root afferent fibers seem

to come from deep and visceral structures strengthens Lewis' view
that the ventral roots can act as subsidiary channels for the
conduction of pain.

Viscero-Somatic Convergence in the Spinal Cord

It has been mentioned before that all interpretations of the

ill-localization and referred qualities of deep and visceral

pain have been based on the postulate that afferent fibers
from deep and visceral structures converge onto spinal cord
neurons that also have a cutaneous receptive field. Although
there is some experimental evidence that such a convergence
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exists, detailed studies on the precise anatomical and physio¬

logical organization of viscero-somatic interactions in the

spinal cord are needed.

In order to study the distribution of visceral afferent fibers
in the spinal cord, microelectrode searches of the dorsal horn
were carried out while electrical stimuli were delivered to

visceral and cutaneous nerves. These initial studies yielded
the first indications of viscero-somatic convergence in the

spinal cord (i.e., (21)). Stimulation of the skin and disten¬
sions of hollow viscera were later employed and resulted in
more information on the characteristics of the interactions

between cutaneous and visceral afferents in the spinal cord

(i.e., (5)).

It has been established that most of the spinal cord neurons

showing viscero-somatic convergence are located in lamina V
to VIII. The majority of neurons in lamina V are monosynap-

tically driven by small myelinated visceral afferents, which,
according to field potential studies, seem to end exclusively
in this region of the cord. Convergence of visceral afferents
appears to occur only onto those neurons responding to both
noxious and non-noxious stimulation of their cutaneous recep¬

tive fields (class 2 neurons). Neurons responding only to

light mechanical stimulation of the skin (class 1 neurons) are

unaffected by visceral afferents, whereas the experimental
evidence of viscero-somatic convergence onto the specific no-

ciceptor-driven cells of lamina I (class 3 neurons) is scarce

and inconclusive.

There are no reports of neurons in the spinal cord driven ex¬

clusively by deep or visceral afferent fibers. It must be

mentioned, however, that no studies have been reported in
which there was a deliberate search for these cells. Therefore,

it is possible that "specific visceral-driven" neurons may

exist. Projections of thin afferent fibers from muscle (groups
III and IV) to spinal cord neurons have been studied; again
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it seems that class 2 dorsal horn neurons take the major share

in the proportion of cells showing musculo-cutaneous convergence.

Some specific' nociceptor-driven neurons in the lamina I are also
excited by A6 and C muscle afferents (3), but not all of them.
Foreman et al. (7) have proposed that class 3 neurons without

convergence from high threshold muscle afferents mediate cu¬

taneous pain, whereas class 3 neurons that do receive an input
from muscle afferents as well as class 2 neurons signal the

poorly localized, aching deep pain. It would be desirable to
have such proposals stimulate the interest of neurophysiologists
in the subject and lead to investigations on viscero-somatic
convergence in the spinal cord.

There is, however, one aspect of the problem that remains to

be tackled. There are no anatomical studies on the distribu¬

tion and endings of visceral afferents in the spinal cord.
Such studies would help greatly to localize the neurons that
receive visceral information. It is now well established that

the substantia gelatinosa of the dorsal horn is the major
site at which peripheral unmyelinated afferent fibers terminate.
Since most of the visceral and deep receptors are connected to

unmyelinated fibers, it is evident that the substantia gelatinosa
must play a role in the mechanisms of visceral pain. Perhaps
some of the most obscure and enigmatic characteristics of vis¬
ceral pain outlined in the first part of this paper may be
clarified when the recently revived interest on the anatomy and

physiology of the substantia gelatinosa produces a more compre¬

hensive picture of its functional organization.

Pathways for Deep and Visceral Pain in the Spinal Cord

The "convergence-projection" theory of Ruch (22) postulates
that the main carrier of viscero-somatic convergence in the

spinal cord is the spinothalamic tract (the traditional "pain
pathway"). However, electrophysiological studies on spinal
cord pathways activated by visceral impulses have produced a

less clear-cut picture. It has been demonstrated that the
dorsal columns contain a significant number of visceral
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afferent fibers which are mainly made up of the fastest A ;•

visceral afferents and are not presumed to be involved in the
sensations of pain.

Small myelinated and unmyelinated visceral fibers activate

spinal cord neurons that project mainly through the ventro¬

lateral quadrant of the cord. Convergence from visceral and

deep afferent fibers has been described onto neurons project¬

ing via the spinothalamic and spinoreticular tracts, both of
which course in the ventrolateral quadrant. However, path¬
ways located in the dorsolateral funiculus have also been

shown to carry visceral and deep information.

Spino-cervical tract neurons respond to muscle groups III and
IV afferent fibers, but not to activation of visceral afferents

(2). Other pathways in the dorsolateral funiculus can be
activated by visceral stimulation (see (24)). On the other

hand, lesions of various pathways in the spinal cord white
matter in animals fail to abolish pseudoaffective reflexes
evoked by visceral noxious stimulation. This had been invoked
as a proof (4) that visceral impulses are transmitted via a

polysynaptic spinalL system through the central gray matter.

The current evidence has, therefore, to be described as incom¬

plete. The "convergence-projection" theory still stands as

the most satisfactory explanation for the data available; how¬
ever, our knowledge of the spinal cord mechanisms involved in
the transmission of visceral pain can be improved only when
basic problems such as the specifieity of visceral nociceptors
or the existence of pure visceral channels within the cord will
be solved.

Visceral Representation in the Upper Centers of the Nervous System

A crucial physiological problem of deep and visceral pain re¬

lates to the mechanisms underlying ill-localization. Whether
or not there is viscero-somatic convergence at the lower levels
of the spinal cord, the subjective qualities of deep and visceral
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pain need to be analyzed by the study of the representation of
visceral information in the upper levels of the nervous system.

Projections of visceral impulses have been described as leading
to the brain stem, the cerebellum, the thalamic nuclei, the

hypothalamus, and the somatosensory and frontal areas of the
cerebral cortex (see (18)). Yet all this information is incom-

lete.

It would be desirable to apply sophisticated techniques, de¬

veloped for the study of higher functions of the nervous system,

such as kinaesthesia, vision, audition or tactile recognition,
to the study of visceral localization. It is not difficult
to imagine situations where awake animals or human beings in
acute or chronic visceral pain are assessed for their ability
to localize the source of stimulation and/or interfere with it.
Would it be possible to study the "visceral sense" as the sixth
sense? After all, the colloquial "sixth sense" is generally
associated with emotional and intuitive aspects of behavior.
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Summary

A technique for the natural stimulation of the biliary system which permits the
distinction between noxious and innocuous intensities of stimulation has been

developed in the ferret. Male ferrets anaesthetized with urethane have been used.
Controlled distensions of the biliary system were produced and the nociceptive
nature of the stimulus was ascertained by reflex increases in blood pressure. Levels
of biliary pressure that did not evoke changes in blood pressure were considered
innocuous.

Using this approach electrical activity has been recorded from biliary afferents.
Thirty-two recordings were obtained. Twenty-one were of afferents that could be
excited by innocuous levels of biliary pressure (low threshold afferents) and 10
recordings were of afferents excited only by noxious stimulation of the biliary
system (high threshold afferents). One fibre could not be activated by changes in
biliary pressure. Twenty-seven receptive fields were located: 12 in the gallbladder
and 15 in the biliary ducts.

The relevance of high threshold biliary receptors to visceral nociception is
discussed.

Introduction

The existence of highly specific sensory receptors in the skin is no longer in
doubt. Very distinct functional categories of cutaneous sensory receptor can be
differentiated according to the form of energy that preferentially activates them (for
reviews see refs. 3 and 12). Comprehensive electrophysiological analysis of afferent
visceral nerves have, however, failed to demonstrate specific functional categories of
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visceral receptor [2,11,13,15,18,19]. Sensory receptors from abdominal viscera are

generally classified according to their location in the viscus (i.e.. serosal, mucosal or

muscular) rather than to quality-specific groups [13.24], This has produced a major
gap in the understanding of visceral sensation and has revived interpretations of
sensory processes based on intensity coding of peripheral stimuli [16].

The failure to classify visceral receptors into quality-specific groups is of particu¬
lar relevance in the study of visceral nociception. The available evidence points to
the existence of visceral receptors that respond to a wide range of intensities of
stimulation from innocuous to noxious [16.19]. This clearly gives support to interpre¬
tations of visceral pain based on the 'intensity theory' of pain mechanisms [13.16].

A major problem in the study of visceral sensory mechanisms is the development
of adequate forms of natural stimulation, that is. stimuli that will reproduce closely
the circumstances under which a particular viscus is normally or abnormally
stimulated. Such forms of stimulation are in line with the concept of 'adequate
stimulus' and represent a rational approach to the study of visceral sensation (see
ref. 5 for a recent review).

In this paper, a technique for the natural stimulation of the biliary system which
permits the distinction between noxious and innocuous intensities of stimulation is
described. The biliary system has been chosen as target of study because it is a

representative example of a viscus from which typical patterns of visceral pain in
humans and pseudoaffective reflexes in other mammals can be evoked. Moreover,
functional studies on the sensory innervation of the biliary system are scarce. The
electrical activity recorded in this study from biliary afferent nerves indicates that
there is a population of sensory receptors responding specifically to noxious stimula¬
tion of the biliary system. Units responding to a wide range of intensities of
stimulation have also been found. Preliminary results have been published [6],

Methods

Experiments have been conducted on 19 male ferrets weighing 680-1400 g. The
animals were anaesthetized with urethane given intraperitoneally at a dose of 1.5
g/kg. Subsequently, smaller doses of urethane were given intravenously to maintain
the level of anaesthesia. The left jugular vein, the trachea and the left carotid artery
were cannulated through polyethylene catheters. The animals were allowed to
breathe spontaneously. Systemic blood pressure was continuously recorded from the
carotid artery and the ECG was monitored and displayed on an oscilloscope. Both
vagi nerves were dissected out in the neck as were both splanchnic nerves in the
abdomen.

Mechanical stimulation of the biliary system
The abdominal cavity was opened by a midline incision and the gallbladder and

biliary ducts were exposed. Two different techniques for the natural stimulation of
the biliary system have been used (Fig. 1). One procedure was the cannulation of the
fundus of the gallbladder through a double barrelled catheter. One of the barrels was

%
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then connected to a reservoir containing normal saline at 38°C and the other to a

pressure transducer for the monitoring of the biliary pressure. The reservoir could be
raised to change the pressure head applied to the bladder and ducts. The common
bile duct was ligated close to its duodenal entry after determination of the level of
pressure that triggered the reflex opening of the sphincter of Oddi (Fig. 1A).

The second procedure consisted in the cannulation of the common bile duct
through the major duodenal papilla. The duodenum was opened and a small
catheter inserted through the papilla into the common bile duct and bladder. This
catheter was fixed in position with a ligature around the bile duct either extra- or

intraduodenally. The catheter was connected through a 'Y'-shaped tube to a pressure

A B

Fig. 1. Methods of mechanical stimulation of the biliary system. Two procedures are illustrated. A:
cannulation of the gallbladder with a double-barrelled catheter. One of the barrels is connected to a
transducer (Tr.) and the other to a reservoir containing warm saline. The reservoir can be raised to change
the pressure head applied to the bladder and ducts. B: cannulation of the common bile duct through the
major duodenal papilla. The catheter was fixed in position with a ligature around the bile duct. The
catheter is connected to a transducer (Tr.) and to a syringe for the injection of warm saline into the biliary
system.
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transducer and a syringe for the injection of warm normal saline into the biliary
system (Fig. IB).

Electrophysiological recording techniques
Electrical activity from biliary afferent nerves was recorded from either the left or

the right splanchnic nerves or from the biliary plexus. The former were dissected
retroperitoneally through incisions in the flank and small filaments were dissected
out and cut centrally. The biliary plexus was accessed by direct exposure of the
gallbladder and ducts and dissection under microscope of small nerve filaments from
the surrounding connective tissue. The retroperitoneal space in the case of splanchnic
recordings and the entire abdominal cavity in the case of biliary plexus recordings
were filled with warm paraffin oil.

Nerve filaments were placed on silver-chloride electrodes connected to conven¬
tional amplification and display systems. Electrical recordings were stored on

magnetic tape together with the recordings of systemic blood pressure and biliary
pressure. A spike counter and a microcomputer were used for subsequent analysis.

Results

Resting biliary pressure
Two to 4h after the cannulation of the gallbladder, the pressures in the biliary

system were examined. Under resting conditions the biliary pressure was 1.5-4 mm
Hg and showed fluctuations produced by changes in abdominal pressure due to
respiratory movements (Fig. 2A). No spontaneous motility was observed. In these
conditions, the reservoir connected to the gallbladder was placed at various heights
over the biliary system and the tap opened for 15-20 sec. Fig. 2B shows 3 examples
of such a procedure. It can clearly be seen that the biliary system was able to
withstand increases in pressure of up to 5-7 mm Hg above which, the biliary
pressure drops on turning off the tap connecting the gallbladder with the reservoir.
This is due to a relaxation in the sphincter of Oddi and the passage to the duodenum
of part of the injected fluid. In all cases studied the biliary pressure stabilized at a
constant level independently of the previous pressure applied. This indicates the
maximum level of pressure that the biliary system of each animal was able to
withstand before relaxing the sphincter of Oddi.

Effects of biliary pressure increases on systemic blood pressure
After determining the level of pressure necessary for the opening of the sphincter

of Oddi. the common bile duct was ligated. In these conditions, different levels of
pressure were applied to the biliary system while observing changes in systemic
blood pressure. As shown in Fig. 3A. increases of up to two times the pressure
necessary to relax the sphincter of Oddi did not evoke any changes in blood
pressure. However, further increases above 20-25 mm Hg produced transient
increases in blood pressure which were greater when the biliary pressure was risen to
60-80 mm Hg (Fig. 3B). Changes in blood pressure were taken as indications of the
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Fig. 2. Resting biliary pressure. In A. the systemic blood pressure and the resting biliary pressure are
shown at different display times. The fluctuations in biliary pressure due to respiratory movements are
evident. B: 3 examples of the method used to ascertain the maximum level of biliary pressure supported
by the sphincter of Oddi. Common bile duct intact. The lines above the recording indicate the times in
which the tap connecting the reservoir to the gallbladder was left open. The reservoir was placed at
progressively higher levels.

nociceptive nature of the stimulus. Fig. 3C shows successive applications of pressure
to the biliary system of one animal. Low intensity stimulation produced no changes
in blood pressure (innocuous stimulation) whereas higher intensities consistently
evoked transient increases in blood pressure (noxious stimulation).

The pathway for sensory afferents from the biliary system was investigated by
sectioning different nerves while applying stimuli which evoked increases in blood
pressure. Section of both vagi nerves did not alter the reflex increases of blood
pressure whereas in most animals, these changes were abolished when both splanchnic
nerves were sectioned (Fig. 4A). It is relevant to note that the section of only the
right splanchnic nerve failed to abolish the reflex increases in blood pressure due to
noxious stimulation of the biliary system. Most animals required the section of both
splanchnic nerves before this reflex was abolished and some (as illustrated in Fig.
4B) maintained the reflex even after section of both splanchnics. This clearly
indicates that afferents from the biliary system join both splanchnics and in some
cases pass to the sympathetic chains directly or through smaller nerve branches.
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Fig. 3. Effects of biliary pressure increases on systemic blood pressure. Increases of up to two times the
pressure necessary to open the sphincter of Oddi do not evoke changes in blood pressure (A and C).
Increases above 20-30 mm of Hg result in a reflex increase of blood pressure (B and C). Common bile
duct ligated in all instances.

Afferent activity evoked by distension of the biliary system
Recordings were made from either the splanchnic nerves or from filaments teased

from the biliary plexus. Responses of afferent fibres to distensions of the biliary
system were examined. The noxious nature of the stimulation was assessed by the
presence of increases in blood pressure during the application of the stimulus.

Thirty-two recordings were obtained of activity evoked by gallbladder disten¬
sions. Of these. 17 were of multiunit activity and 15 were single units. Afferents were
classified into two broad groups according to the level of pressure necessary to
activate them: low threshold afferents and high threshold afferents.

(1) Low threshold afferents. This group comprises 21 recordings of which 12 are
multiunit recordings and 9 are single units. All these fibres could be excited in one

way or another by changes in biliary system pressure which did not evoke modifi¬
cations of the blood pressure. For the purposes of this paper they have been grouped
together into a single category although they include afferents of different functional
properties. Three examples are shown in Fig. 5. In Fig. 5A. the discharge of a
multiunit preparation in response to a ramp increase in biliary pressure is shown.
Impulse activity appeared at a low pressure level and was maximal before reflex
changes in blood pressure occurred. There was no further activity when the pressure
was raised to noxious levels as ascertained by an increase in blood pressure. This
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Fig. 4. Pathway for sensory afferents from the biliary system involved in nociceptive reflexes. The lines
above the recordings of blood pressure indicate an increase in biliary pressure of 80 mm Hg. Section of
both vagi nerves did not alter the reflex increases of blood pressure whereas these changes were abolished
when both splanchnic nerves were cut (A). In B. the reflex remains even after section of both splanchnic
nerves.

response is characteristic of a specific non-nociceptive afferent. Fig. 5B shows the
response of a rapidly adapting single unit with a receptive field in one of the biliary
ducts. This unit produced a brief burst of 5 spikes in response to the injection of 0.1
ml of warm saline into the duct. This was an innocuous stimulus according to the
stable blood pressure. However, an injection of 0.3 ml of saline produced a bigger
response (14 spikes) and a transient increase in blood pressure. Due to the rapidly
adapting properties of this unit no clear correlation could be established between its
responses and static levels of biliary pressure. Since this unit responded to innocuous
stimuli and increased its responses when stimuli reached noxious levels, it is
concluded that it was signalling both innocuous and noxious events following an

intensity code. The unit shown in Fig. 5C fired in phase with the respiratory induced
changes in biliary pressure. The number of spikes in each burst of activity was

dependent on the basal level of biliary pressure for very low values of pressure
(2-5 mm Hg). Further increases disorganised the pattern of respiratory changes and
the unit ceased to fire. This unit is considered to be signalling low levels of biliary
pressure of the type that evoke reflexes for the relaxation of the sphincter of Oddi.

The units illustrated represent examples of the activity encountered in response to
innocuous intensities of stimulation. Slowly adapting and rapidly adapting, specific
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Fig. 5. Low threshold biliary afferents. A: discharge of a multiunit preparation in response to a ramp
increase in biliary pressure. B: response of a rapidly adapting single unit to the injection of warm saline
into the common biliary duct. The amounts injected are indicated above the discharge. The output of the
spike discriminator is shown due to the small size of the original spikes. The numbers at the right of the
bursts indicate the number of spikes. C: responses of a single unit that fired in phase with the respiratory
induced changes in biliary pressure. Further explanations in the text.

and non-specific low threshold afferents were found. None of the units recorded,
with the exception of those in phase with respiratory changes of pressure showed any
background activity.

(2) High threshold afferents. In 10 cases, recordings were obtained of activity
evoked by high intensities of stimulation. Five were multiunit recordings and 5 were
single unit recordings. Examples of the activity generated by these afferents are
presented in Figs. 6 and 7. Common characteristics of the high threshold afferents
are their lack of background activity and their unresponsiveness to increases in
biliary pressure within the innocuous range. Fig. 6A shows one of the units
exhibiting a typical high threshold response. The unit begins firing only when very-
high levels of pressure are reached. A similar response is illustrated by the unit of
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Fig. 6. High threshold biliary afferents. The step changes in biliary pressure are displayed above the rate
of firing of two single units from high threshold afferents (A and B). Samples of spike recordings
corresponding to different levels of biliary pressure are shown in C. B and C are from the same unit.

Fig. 6B. Spike recordings from this unit are presented in Fig. 6C showing that
consistent spike discharges appeared at 20 mm Hg of biliary pressure with increased
levels of firing at higher pressures. The high levels of biliary pressure which evoked
responses in high threshold afferents were invariably associated with reflex increases
in blood pressure. This is illustrated in Fig. 7 in which 3 high threshold afferents are
shown. Again, activity begins to appear at levels of biliary pressure well above the
innocuous range and increases at higher pressures. Reflex increases in blood pressure
appear in association with the highest biliary pressures. None of the units showed
background or evoked activity at low levels of biliary pressure.

(3) Unresponsive afferent. One single unit was recorded from the biliary plexus
which could be activated by probing one of the hepatic ducts with a fine rod.
However, changes in biliary pressure failed to excite this afferent even at very high
intensities of stimulation. No chemical or thermal stimuli were tried on this unit
which was classified as a pressure-unresponsive afferent.

Receptive fields
Receptive fields could be mapped for 27 of the 32 recordings. Twelve fields were

in the gallbladder and 15 in the biliary ducts. Most of the bladder fields were of low
threshold afferents (11) and only one was of a high threshold afferent. Of the 15
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Fig. 8. Receptive field of a high threshold afferent in one of the hepatic ducts. The field is shown in A
(black spot) and the responses evoked by probing the receptive field with a small rod are displayed in B.
Lines under the recordings indicate time of application of the rod.
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receptive fields in the ducts. 9 were of low threshold afferents and 6 were of high
threshold afferents. Receptive fields were mapped by probing the accessible surface
of the bladder and ducts with a fine metal probe. The fact that the posterior aspect
of the gallbladder and ducts was inaccessible may account for the 5 units in which
no receptive field was found. Receptive fields consisted usually of only one sensitive
spot of small size. Fig. 8A shows the receptive field of a high threshold afferent in
one of the hepatic ducts. Probing this spot with a rod evoked the responses shown in
Fig. 8B. These responses were slowly adapting over several seconds.

Discussion

Proper studies of visceral sensory mechanisms require the use of forms of
stimulation which can reproduce the natural circumstances of visceral activation. In
the present study this approach has been followed in the development of an
adequate form of stimulation for the biliary system. Distension of the gallbladder is
one of the physiological forms of control of the sphincter of Oddi and of bile release
into the duodenum. Wyatt [25] has demonstrated in the dog that the reflex opening
of the sphincter of Oddi by distension of the gallbladder is mediated via the biliary
plexus and coeliac ganglion. It is therefore obvious that a population of sensory

receptors must exist in the biliary system capable of sensing changes in biliary
pressure around the level of pressure necessary for the opening of the sphincter of
Oddi. These changes are by their own nature innocuous and determine a range of
stimulation intensities which do not evoke nociceptive reflexes.

On the other hand, there is a good deal of evidence on the noxious nature of
distensions of the biliary system above physiological ranges. In defining the concept
of 'adequate stimulus.' Sherrington [21] referred to the biliary system as a typical
example of its application. Discussing the apparent insensitivity of certain viscera to
stimuli such as burning or cutting. Sherrington [21] defined an 'adequate stimulus' as
the stimulus appropriate for what the adaptation fitted the mechanism for. He
illustrated the concept with the example of blood pressure increases following
distensions of the gallbladder. Increases in biliary pressure either by distension or by
isometric contraction of the biliary system are extremely painful in humans and have
been used in animals to evoke nociceptive reflexes [8,9,17,20.22]. Transient reflex
increases in blood pressure are a common expression of a nociceptive reaction. In
consequence, distensions of the biliary system above the physiological range and
evoking increases in blood pressure are an adequate form of noxious stimulation of
the biliary system.

Using this approach, two populations of sensory receptors have been found in the
present study: receptors responding to low intensity stimuli or to a wide range of
intensities and receptors responding exclusively to high intensity stimulations. Low
threshold afferents clearly include a variety of functional types of receptor. Due to
the relative low numbers in the sample no attempt has been made to subclassifv
them. Nevertheless, both slowly adapting and rapidly adapting fibres have been
found as have afferents responding only to low intensity or to low and high intensity
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stimuli. These receptors probably subserve local motor and secretory reflexes or

systemic reflexes related to gastrointestinal function. As such, they are similar to the
vagal and splanchnic abdominal receptors described in other organs [11.13.14.16.
18,19],

Of particular interest is the population of high threshold afferents described in
this paper. These afferents are connected to receptors situated in the biliary system,
having small receptive fields, sensitive to externally applied mechanical stimuli and
responding to biliary pressure changes only when the stimulus intensity reaches
noxious levels. In many respects these receptors are conceptually similar to skin
nociceptors. However, a number of considerations have to be made before these
receptors are unequivocally classified as visceral nociceptors. These considerations
are necessary for the establishment of a clear-cut distinction between noxious and
innocuous forms of visceral stimulation and the demonstration of separate popula¬
tions of sensory receptors activated by one type or another of stimulation.

(!) Distinction between innocuous and noxious intensities of stimulation. The ap¬

proach used in this study for the distinction between noxious and innocuous stimuli
has already been discussed in the preceding paragraphs. There is no doubt that
changes in biliary pressure below the level necessary for the opening of the sphincter
of Oddi can safely be considered innocuous. Similarly, distensions of the biliary
system that evoke a number of pseudoaffective reflexes, including rises in blood
pressure are clearly noxious. The problem arises in dealing with the range of
intermediate pressures between those clearly innocuous and those clearly noxious.
This is particularly difficult in experiments conducted on anaesthetized animals in
which the thresholds for the production of pseudoaffective reflexes are obviously
increased. In consequence, it is not possible to establish a rigid borderline in order to
distinguish between noxious and innocuous levels of biliary stimulation. The re¬
sponses of the sensory receptors and in particular the position of their pressure
thresholds in respect to the levels of pressure that are clearly noxious or clearly
innocuous will be more informative when dealing with borderline cases.

(2) Demonstration of two separate populations of receptors: nociceptors and non-
nociceptors. This question centres on the thresholds of activation of individual
receptors and whether grouping of receptors into two categories (nociceptors and
non-nociceptors) is thus affordable. All the high threshold receptors described in this
paper had thresholds above the level of biliary pressure necessary7 for the opening of
the sphincter of Oddi but below the levels that evoked changes in blood pressure (see
Figs. 6 and 7). Since it is assumed that the pseudoaffective reflexes are triggered by
the biliary nociceptors, that some degree of central integration in the nervous system
is necessary, and taking into consideration that the animals were under anaesthesia,
it is no surprise that the high threshold receptors of this report had pressure
thresholds below those necessary to evoke increases in blood pressure. It is therefore
concluded that these receptors belong to a group of high threshold receptors which
are only activated by levels of biliary pressure above the physiological range.

(3) Demonstration that noxious stimuli are the adequate stimuli for nociceptors. In
this study, mechanical stimulation of the biliary system was the only form of natural
stimulation employed. The very close association of several tissues around the biliary
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ducts raises the possibility that the receptive fields of the high threshold units mav
have been in a position to signal low threshold, innocuous events occurring in
another tissue (e.g., increases in pressure in the vascular system or tension in the
mesenteries). This possibility can be excluded by the fact that all the receptive fields
of the biliary receptors reported in this paper, both low and high threshold, were
located on the biliary system. Mechanical probing of nearby tissues did not activate
high threshold receptors. Nevertheless, the sensitivity of high threshold biliarv
receptors to chemical stimuli is of interest and should be explored in future
investigations.

During the course of this investigation, a study on the afferent innervation of the
biliary system of the cat has been published [7], These authors report microelectrode
recordings from dorsal root ganglion cells in the thoracic segments. They have found
a variety of biliary receptors connected to small myelinated and unmyelinated
afferents and located in either the muscular layers of the gallbladder or in the
surrounding mesentery. Their sample contains a variety of receptor types most of
which are similar to the low threshold receptors reported in the present paper.
However, Crousillat and Ranieri [7] did not find evidence for the presence of specific
high threshold receptors. It is not easy to establish a parallel between the two studies
since the stimulation methods were fundamentally different. Although Crousillat
and Ranieri [7] used distensions of the bladder and ducts, no quantitative data are

provided on intensities of stimulation or on the nociceptive nature of their stimuli.
Under these circumstances it is not possible to compare in detail observations on

high threshold afferent responses. Their receptors, as the ones described in this
paper, had small and punctate receptive fields. This is in contrast with other
abdominal mechanoreceptors which have up to 8 punctate mechanosensitive sites in
the mesentery [15]. Most of the high threshold receptors described in this paper were
located in the biliary ducts. This observation is of interest in view of descriptions of
a higher sensitivity of the biliary ducts to distensions. Schrager and Ivy [20] have
shown that localised distensions of the biliary ducts in dogs evoke greater pseudoaf-
fective reflexes than distensions of the gallbladder. Similar observations exist in the
clinical literature which provide further support for the idea of a greater concentra¬
tion of high threshold receptors in the biliary ducts.

The present investigation provides some evidence for the presence of high
threshold mechanoreceptors in the biliary ducts of the ferret. This does not indicate
that a category of visceral nociceptor should be established as a generalizing concept.
Nociceptors in internal organs have been described in other locations such as the
heart [1.4,23] or the lungs [10] but so far no direct evidence has emerged on

nociceptors in abdominal organs. It might well be that the specificity of innervation
of each viscus determines the type of sensations that can be evoked from it. This
would account for the differences in sensitivity of each viscus. In this sense biliary
nociceptors would be responsible for the sensations of sharp and localised pain that
originate from the biliary system. Lack of similar receptors in other gastrointestinal
organs could therefore account for the more ill-localised and dull aspects of
abdominal pain and discomfort. Alternatively, it might be that both nociceptors and
non-specific receptors act in parallel conveying information about noxious events to
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the CNS. No satisfactory answer can yet be given to the questions. More knowledge
is needed on the integration of visceral sensory messages by the CNS.
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Single unit electrical activity has been recorded from neurons in the Th8 and Th9 segments of the spinal cord in chloralose-anes-
thetized cats. These neurons had cutaneous receptive fields in the right costal region from which they could be driven by noxious
and/or innocuous stimulation of the skin. They could also be activated by distensions of the biliary system but only at noxious in¬
tensities of visceral stimulation. No viscero-somatic convergent neurons have been found responding to innocuous visceral stimula¬
tion.

Current interpretations of the mechanisms of
referred visceral pain are based on the 'Conver¬
gence-projection' theory of Ruch18. According to
this theory, the referral of visceral pain is due to the
convergence of visceral afferent fibers onto somato¬
sensory pathways in the spinal cord, particularly the
spinothalamic tract. This explanation for the refer¬
ral of visceral pain requires the existence of viscero¬
somatic convergence in the spinal cord and implies
that somatosensory neurons can only be activated
when visceral stimulation reaches noxious intensi¬
ties.

There is a good deal of experimental support for the
existence of convergence of visceral and cutaneous
afferent fibers onto spinal cord neurones7-13'16-20,
including spinothalamic tract neurons in the cat14
and in primates10-11-15.

In the majority of these studies, viscero-somatic
convergence onto spinal cord neurons was tested by
electrical stimulation of visceral afferent fibers. In

consequence, and with the exception of the studies
on the projection of cardiac afferent fibers to the
spinal cord1-8-10, little is known about the responses
of somatosensory neurons in the spinal cord to natu¬
ral stimulation of visceral receptors.

In this paper, viscero-somatic convergence in the
thoracic spinal cord of the cat has been studied using
natural stimulation of visceral receptors. It has been

found that neurons receiving convergence from so¬
matic and visceral afferent fibers can only be acti¬
vated by their visceral input when the intensity of
stimulation reaches noxious levels.

Cats were anesthetized with chloralose (60 mg/kg
i.v.) after induction with ketamine (20 mg/kg i.m.).
Blood pressure, end-tidal CO2, rectal temperature
and spinal cord temperature were continuously mo¬
nitored and kept within physiological limits. Natu¬
ral stimulation of the biliary system was .achieved
using a technique developed in the ferret and pre¬

viously described2-3. The fundus of the gall-bladder
was cannulated with a double-barrelled catheter and

the common bile duct was ligated near the duode¬
num. One barrel of the cannula was connected to a

pressure transducer and the other to a reservoir con¬

taining normal saline at 38 °C. By placing the reser¬
voir at different heights over the animal, the pressure
head applied to the biliary system could be changed.
This form of stimulation allows clear distinction be¬
tween noxious and innocuous levels of biliary stimu¬
lation by reference to the pseudoaffective reflexes
triggered when the intensity of visceral stimulation
reaches noxious levels3-6-19-21-22. In these experi¬
ments. as in previous studies2-3, levels of biliary
pressure that evoked transient increases in blood
pressure were considered to be of noxious intensity.
A thoracic laminectomy was performed and the seg-
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ments Th7 to Thll were exposed. Recordings were
made through glass microelectrodes from neurons in
the Th8 and Th9 segments of the spinal cord. The
ThlO dorsal root was available for electrical stimula¬
tion but left in continuity. Fine silver electrodes were

wrapped around the right splanchnic nerve and
embedded in low melting point wax. A bipolar con¬
centric electrode (200 tip diameter, 500 ,um tip
separation) was inserted in the left ventro-lateral
funiculus of the cervical spinal cord at C2 level in
order to study possible projections of the thoracic
neurons through crossed ventro-lateral pathways.

Recordings have been made from 92 units in the
gray matter of the Th8 and Th9 segments of the
spinal cord. The majority of the neurons (75%)
could be activated by natural or electrical stimula¬
tion of visceral and cutaneous afferent fibers. A

minority of neurons (25%) did not have visceral
inputs and could only be activated by cutaneous
stimulation. In 28 cells the visceral input could be
identified as originating from the biliary system. Fig.
1 shows an example of such a neuron. It had a cuta¬
neous receptive field in the costal region from which
it could be activated by noxious and innocuous

Ink-.

Fig. I. Responses of a viscerosomatic multireceptive neuron
in the thoracic spinal cord to changes in biliary pressure. An
increase in biliary pressure within the innocuous range did not
excite this unit which was powerfully activated by a larger
increase in biliary pressure. The latter increase was of noxious
intensity as shown by the transient increase in blood pressure.
The cutaneous receptive field of this unit, from which it could
by driven by noxious and innocuous mechanical stimulation,
is shown in the bottom part of the figure.

0 10 20 30 40 50 60 70 80

Biliary pressure (mmHg)

Fig. 2 (inset). Location of the recording sites of 28 units that
could be driven by cutaneous and biliary afferents. The loca¬
tions have been pooled from several experiments and are

superimposed on a transverse outline of the gray matter of the
Th9 segment. Lamination according to Rexed17. Graph:
responses of 6 neurons in the thoracic spinal cord to graded
increases in biliary pressure. Each point represents the mean
frequency of discharge of the neuron in response to a 30 s sus¬
tained level of biliary pressure. All these neurons had, in addi¬
tion, a cutaneous receptive field. The units were not excited by
innocuous levels of biliary pressure but responded vigorously
to increases above the level of biliary pressure that evoked
increases in blood pressure (indicated by the horizontal black
bar = B.P.f).

forms of stimulation (Class 2 or multireceptive neu¬

ron). In addition, changes in biliary pressure excited
this neuron, but only at levels of stimulation which
evoked transient increases in blood pressure (Fig. 1).
Electrical stimulation of the right splanchnic nerve
indicated that the visceral afferents mediating this
excitation were small A 5 and C fibers.

Fig. 2 (inset) shows the recording sites of the 28
units that showed viscero-somatic convergence from
the biliary system. Most sites were in the deep dorsal
horn and in the ventral horn. Nine of these cells
could be antidromically driven from the contrala¬
teral ventrolateral funiculus at C2 (conduction velo¬
cities range: 12-57 m/s). In 6 of the cells driven by
biliary afferent fibers it was possible to study their
level of discharge in response to sustained changes
of biliary pressure applied for 30 s. As shown in Fig.
2, all units gave threshold responses at 30—40 mm

Hg of biliary pressure and responded with greater
frequencies to biliary pressures between 40 and 80
mm Hg. Their threshold responses were consistent
with the levels of biliary pressure above which blood
pressure increases were also evoked. It is concluded
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that these neurons were specifically signalling nox¬
ious levels of biliary pressure.

In the course of these experiments no neurons
have been found responding to innocuous changes
in biliary pressure. It is conceivable that the sensory

receptors that signal physiological changes of biliary
pressure3-4 project to the central nervous system via
the vagus nerve5 or have only local actions through
peripherally organized reflexes23. The possibility
that some of the non-nociceptive population of bili¬
ary receptors have also modulatory actions on the
spinal cord neurons cannot be ruled out completely
but it seems unlikely since changes in the excitability
of viscero-somatic spinal cord neurons can be easily
detected by the study of their cutaneous responses.
Since no such changes were detected in the present
experiments it is suggested that the responses recor¬
ded from spinal cord neurons driven by biliary affer-

ents were evoked by the activation of nociceptors
similar to the visceral nociceptors described in the
biliary system of the ferret3. In agreement with other
reports11'15*16 no neurons have been found in the
present experiments, responding exclusively to vis¬
ceral inputs.

The results presented in this paper provide solid
experimental support for the main implications of
the 'Convergence-projection' theory of referred vis¬
ceral pain18 by showing that noxious visceral stimu¬
lation is the only effective stimulus to drive viscero¬
somatic convergent neurons in the spinal cord. It
has also been confirmed that some of these neurons

project to higher centres of the nervous system via
crossed ventro-lateral pathways.

This work was supported by the Medical Re¬
search Council (G978-1165-N).
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SUMMARY

1. Single unit electrical activity has been recorded extracellularly from 133
neurones in the grey matter of the 8th and 9th thoracic segments of the spinal cord
in chloralose anaesthetized cats. The responses of these neurones to electrical
stimulation of the ipsilateral splanchnic nerve, to natural stimulation of the skin and
to distension of the biliary system have been studied.

2. Of the neurones studied, 75% responded to electrical stimulation of the
splanchnic nerve and had a cutaneous receptive field in the costal region (viscero¬
somatic neurones). Twenty-three per cent of the neurones had a cutaneous receptive
field but no visceral input (somatic neurones) and 2 % had a visceral input but no
cutaneous field.

3. Somatic neurones had well-localized receptive fields from which they could be
driven by innocuous stimulation of the skin (52 %), by noxious (7 %) or by both forms
of stimulation (41 %). No somatic neurones projected to supraspinal levels via the
contralateral ventro-lateral funiculus.

4. Viscero-somatic neurones were excited by small myelinated and non-myelinated
afferent fibres in the splanchnic nerve. Most viscero-somatic neurones had cutaneous
inputs from nociceptors either exclusively (38 %) or in addition to non-noxious inputs
(53%).

5. The recording sites of somatic neurones were located almost exclusively in
laminae II and IV and dorsal V of the dorsal horn. In contrast, viscero-somatic
neurones were located in lamina I and in laminae V—IX of the grey matter. No
differential distribution of recording sites according to type of cutaneous receptive
field has been found within the viscero-somatic group of neurones.

6. About one-third of all viscero-somatic neurones could be excited by distensions
of the biliary system. In all cases, intensities ofvisceral stimulation above physiological
levels were necessary to activate the neurones. Most units driven by biliary afferents
were located in or ventral to lamina V of the dorsal horn. The excitation of these
units by biliary distension was found to be specifically mediated by receptors in the
biliary system.

7. Sixteen per cent of the neurones were found to project to supraspinal levels via
crossed ventro-lateral pathways. All of these neurones were viscero-somatic with
axonal conduction velocities between 12 and (58 m sec-1.
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S. Those results are discussed in relation to the postulates of the 'Convergence-
projection' theory of referred pain.

INTRODUCTION

The analysis of sensory mechanisms in the thoracic spinal cord is relevant to the
understanding of visceral sensation in general and of the patterns of referred visceral
pain in particular. The referral of visceral pain to the surface of the body is currently
interpreted in terms of the 'Convergence-projection' theory of Ruch (1947) which
postulates the convergence of visceral afferent fibres onto somatosensory neurones,
particularly those at the origin of the spino-thalamic tract. A number of functional
studies have shown convergence of somatic and visceral afferent fibres onto spinal
cord neurones (Pomeranz, Wall & Weber. 1968: Selzer & Spencer. 1969; Fields &
Winter. 1970; Fields, Meyer & Partridge, 1970; Fields. Partridge & Winter. 1970:
Gokin. 1970; Hancock, Rigamonti & Bryan. 1973: Guilbaud. Benelli & Besson. 1977:
Gokin. Ivostyuk & Preobrazhensky. 1977) including neurones of the spinothalamic
tract in the monkey (Foreman & Weber. 1980; Blair, Weber & Foreman. 1981:
Foreman. Hancock & Willis. 1981: Milne, Foreman, Giesler & Willis, 1981) and in
the cat (Hancock. Foreman & Willis. 1975). Most of these studies were conducted
on the lumbar region of the spinal cord using electrical stimulation of visceral nerves
to evoke visceral volleys. In consequence, little is known about the responses of
thoracic spinal cord neurones to natural forms of visceral stimulation.

The present study was undertaken to analyse the responses of neurones in the
thoracic spinal cord to somatic and visceral afferent inputs evoked by natural stimuli.
In particular the effects of graded distensions of the biliary system on thoracic spinal
cord neurones driven by cutaneous and splanchnic afferents have been studied. This
form of stimulation permits the distinction between noxious and innocuous forms of
visceral stimulation (Cervero, 1981: 1982a) which allows a better understanding of
the nature of the visceral input to spinal cord neurones.

Preliminary results have been published (Cervero, 19826. c).

METHODS

Experiments were conducted on twenty-three male cats weighing 1-6-3-3 kg. Anaesthesia was
induced with ketamine (20 mg/kg i.m.) and maintained with chloralose (60 mg/kg i.v.). Supple¬
mentary doses of anaesthetic were given to maintain a constant level of anaesthesia. The left
external jugular vein was cannulated for drug administration, as was the common carotid artery
of the same side for continuous monitoring of the blood pressure. Falls in blood pressure were treated
by slow infusions of Dextran in glucose-saline through a catheter inserted in the left saphenous
vein. The animals were paralysed with gallamine (initial dose 7 mg/kg i.v.; maintenance dose
3 mg/kg every 1-2 hr) and ventilated with a positive pressure pump (Harvard Animal Ventilator).
End-tidal C02 was continuously monitored with a fast response infra-red analyser and maintained
between 3 5 and 4-5% Rectal temperature was kept at 38 °C with the aid of a thermostatically
controlled DC-blanket. Two laminectomies were performed. In the cervical region, the spinal cord
segments C2-C4 were exposed as were the cord segments Th6-Thll in the thoracic region. The
animals were mounted on a rigid frame and pools were made with skin flaps over the exposed areas
of the spina! cord. To increase recording stability, a bilateral pneumothorax was performed and
a solution of 4 % agar in 09 °0 saline at 40 °C was infiltrated between the spinal cord and the dura
mater and between the dura mater and the vertebral bodies. A Perspex 'foot' was rigidly placed
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close to the dorsal surface of the cord and more agar infiltrated over and around it (Dostrovsky,
Goldsmith & Hellon, 1980; Molony, Steedman, Cervero & Iggo. 1981). Both spinal cord pools were
covered with warm paraffin oil kept at 38 °C.

Recording techniques. Single unit electrical activity was recorded extracellularly through glass
micro-electrodes filled with 3 m-KCI (impedance measured at 1 kHz was 10-30 Mfi). The electrodes
were driven into the right side of the Th8 and Th9 segments through a small window cut in the
agar block. A set of ball-tipped bipolar electrodes was placed over the intact ThlO dorsal root
through a separate window cut in the agar block. Dorsal root stimulation was used as a search
stimulus for spinal cord neurones. Fig. 1 A shows a diagram of the experimental arrangement.

on the ThlO dorsal root. The stimulating electrode in the contralateral ventro-lateral
funiculus at C2 level is also illustrated. B, mechanical stimulation of the biliary system.
Distensions of the biliary system were achieved by placing a reservoir containing warm
saline at different heights above the animal. Biliary pressure was monitored by a
transducer (Tr.). Further explanation in the text.

Recordings were amplified, displayed on an oscilloscope and stored on magnetic tape. Data analysis
was conducted 'on' and 'off-line' using an 8-bit microprocessor-based computer (Cromemco
System-3).

Stimulation of the splanchnic nerve. The right splanchnic nerves were dissected and freed from
the surrounding connective tissue via a retro-peritoneal approach. The exposed tips of fine
Teflon-coated silver wires were wrapped around the intact greater and lesser splanchnic nerves
(henceforth referred to as the splanchnic nerve). A small piece of Parafilm was placed under the
nerves and the whole electrode assembly was embedded in a low melting point wax. The ends of
the silver wires were connected to leads from an isolated stimulator for electrical stimulation of
the splanchnic nerve. In some experiments the compound action potential evoked by single shock
stimulation of the splanchnic nerve was recorded through silver chloride electrodes placed centrally
on the nerve to measure the thresholds for the different fibre groups in the nerve.

Natural stimulation of the biliary system. Controlled distensions of the biliary system were achieved
using a technique developed in the ferret and previously described (Cervero 1981, 1982a). The
biliary system was exposed through a medial laparotomy and a double-barrelled catheter was
inserted in the fundus of the gall-bladder. One barrel of the catheter was connected to a pressure
transducer and the other to a reservoir containing saline at 38 °C. The common bile duct was ligated
near to its entrance to the duodenum. By placing the reservoir at different heights over the animal,
the pressure head applied to the biliary system could be changed (Fig. 1R). This system permits
the distinction between noxious and innocuous levels of visceral stimulation by reference to the
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pseudo-affective reactions evoked in the animal hv the distensions of the biliary system (Oervero.
1982n). To exclude indirect stimulation of receptors in the portal vein when applying high levels
of biliary pressure, the portal system was cannulated in four animals by placing a catheter in one
of the smaller branches of the splenic vein. Portal pressure could then be measured or changed by
infusion of warm saline.

Stimulation of ascending pathways in the cord. In order to identify antidromically neurones
ascending through crossed ventro-lateral pathways, a concentric bipolar stainless-steel electrode
(200 p m tip diameter, 500 /mi tip separation) was placed in the left ventro-lateral funiculus at C.'i
level. The electrode was placed following stereotoxic co-ordinates and. at the end of the experiment,
a lesion was made in the cervical cord by passing a d.c. current of 200 pA for 10-20 sec through
the electrode.

Histological methods. The position of the recording micro-electrode was marked by ionophoretic
deposition of Pontamine Sky Blue (4 °0 in Go M-sodium acetate) in the last track of the experiments.
Marks were made in this track at 1 mm intervals. The cord was then removed and frozen. The

recording sites of the neurones were calculated from these marks recovered in 30 pm thick sections
counter-stained with Haematoxylin-Eosin (Cervero. Iggo & Molony, 1979). The error of locating
recording sites with this method has been shown to be within +70pm (Molony. 1978). The block
of cervical spinal cord containing the lesion in the ventro-lateral funiculus was also removed, frozen
and the lesion traced from 30 pm thick sections counter-stained with haematoxylin-eosin.

RESULTS

Identification of neurones

Single unit electrical activity was recorded extracellular]}- front 133 neurones in
the Th8 and Th9 segments of the spinal cord. This sample includes single unit
recordings taken within or close to the grey matter of these segments. Units recorded
in the white matter and having receptive fields outside the corresponding dermatomes
have not been included in the sample. Two other groups of neurones recorded within
the spinal grey matter have also been excluded from the present sample: (i)
preganglionic sympathetic neurones in the intermedio-lateral column and (ii) ventral
horn motoneurones. Neurones of the first group were identified by their location in
the cord and/or the lack of a well-defined cutaneous receptive field. Ventral horn
motoneurones were identified by their responses to low threshold inputs from
intercostal muscles and the lack of a well defined receptive field. Since none of these
criteria included direct identification by antidromic activation from the ventral roots
it is conceivable that the present sample may include a few sympathetic or somatic
motoneurones. Nevertheless, the majority of the units included in the present sample
were recorded outside the areas of concentration of these two types of motoneurone
(see Fig. 5).

Responses to electrical stimulation of the splanchnic nerve

Fig. 2 shows the compound action potentials recorded in the splanchnic nerve
following electrical stimulation of the same nerve. The three main components of the
afferent fibre spectrum (A/?, AS and C fibres) could be separated by their different
thresholds and conduction velocities. Based on these observations, each unit recorded
in the spinal cord was tested for inputs from the splanchnic nerve by electrical
stimulation of this nerve at an intensity suprathreshold for the highest threshold
fibres. Parameters of stimulation were adjusted to deliver a short train of three or four
pulses at 300 Hz every 5 sec. Pulse duration was 0-5 msec and stimulus intensity was
between 120 and 200 times threshold for the lowest threshold fibres (T = 150-200 mV).
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This type of stimulus was capable of activating all afferent fibres in the splanchnic
nerve.

Using this stimulation, neurones recorded in the present experiments were
classified into two categories: those that did have a visceral input and those that did
not. Neurones not having a visceral input will be referred to as 'somatic' neurones
since all of them could be driven by natural stimulation of the skin covering the costal
region. The vast majority of the neurones driven from the splanchnic nerve were also
excited by cutaneous stimulation of the corresponding dermatome and will be
therefore classified as 'viscero-somatic' neurones. Three units driven by splanchnic
afferents could not be activated by cutaneous stimulation and will be described as
a separate group.

Fig. 2. Compound action potential recorded from the splanchnic nerve following electrical
stimulation with a single shock of the same nerve. Conduction distance 22 mm. The strength
of the stimulus is shown in multiples of the threshold for the lowest threshold wave (2T,
1271 and 12077). Same amplification for all records. The three main components of the
afferent fibre spectrum (A/?, AS and C fibres) are clearly shown. The middle trace also shows
the wave corresponding to B fibres.

Receptive field properties of somatic neurones

Thirty units (22-6% of the total sample) were classified as 'somatic' neurones. As
shown in Fig. 3 these neurones could be activated by electrical stimulation of the
dorsal root but not by stimulation of the splanchnic nerve at maximal strength. All
these neurones could be excited by cutaneous inputs from receptive fields located in
the costal region. Receptive field sizes were usually large, extending over two to five
intercostal spaces but restricted in the dorso-ventral direction to about one third to
one fourth of the total extent of the dermatome (Fig. 3). These neurones were
sub-classified according to the type of cutaneous stimulation that activated them (see
Table 1). Fifteen neurones could only be activated by hair movement and/or touch

I20r
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(Class 1 or meehanoreccptive') (Fig. 3): twelve units were activated by low- as well
as high-intensity mechanical stimuli (Class 2 or ' multireceptive') and two units were
only activated by noxious stimulation of their receptive fields (Class 3 or 'noci-
receptive"). One neurone, whose recording site was located in lamina II. increased
its background activity on noxious stimulation of the skin and was inhibited by
low-intensity mechanical stimulation. Thus, most neurones not driven by visceral
afferents had cutaneous, receptive fields from which they could be activated by
non-noeiccptive inputs or by both nociceptive and non-nociceptive stimuli. None of
the somatic neurones could be antidromically activated from the contralateral
ventro-latcral funiculus in the upper cervical cord.

A B D Hair

segment of the cord. B. responses of this neurone to electrical stimulation of the dorsal
root (top) and absence of response to electrical stimulation of the splanchnic nerve at
maximal intensity (bottom). C. cutaneous receptive field of the neurone. D. responses of
this neurone to natural stimulation of its receptive field. This neurone was activated by
low threshold mechanical stimulation of the skin (hair movement and touch) but not by
noxious stimuli (heat above 45 °C and pinch).

Receptive field properties of viscerosomatic neurones
One hundred units (75 2 %) of the total sample) were driven by visceral fibres in

the splanchnic nerve and had a cutaneous receptive field in the costal region. The
stimulus intensity necessary for the activation of these neurones was 3-10 times
threshold for the lowest threshold fibres in the splanchnic nerve. Taking into account
the conduction distance from the stimulating electrodes in the splanchnic nerve to
the spinal cord, and assuming monosynaptic activation, the range of estimated
conduction velocities of the splanchnic fibres mediating the excitatory drive was
between 2-5 and 30 m/sec. The high threshold of these fibres and their low conduction
velocity suggest that the units were not driven by splanchnic fibres of the A/? group,
which include afferent fibres connected with Pacinian corpuscles (Leek, 1977). In most
cases (as the unit illustrated in Fig. 4) the responses of spinal cord neurones to
splanchnic nerve stimulation presented an early discharge due to A fibres activation
followed by a late discharge.
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Fig. 4. Yiscero-somatic neurones. Two such neurones are illustrated. A, location of their
recording sites (a and b). B, responses of neurone a to electrical stimulation at maximal
intensity of the splanchnic nerve. Several traces superimposed. Note the early discharge
due to AS fibre activation followed by a late discharge. C, cutaneous receptive fields of
both viscero-somatic neurones (a and b). D, responses of neurone b to natural stimulation
of its receptive field. This neurone responded to innocuous (touch) and noxious (pinch)
cutaneous stimuli.

Table 1. Classification of somatic and viscero-somatic neurones according to their cutaneous and
visceral inputs. Figures indicate the number of units recorded in each category

Visceral input

Skin input Xo Yes Total

Mechanoreceptive 15 7 22

Multireceptive 12 42 54

Nocireceptive 2 30 32

Total 29 79 108

Yiscero-somatic neurones had receptive fields in the skin covering the costal region.
Receptive field sizes and shapes were similar to those of somatic neurones (Fig. 4)
although units with very large receptive fields were always viscero-somatic. Only
seven neurones were of the mechanoreceptive type (class 1). The majority (42 units)
were multireceptive (class 2) (Fig. 4) and a large proportion (30 units) were
noeireceptive (class 3) (Table 1). In twenty-one cases the lack of complete cutaneous
tests prevented adecjuate sub-classification of the units. The majority of viscero¬
somatic neurones were thus driven either exclusively by noxious stimulation of the
skin or by both noxious and innocuous stimuli. Sixteen viscero-somatic neurones were
activated antidromically from the contralateral ventro-lateral funiculus in the upper
cervical cord.
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Neurones driven only by visceral inputs
Three units driven by splanchnic afferent fibres (2-2 °0 of the total sample) could

not be activated from the skin by noxious or innocuous cutaneous stimulation. These
three neurones exhibited thresholds and latencies to splanchnic nerve stimulation
which were similar to those of viscero-somatie neurones. Two of them could be
activated antidromically from the contralateral ventro-lateral funiculus in the upper
cervical cord. Their recording sites were located in lamina VIII.

Fig. 5. Location of the recording sites of somatic (A) and viscerosomatic (B) neurones.
Recording sites have been superimposed on standard sections of the Th9 spinal cord
segment.

Location of neurones

The locations of the recording sites of 128 neurones are presented in Fig. 5. Fig.
5 A shows the recording sites of twenty-nine somatic neurones and Fig. 5B displays
the recording sites of 99 neurones activated by splanchnic stimulation.

A differential distribution of the recording sites of each type of neurone is apparent,
the majority of somatic neurones were recorded in the dorsal horn, particularly
laminae II, IV and dorsal V. Only one recording site was located in lamina I and very
few in the deep dorsal horn and ventral horn. In contrast, the areas of concentration
ofsomatic neurones appear almost completely free of recording sites of viscero-somatic
neurones. The latter are concentrated in laminae I, V, VII and VIII. Since all
neurones were tested with maximal stimulation of the splanchnic nerve, it is
concluded that splanchnic fibres do not project in significant numbers to laminae II
and IV of the thoracic spinal cord.

The relationship between type of cutaneous receptive field, visceral or somatic
input and location of recording site is presented in a graphical form in Fig. 6. Most
mechanoreceptive and multireceptive somatic neurones were located in laminae II,

A B
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IV and V whereas the two nocireceptive somatic neurones were located superficially
in laminae I/II. However, nocireceptive neurones were not the only type of neurone
in lamina I. Some mechanoreceptive and multireceptive viscero-somatic neurones
were recorded in this area (Fig. 6) whereas many nocireceptive viscero-somatic
neurones had their recording sites in laminae V, VII and VIII of the grey matter.
No differential distribution of recording sites according to type of cutaneous receptive
field has been found within the viscero-somatic group of neurones.

i

li

ill

IV

v

VII

VIII 1 5 units
IX

Somatic Viscero-somatic

Fig. 6. Relationship between type of cutaneous receptive field, visceral or somatic input
and location of recording site. A. mechanoreceptive neurones, B, multireceptive neurones;
C, nocireceptive neurones. Note the lack of a differential distribution of recording sites
according to type of cutaneous receptive field within the viscero-somatic group of
neurones.

Natural stimulation of the biliary system
The presence of an input from the biliary system was tested in ninety-eight

viscero-somatic neurones. Thirty units of this group (30-6% of all viscero-somatic
neurones) were excited by distensions of the biliary system.

Natural stimulation of biliary receptors was achieved by distensions of the biliary
system for periods of 30 sec. Distension levels that did not evoke blood pressure
increases were classified as innocuous, whereas those that did were considered
noxious. The noxious threshold was consistently around 35 mmHg of biliary pressure.

The locations within the spinal cord of the thirty units driven by biliary inputs
are presented in Fig. 7 A. There are no differences between the locations of these units
and the locations of all viscero-somatic neurones (see Fig. 5) except that no
biliary-driven units were found among the viscero-somatic population in lamina I.
With the exception of one recording site in lamina III, all biliary-driven units were
found in or ventral to lamina V.

All neurones responding to distension of the biliary system were only excited at
noxious levels of distension. As shown in Fig. 1C. levels of biliary pressure that did
not evoke transient increases in blood pressure, were ineffective in exciting this
neurone. The same unit was powerfully activated by higher intensities of biliary
pressure which evoked transient increases in blood pressure. The stimulus-response
relationship for one of the biliary-driven units is presented in Fig. IB which shows
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that the threshold for activation of this unit was 25 mmHg. This neurone was excited
by stimulus intensities between 25 and 7(1 niinHg which were outside t lie physiological
levels of biliary pressure.

The responses of biliary-driven neurones to changes in biliary pressure showed some
degree of adaptation over the 30 sec period of stimulation. Longer periods' of
stimulation were deliberately avoided to prevent damage to the biliary system by
the high intensities of stimulation. As shown in Fig. 7 the responses to biliary pressure
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Fig. 7. Neurones in the Th9 segment of the cord, driven by mechanical stimulation of the
biliary system. A, location of their recording sites. B, stimulus-response relationship for
one of the biliary-driven neurones. Each point represents the mean and standard error
of the discharge of the nerve over a 30 sec period. Note that the neurone responded only
over the range of noxious levels of biliary pressure. C, responses of another biliary-driven
neurone to biliary distension. The neurone responds to high levels of biliary pressure that
cause transient increases in blood pressure but not to those levels of biliary pressure within
the physiological range.

showed a rapidly adapting phase within the first few seconds and a slowly adapting
component for the duration of the stimulus. No pure rapidly adapting responses to
biliary pressure have been found in the present experiments.

All neurones driven by biliary afferents had in addition a cutaneous receptive field
in the costal region. The majority (thirteen units) of the biliary-driven units responded
to both noxious and innocuous cutaneous stimulation (multireceptive or class 2
neurones). Four were mechanoreceptive (class 1), seven were nocireceptive (class 3)
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and six could not be completely tested for cutaneous inputs. Ten neurones driven
from the biliary system were antidromically activated from the cervical ventro-lateral
funiculus.

The possibility that the units responding to high levels of biliary pressure were

being activated indirectly through changes in portal pressure was explored in four
experiments. A study was made of the relationship between biliary* pressure and
portal pressure and the results are presented in Fig. 8 A and B. When the biliary
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Fig. 8. A, changes in portal pressure evoked by increases in biliary pressure. A small change
of 2 mmHg takes place when biliary pressure is increased above 30 mmHg. B. lack of
variation in biliary pressure to changes in portal pressure. C, background activity of a
neurone in the Th9 segment of the cord driven by distensions of the biliary system.
Changing the portal pressure to the levels presented in the Figure (7, 35. 55 and 8 mmHg)
did not evoke any responses by this biliary-driven neurone.

pressure was used as the controlled variable, a total excursion from 3 to 100 mmHg
evoked a change of 2 mmHg in portal pressure (Fig. 8A). This change took place
mainly over the higher intensities levels of biliary pressure (above 30 mmHg).
However, when portal pressure was changed, a total excursion from 3 to 60 mmHg
of portal pressure did not evoke any change in biliary pressure (Fig. 8 B). Thus, while
some very low threshold receptors in the portal system could be excited by high levels
of biliary pressure, biliary receptors would not be activated by any changes in portal
pressure.

Three units responding to high levels of biliary pressure were tested for portal vein
inputs by changing the levels of portal pressure. None of the units could be activated
by portal pressure changes (Fig. 8C). The inability of such stimulus to activate
biliary-driven neurones in the spinal cord indicates that these neurones are directly
driven by biliary receptors when responding to high levels of biliary pressure.
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('rowed ventro-lcileral projection*
Ascending projections of thoracic spinal cord neurones through crossed ventro¬

lateral pathways were studied by electrical stimulation of the ventro-iateral funiculus
at C3 level. Criteria for antidromic excitation included constant latency of the spike
evoked from C3. ability to follow short train of stimuli at 300 Hz or more and the

Fig. 9. Ascending projections of thoracic spinal cord neurones through the contralateral
ventro-iateral funiculus. A. locations of the stimulating electrode in the C2 segment. B,
antidromic spikes evoked by cervical stimulation. Note constant latency (top) and
collisions with spontaneous spikes (bottom). C, histogram of the conduction velocities of
the axons activated from the cervical cord. White: neurones without inputs from the
biliary system; hatched: neurones with biliary inputs. D, locations of the recording sites
of antidromically activated neurones; A, neurones without biliary inputs: #, neurones
with biliary inputs.

occurrence of collisions with orthodromically evoked or spontaneous spikes (Fig. 9 B).
Of 108 neurones tested for projections, eighteen responded with an antidromic spike
to cervical stimulation (16-6% of the sample).

The locations of the stimulating electrodes in twelve experiments are presented in
Fig. 9 A which shows that all sites were within the ventro-lateral funiculus. The range
of thresholds for antidromic excitation was between 100 and 1000 pA with 01 msec

pulses. This kind of stimulation will excite fibres within 1 mm of the electrode tip
(Ranck, 1975). The range of conduction velocities of the ascending axons was between
12 and 68 m/sec (Fig. 9 C). The recording sites of the antidromically activated
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neurones were located in the ventral horn, particularly In or around lamina VIII
(Fig. 9D).

All eighteen neurones were activated by electrical stimulation of the splanchnic
nerve. Ten of them were driven by distensions of the biliary system. According to
the properties of the cutaneous receptive fields seven were multireceptive (class 2),
two were nocireceptive (class 3) and seven could not be completely tested for
cutaneous inputs. A cutaneous receptive field could not be found for the remaining
two units.

DISCUSSION

The aim of the present experiments was to survey the responses of thoracic spinal
cord neurones to afferent inputs of somatic and visceral origin within the over-all
purpose of studying visceral sensory mechanisms. Particular attention was paid to
inputs from the biliary system as a source of visceral afferent activity evoked by
'natural' means. The results obtained in this study show that neurones within the
grey matter of the thoracic spinal cord can be driven either by somatic inputs only
or by somatic and visceral inputs. Little evidence has been found for a specific
visceral-driven system in the cord segments under stud}-. Only 3 out of 133 neurones
recorded were found to have an input from the splanchnic nerve and not driven from
the skin. Two of them had an axon running in the ventro-lateral funiculus of the
opposite side and might have been neurones belonging to a descending system. The
inability to find a cutaneous receptive field in such a small group of visceral driven
cells has to be interpreted with caution in view of the small number of cells and the
alterations that the surgical preparation or the anaesthetic may have caused to the
animals. The conclusion is therefore that neurones in the thoracic spinal cord are
driven either by cutaneous afferents only or by cutaneous and visceral afferents. This
conclusion supports previous reports on viscero-somatic convergence in the spinal
cord (Pomeranz et al. 1909; Gokin et al. 1977; Foreman et al. 1981; Milne et al. 1981).

The functional characteristics of the cutaneous receptive fields of the neurones
described in this paper are not significantly different from those of somato-sensory
neurones in other parts of the cord. The relatively large size of the receptive fields
probably reflects a lower density of innervation of the thoracic skin and/or smaller
number of second order neurones in the cord subserving the innervation of the area."
A fundamental difference was found in the kind of cutaneous inputs of the neurones
driven exclusively from the skin from those units having an additional input from
viscera. The majority of the former were mechanoreceptive cells, that is, activated
only by low threshold mechanoreceptors whereas most viscero-somatic neurones were
driven by nociceptors either specifically or in addition to their low threshold inputs.
In agreement with other reports (Hancock et al. 1975; Milne et al. 1981), a small
number of somatic nocireceptive cells and of viscero-somatic mechanoreceptive units
was also found. In consequence, the conclusion by Guilbaud et al. (1977) that
viscero-somatic convergence occurs only on neurones having a cutaneous nociceptive
input cannot be totally supported by the present data.

An important point of discussion relates to the location of the recording sites of
somatic and viscero-somatic units. In the present experiments, very few viscero-
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somatic- neurones were recorded in laminae 1J. and IV whereas the recording sites
of somatic neurones were concentrated in these laminae. This differential distribution
was initially described by Pomeranz et al. (1968) and confirmed by Gokin (1970) and
Gokin el al. (1977). Other studies have shown that neurones in lamina IV of the
lumbo-sacral cord, particularly those that project through the spino-cervical tract
do not receive an input from viscera (Cervero & Iggo. 1978). An important question
arises from the lack of visceral input to more superficial areas of the dorsal horn.
Lamina II (the substantia gelatinosa (s.g.)) is known to receive the bulk of the
non-myelinated fibre projection to the spinal cord and it has been proposed that no
C fibres terminate outside it (see Cervero & Iggo. 1980 for review). Since many afferent
fibres in the splanchnic nerve are non-myelinated (Leek, 1977) it can only be concluded
that either the visceral non-myelinated projection to the s.g. was missed in the
present experiments or that C fibres from viscera do not terminate in lamina II. The
first possibility, although not excluded, is unlikely since none of the units recorded
in the s.g. in the present experiments were driven by visceral afferent fibres. Units
recorded in the s.g. included neurones responding in a manner previously shown-to
be that of some types of s.g. cell (Cervero et al. 1979; Cervero & Iggo. 1980; Molony
et al. 1981). Furthermore, many units driven by visceral afferent fibres were found
in or around lamina I (the marginal zone) thus showing that visceral fibres project
to the marginal zone but not to the s.g. The possibility that visceral C fibres terminate
in areas within the cord different from those receiving cutaneous C fibres has been
recently substantiated. Morgan, Nadelhaft & de Groat (1981) have described that
visceral afferent fibres from the colon and bladder join Lissauers tract in the sacral
spinal cord of the cat and from there pass to either lamina I or to laminae V. VI and
VII without a major projection to the s.g. This evidence also points to the conclusion
that the projection of visceral afferent fibres to the spinal cord is organized in a
different manner from that of the corresponding cutaneous input.

No evidence has been found in the present experiments for a segregation of
neurones in the thoracic spinal cord according to the types of cutaneous input.
Xocireceptive cells, although present in significant numbers in or around lamina I,
were also found throughout the rest of the grey matter. Conversely, mechano-
receptive and multireceptive neurones were also present in or around the marginal
zone. This observation points to the conclusion that the separation of neurones
according to their cutaneous inputs is less marked in the thoracic cord than in the
lumbo-sacral enlargement.

In agreement with other studies (Pomeranz et al. 1968; Hancock et al. 1973, 1975;
Foreman et al. 1981; McMahon & Morrison. 1982) no evidence has been found in the
present study for spinal cord projection of the larger A/? fibres in the splanchnic nerve.
These fibres, connected with mesenteric Pacinian corpuscles, are known to project
to other areas of the central nervous system but the available evidence seems to
indicate that they do not contribute to the mechanisms of neuronal integration at
the spinal cord level. The functional significance of such an afferent input to the
nervous system remains a mystery.

A major objective of this study was the analysis of the projection of afferent fibres
from the biliary system to the spinal cord. About one third of the viscero-somatic
neurones tested for biliary inputs were excited by distensions of the gall-bladder and
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ducts. The finding of a high proportion of spinal cord neurones responding to inputs
from a relatively small area of the gastro-intestinal tract can be interpreted in two
ways. On the one hand, it is known that afferent fibres from the biliary system enter
the spinal cord through very few dorsal roots in a well localized arrangement. Based
on micro-electrode recordings of biliary afferents in spinal ganglia, Ranieri (1977) and
Crousillat & Ranieri (1980) concluded that the majority of the cell bodies of biliary
afferents were located in the Th8. 9 and 10 ganglia. The recordings from cord neurones
in the present study were restricted to the Th8 and 9 segments of the spinal cord and
in consequence the chances of finding neurones driven by the biliary system were
maximized. On the other hand it is possible that many of the neurones in the ventral
horn excited by biliary distension received this excitatory drive via a diffuse
spinal-bulbo-spinal loop. Giesler. Yezierski, Gerhart & Willis, (1981) have reported
that some spino-thalamic tract neurones in the monkey can be excited by noxious
stimulation from distant areas via a bulbo-spinal loop involving descending pathways
from the reticular formation. It has also been found that some neurones in the ventral
horn of the thoracic spinal cord in the cat, can be excited by volleys from the
splanchnic nerve in the decerebrate state but not in the spinal state as demonstrated
by reversible spinalization of the animals (F. Cervero. unpublished observations).
These observations suggest that noxious inputs from somatic and visceral structures
can increase the excitability of sensory pathways in the spinal cord via descending
excitatory systems.

The analysis of the responses given by the units excited by biliary distension
indicates that noxious intensities of visceral stimulation were necessary to drive
viscero-somatic neurones. This observation is in line with the reports of Foreman
(1977) and Foreman & Ohata (1980) showing that only noxious stimulation of the
heart was effective in exciting thoracic spinal cord neurones driven by cutaneous and
cardiac afferent fibres. Similarly, Milne et al. (1981) have shown that spino-thalamic
tract cells in the sacral cord of the monkeys can be excited by noxious stimulation
of the testicles. In consequence, it seems clear that as far as those internal organs
from which clear patterns of visceral pain can be elicited (heart, biliary system,
testicles), noxious intensities of stimulation are necessary to activate viscero-somatic
neurones in the spinal cord. The situation in other viscera with more complex patterns
of innervation and/or giving rise to a variety of sensations (i.e. the urinary bladder)
appears to be less clear cut (McMahon & Morrison. 1982).

Over 15 °0 of the spinal cord neurones in the present sample were found to have
an axon ascending in the contralateral ventro-lateral quadrant. Judging by the
locations of the recording sites, these neurones were probably spino-thalamic
(C'arstens & Trevino, 1978) or spino-reticular (Fields. Clanton & Anderson. 1977;
Maunz. Pitts & Peterson. 1978). All projecting neurones in the present sample had
visceral inputs and many were driven by biliary inputs. Putting all these observations
together, the results obtained in the present study provide strong support for all the
main proposals of the 'convergence-projection ' theory of referred pain (Ruch. 1947).
Convergence of noxious inputs from viscera onto somato-sensory spinal cord neurones
projecting through ascending pathways is the central element of Rueh's proposal.
Evidence has been presented in this paper that supports all aspects of this proposal.
In addition, some information has been obtained on the organization of the visceral
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injnit to the thoracic spinal cord which suggests a differential arrangement of
cutaneous afferent fibre endings from those of visceral origin.
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Kay Grant during the experiments are gratefully acknowledged. Drs M. B. Dutia and It. It.
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Single unit electrical activity has been recorded extracellularly from 103 neurones in the thoracic spinal cord of decerebrate cats.
The responses of these neurons to electrical stimulation of cutaneous and visceral afferent fibres, their projection through ascending
sensory pathways and the effects of descending impulses on the neurones have been studied. Of the 103 neurones recorded. 45
(43.7%) responded only to activation of cutaneous afferent fibres ('Somatic' neurones). Their recording sites were located mainly in
laminae II. Ill and IV of the dorsal horn. The remaining 58 neurones (56.3%) responded to stimulation of cutaneous and visceral
afferent fibres ('Viscero-somatic' neurones). Their recording sites were located in laminae I. V. VII and VIII of the grev matter. Six¬
teen neurones had axons projecting through ascending pathways: 6 were post-synaptic dorsal column cells (PSDC), 2 were spino-cer-
vical tract cells (SCT), 5 projected through the contralateral ventro-lateral funiculus (VLQ) and 3 through the ipsilateral dorso-lateral
funiculus (DLF). All PSDC cells were somatic and all VLQ neurones were viscero-somatic. Reversible spinalization of the animals by
cold block resulted in a selective increase of the responses of viscero-somatic neurones to cutaneous and visceral C-fibre input. In some
viscero-somatic neurones, cold block induced a reduction or abolition of the visceral input suggesting its mediation via supraspinal
loops. Electrical stimulation of the ipsilateral DLF evoked non-specific inhibitions of all inputs to viscero-somatic neurones. These re¬
sults are discussed in relation with the mechanisms of visceral sensation.

INTRODUCTION

The thoracic spinal cord receives a substantial pro¬

portion of the total afferent inflow mediated by the
splanchnic nerve as well as the cutaneous innervation
of the thoracic region. Convergence of somatic and
visceral afferent fibres onto second order neurones in

the thoracic spinal cord is well documented1-5-
7,14-17.20.21.23.21.32. These studies have given experi¬
mental backing to Ruch's 'Convergence-projection'
theory of referred pain34. According to this theory,
referred pain results from the convergence of visceral
nociceptive messages onto spinal cord neurones pro¬

jecting through somato-sensory pathways.
In previous reports from this laboratory5-7 strong

experimental support has been provided for all the
main proposals of the 'Convergence-projection' the¬
ory of referred pain, particularly with regards to the
effects of noxious stimulation of the biliary system. In

the experiments reported here, these studies have
been extended to include a survey of the pathways of
projection of viscero-somatic convergent neurones
and the analysis of the descending controls from su¬

praspinal structures on spinal transmission of visceral
information. It has been found that the pattern of dis¬
tribution of visceral afferents to the thoracic spinal
cord differs from that .of the somatic afferents: that
some somato-sensory pathways from the thoracic
cord do not carry viscero-somatic convergent infor¬
mation and that both somatic and visceral inputs to
thoracic spinal cord neurones are under tonic and
phasic descending influences.

Preliminary results have been published else¬
where6.

METHODS

Experiments were conducted on 12 male cats

" Present address: Department of Physiology. The Medical School. University of Bristol. University Walk. Bristol BSS 1TD. U.K.
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weighing 1.9-4.2 kg. All cats but one were decere¬
brated at mid-collicular level under halothane anes¬

thesia (2.5% in Vs 02 and % N.O) which was discon¬
tinued thereafter. One animal was kept under chlora-
lose anaesthesia (60 mg/kg i.v.) after induction with
ketamine (20 mg/kg i.m.). The general methods for
the monitoring and maintenance of physiological
constants have been described previously in detail7.
Two laminectomies were performed. In the cervical
region, the spinal cord segments CI to C4 were ex¬

posed as were the cord segments Th6 to Thl3 in the
thoracic region. The animals were mounted in a rigid
frame and pools were made with skin flaps over the
exposed areas of the spinal cord. Recording stability
was increased by a bilateral pneumothorax and by

O Skin

Fig. 1. Experimental arrangement. The diagram illustrates the
position of the recording microelectrode in the Thll segment
of the cord and the location of electrodes for stimulation of
afferent fibres in the skin, the splanchnic nerve (Spin) and the
Thl2 dorsal root (DR). A thermode for cold block of the spinal
cord was placed on the Th7 segment. Stimulating electrodes
were also placed in the contralateral ventro-lateral funiculus at
C2 (VLQ) and on the ipsilateral dorso-lateral funiculus (DLF)
at CI and C3. The dorsal columns were cut at C4 and in some

experiments another stimulating electrode (not illustrated) was
placed over the dorsal columns caudal to this section.

the infiltration of agar around a perspex 'foot' over
the spinal cord as previously described7. Both spinal
cord pools were covered with warm paraffin oil kept
at 38 °C.

Recording techniques
Single unit electrical activity was recorded extra-

cellularly through glass microelectrodes filled with 4
M NaCl (impedance measured at 1 Khz was 10-30
MQ). The electrodes were driven into the right side
of the ThlO and Thll segments. A set of ball-tipped
bipolar electrodes was placed over the intact Thll or
Thl2 dorsal root whose stimulation was used as a

search stimulus for spinal cord neurones (Fig. 1). Re¬
cordings were displayed on an oscilloscope and ana¬

lyzed 'on' and 'off-line' using a microcomputer (Cro-
memco System 3).

Stimulation ofafferent fibres
Cutaneous afferent fibres were activated either by

natural stimulation of their receptive fields or by
electrical stimulation through intradermal electrodes
(Fig. 1). Visceral afferent fibres were activated by
electrical stimulation of the ipsilateral splanchnic
nerve which was dissected via a retroperitoneal ap¬

proach (Fig. 1). The exposed tips^of fine teflon-
coated silver wires were wrapped around the intact
greater and lesser splanchnic nerve (henceforth re¬
ferred to as the splanchnic nerve) and the whole elec¬
trode assembly was embedded in a low melting point
wax7. In some experiments the compound action po¬
tential evoked by stimulation of the splanchnic nerve
was recorded through centrally placed electrodes to
measure the thresholds for the different fibre groups
in the nerve.

Stimulation ofascending pathways
In orer to identify antidromicallv neurones ascend¬

ing through somato-sensory pathways, two sets of
ball-tipped silver electrodes were placed on the ipsi¬
lateral dorso-lateral funiculus (DLF) at CI and C3
and a concentric bipolar stainless steel electrode (200

tip diameter, 500^m tip separation) was placed in
the contralateral ventro-lateral quadrant (VLQ) at
C2 level (Fig. 1). In addition, the dorsal columns
were cut at C4 and in some experiments silver ball-
tipped electrodes were placed on the dorsal columns
caudal to this section.
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Cold block of the spinal cord
Reversible spinalization of the animals was

achieved by circulating cold fluid through a thermode
placed on the spinal cord at Th7 (Fig. 1). Details of
this technique have been published previously11.

■Histological methods
The position of the recording microelectrode was

marked by iontophoretic deposition of Pontamine
sky blue as previously described710. The position of
the stimulating electrode in the C2 VLQ was also
marked by passing a DC current of 200 pA for 10-20
s. Electrode marks were recovered from 30 pm fro¬
zen sections counter stained with haematoxylin-eo-
sinorcresyl violet.

RESULTS

Somatic and visceral inputs to thoracic spinal cord
neurones

In the present experiments, single unit electrical

A
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activity has been recorded from 103 neurones in the
grey matter of the ThlO and Thll segments of the
cord. The units selected for this study included all
cells responding to dorsal root stimulation recorded
in laminae I—VIII of the spinal cord grey matter.
Since one of the aims of this study was the analysis of
the projection of somatic and visceral primary affer¬
ent fibres to the thoracic cord, the sampling bias was
towards units recorded in the dorsal horn of the spi¬
nal cord (Fig. 3).

All units were tested for somatic and visceral in¬

puts by supramaximal electrical stimulation of cuta¬
neous and visceral afferent fibres. Using this ap¬

proach, the units were classified into two major
groups, as previously described7: neurones respond¬
ing only to electrical stimulation of the skin ('Somatic
neurones'. Fig. 2A) and neurones responding to elec¬
trical stimulation of both the skin and the splanchnic
nerve ('Viscero-somatic neurones'. Fig. 2B). No
units were found responding only to visceral afferent
inputs. Of 103 units tested in this way, 45 (43.7%)

B
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Fig. 2. A: responses of a somatic neurone in the thoracic spinal cord to electrical stimulation of the skin (top two traces) and of the
splanchnic nerve (bottom trace). Top trace, stimulation of cutaneous A-fibres: middle trace, stimulation of cutaneous C-fibres; bot¬
tom trace, supramaximal stimulation of all fibres in the splanchnic nerve. B: responses of a viscero-somatic neurone in the thoracic spi¬
nal cord to supramaximal electrical stimulation of the skin (top trace) and of the splanchnic nerve (bottom trace). Note the early and
late responses in both cases due to the activation of the A and C afferent fibres.
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were somatic neurones and 58 (56.3%) were viscero¬
somatic neurones. About half of the somatic neu¬

rones responded only to electrical stimulation of the
cutaneous A-fibres whereas the other half responded
to stimulation of both A- and C-fibres (Fig. 2A).
Their cutaneous receptive fields were located in the
costal region from where they could be activated by
innocuous mechanical stimulation (53.2%), by nox¬
ious stimulation (21.8%), or by both (25%).

Most viscero-somatic neurones responded to elec¬
trical stimulation of the cutaneous A and C afferent
fibres as well as to electrical activation of the visceral
A<5 and C afferent fibres (Fig. 2B). No units were
found responding to the stimulation of the larger A/S
visceral afferents. All viscero-somatic neurones had
cutaneous fields in the costal region. The vast majori¬
ty of these neurones were activated by noxious stimu¬
lation of the skin, either exclusively (19%) or in addi¬

tion to non-noxious stimulation (76.2%). A minority
of viscero-somatic neurones (4.6%) did not respond
to cutaneous noxious stimulation.

Locations of recording sites
Fig. 3 shows the location of the recording sites of

41 somatic and 55 viscero-somatic neurones recorded

in the gray matter of the Thll segment of the spinal
cord. Most somatic neurones were recorded in lami¬
nae II, III and IV of the dorsal horn whereas almost
no viscero-somatic neurone was recorded within
these laminea. The recording sites of the latter were
concentrated in lamina V with some viscero-somatic

neurones recorded in lamina I and in lamina VII/

VIII.

Ascending projections
Projections of thoracic spinal cord neurones

Fig. 3. Location of the recording sites of 41 somatic neurones and 55 viscero-somatic neurones. Recording sites have been superim¬
posed on a standard section of the Thl 1 spinal cord segment. Lamination according to Rexed33.

SOMATIC VISCERO-SOMATIC
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TABLE I

Long ascending projections of thoracic spinal cord neurones in = 94}

Pathways of projection of neurones in the thoracic spinal cord with axons ascending to the cervical spinal cord. The numbers of somatic
and viscerosomatic neurones projecting through each pathway are indicated. In some cases the locations of the recording sites of the
neurones have been indicated with the appropriate Lamina number.

Somatic neurones Viscerosomatic Total
neurones

Ipsi-lateral Post-svnaptic dorsal column: 6 0 6
Spino-cervical tract: 1(IV) '(vup 2
Dorso-lateral funiculus: 12 3

Contra-lateral Ventro-lateral funiculus: 0 5(livII) 5
16

through ascending pathways were tested in 88 units
recorded within the grey matter of the ThlO and
Thll segments. In addition, recordings were made
from 6 axons of post-svnaptic dorsal column (PSDC)
neurones in the ipsilateral dorsal column, whose cu¬
taneous receptive fields were located in the derma¬
tome immediately caudal to that of the cord segment
from where they were recorded. In total. 16 neu¬
rones (17% of the sample analyzed) could be driven
antidromicallv from the cervical spinal cord. Criteria
for antidromic activation included constant latency of
the evoked spike, ability to follow high frequency
stimulation and the occurrence of collisions with or-

thodromically evoked spikes.
The 6 axons recorded in the dorsal column were

identified as axons of PSDC neurones by antidromic
activation from a dorsal column electrode at C4 but

not by a DLF electrode at C2 with the dorsal columns
sectioned between the two electrodes4. None of

these PSDC neurones responded to electrical stimu¬
lation of the splanchnic nerve (Table I).

Half of the remaining units antidromically driven
from the cervical cord projected through the contra¬
lateral VLQ (Table I). Their conduction velocities
ranged between 15 and 45 m/s and their recording
sites were located in lamina I (1 neurone) and in lami¬
na VII (4 neurones). All neurones projecting
through the contralateral VLQ were viscero-somatic
neurones.

Two other units antidromically driven from the
cervical cord were identified as spino-cervical tract
(SCT) neurones (Table I). Criteria for identification
included antidromic activation from the ipsilateral
DLF at C3 but not from the ipsilateral DLF at CI

with the dorsal columns cut at C43-9. One SCT neu¬

rone. located in lamina IV, was a somatic neurone.

The other was a very unusual SCT neurone, whose
recording site was located in lamina VIII and re¬

sponded to electrical stimulation of the splanchnic
nerve. In one cat, a special survey of the grey matter
was made in an attempt to look specifically for SCT
neurones. Nine tracks (inter-track distance 250 pm)
were made throughout the grey matter in a 3 x 3 grid
while the ipsilateral DLF at C3 was stimulated elec¬
trically at 2 Hz. In spite of an extensive search, no
SCT neurones were found in this special survey.

The remaining 3 units antidromically activated
from the cervical cord projected through the ipsilate¬
ral DLF as demonstrated by antidromic activation
from C3 and CI without change in threshold or con¬
duction velocity. Two were viscero-somatic and one
was a somatic neurone (Table I). All were recorded
in lamina VII. in or around Clarke's column.

Cold block of the spinal cord
Tonic descending influences on thoracic spinal

cord neurones were tested by reversible spinalization
of the animals at Th7. The most common response to
cold block of the spinal cord was an increase in the
background activity of the neurones and more vigor¬
ous responses to electrical stimulation of cutaneous
and visceral C-fibres. Responses to A-fibre inputs re¬
mained largely unchanged (Fig. 4A, B). The in¬
creased excitability of the neurones in the spinal state
was particularly associated with viscero-somatic neu¬
rones. Somatic neurones did not change in general
their levels of background activity or their responses
to stimulation of cutaneous afferent fibres.
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Fig. 4. Effects of cold block of the spinal cord at Th7 on the responses of a viscero-somatic neurone in Thll to electrical stimulation of
the skin (A) and to electrical stimulation of the splanchnic nerve (B). Arrows indicate the times of application of the stimuli. Each his¬
togram is a peri-stimulus time histogram of 20 stimuli. The background activity of this neurone and the responses to cutaneous and vis¬
ceral C-fibre stimulation were increased in the spinal state, but not the responses to cutaneous and visceral A-Qbre stimulation.

Eight neurones driven by the stimulation of the
splanchnic nerve in the intact state, presented re¬
duced responses to splanchnic nerve stimulation af¬
ter cold block of the spinal cord. The unit illustrated
in Fig. 5A increased its excitability in the spinalized
state as shown by a greater level of background activ¬
ity. However, the vigorous response to splanchnic
nerve stimulation in the intact state was abolished af¬
ter cold block of the cord. A reduction in the re¬

sponse of another neurone to the visceral input after
cold block of the cord is illustrated in Fig. 5B. These
effects appear to indicate that an important compo¬
nent of the visceral afferent input to these neurones is
mediated via supraspinal loops since in the spinal
state the general excitability of the neurones is great¬
er whereas the visceral responses are diminished.
Most of the neurones that showed decreased visceral

responses in the spinal state were recorded in the
ventral horn.

Stimulation of the DLF
Phasic descending influences on viscero-somatic

neurones were tested by electrical stimulation of the
ipsilateral DLF at C3. This stimulation resulted in a
reduction in the responses of the neurones to cuta¬
neous and visceral inputs. Fig. 6 shows the de¬
creased responses to electrical stimulation of cuta¬
neous (A) and visceral (B) afferent fibres, produced
by a train of stimuli (20 Hz, 2 V, 100 ms) applied to
the ipsilateral DLF at C3. Both A-fibre and C-fibre
evoked responses were reduced by DLF stimulation.
This is further illustrated in Fig. 7A which shows the
abolition of the naturally evoked cutaneous inputs to
a viscero-somatic neurone by a train of stimuli (20
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Fig. 5. Reduction in the responses to splanchnic nerve stimulation of two viscerosomatic neurones in Thll after cold block of the cord
at Th7. Each histogram is a peri-stimulus time histogram of 20 stimuli (indicated by arrows). The neurone illustrated in A shows an in¬
creased level of background activity in the spinal state but an almost complete abolition of the response to visceral stimulation. The
neurone illustrated in B shows a reduction in the visceral response after cold block of the cord.

Hz, 2 V) applied to the ipsilateral DLF at C3. The
same type of stimulation reduced the A- and C-fibre
responses to electrical stimulation of the splanchnic
nerve in another viscero-somatic neurone (Fig. 7B).

DISCUSSION

The results reported in this paper confirm the pres¬
ence within the thoracic spinal cord of the cat of two

populations of neurones: those excited only by cuta¬
neous inputs (somatic neurones), and those excited
by cutaneous and visceral inputs (viscero-somatic
neurones). In agreement with previous reports from
this and other laboratories57.i5.2i.29.32 no evidence

has been found for the presence of neurones exclu¬
sively driven by visceral inputs. Thus, it is possible to
conclude that visceral sensations can only be me¬
diated through convergent signals via somato-senso-

ry pathways.
The properties of the sample of neurones studied

in this paper does not appear to differ from those pre¬

viously reported7. Somatic neurones are mainly, but
not exclusively, mechanoreceptive (Class 1 neu¬

rones26), whereas viscero-somatic neurones general¬
ly have an input from cutaneous nociceptors either
exclusively (nocireceptive neurones. Class 3) or in
addition to the non-noxious input (multireceptive
neurones. Class 2). A higher proportion of somatic
neurones has been recorded in this study compared
with other reports (43.7% here and 23% in a pre¬
vious report from this laboratory7). This is due to a

sampling bias in the present study towards neurones
recorded within the dorsal horn, particularly in lami¬
nae II—IV. In a previous study of the neuronal pop¬
ulations in the thoracic spinal cord7 neurones were
recorded throughout the spinal grey matter. It was
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Fig. 6. Effects of electrical stimulation of the ipsilateral DLF at C3 on the responses of a viscero-somatic neurone to electrical stimula¬
tion of cutaneous (A) and splanchnic (B) afferent fibres. Each histogram is a peri-stimulus time histogram of 20 stimuli (indicated by
arrows). Stimulation of the DLF (20 Hz train, 100 ms, 2 V) is indicated by a continuous line. Both A- and C-fibre evoked responses of
cutaneous and visceral origin were reduced by the DLF stimulation.

then shown that most neurones in lamina 1 or ventral
to lamina V were viscero-somatic. In the present
study an attempt has been made to verify this obser¬
vation which has resulted in a large proportion of
neurones recorded within lamina II-IV. As almost
all these neurones were of the somatic type, the pro¬

portion of somatic neurones in this report has in¬
creased to nearly twice the figure of the previous
study.

The analysis of the recording sites of the neurones
reported here, strongly supports the suggestion of a
differential location within the grey matter of somatic
and viscero-somatic neurones7-20-21-32. As explained
above, special care was taken in the present study to
record from neurones within the dorsal horn. In to¬

tal. 32 neurones were recorded in laminae II-IV, all
of which were somatic neurones. It appears, then,
that visceral afferent fibres do not terminate in signif¬
icant numbers within these laminae, an observation

recently confirmed by an HRP study of the projec¬
tion of visceral afferent fibres from the colon and
bladder to the sacral spinal cord of the cat30. In an¬
other HRP study of the visceral input to the thoracic
spinal cord of the rat31, it has been shown that visce¬
ral afferent fibres terminate in lamina I and outer II
but not inner II. Ill or IV. The distribution of the vis¬
ceral afferent input to the spinal cord seems to have a
different pattern from that of the cutaneous afferent
input.

The differential distribution within the spinal grey
matter of cutaneous and visceral afferent fibres is
also reflected in the type of neurone that projects
through ascending pathways. None of the PSDC neu¬
rones recorded here were viscero-somatic, an obser¬
vation that agrees with the report that PSDC neu¬
rones are located in laminae III and IV2'4. Equally.
SCT neurones, whose cell bodies are located mainly
in lamina IV2, are known not to be activated bv visce-
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Fig. 7. A: abolition by DLF stimulation of naturally evoked cutaneous responses of a viscero-somatic neurone. The responses of this
neurone to brushing and squeezing its receptive field were abolished by a tram (20 Hz. 2 V) of electrical stimuli applied to the ipsilater-
al DLF. B: dot-rasters displav of the responses of a viscero-somatic neurone to electrical stimulation of the splanchnic nerve (arrow).
Both A- and C-fibre evoked responses were reduced by DLF stimulation (20 Hz. 2 V. 100 ms).

ral afferent fibres in the lumbo-sacral cord8-28. In the

present experiments, only two SCT neurones were
recorded even when special attempts were made to
increase the chances of recording from them (see Re¬
sults). One was a typical SCT neurone, located in
lamina IV and of the somatic type. The other was a

highly unusual SCT neurone, located in lamina VIII
and having a visceral input. The only possible conclu¬
sion from .these observations is that SCT neurones

are very infrequent in the thoracic spinal cord. The
general properties of the SCT in the thoracic spinal
cord other than its scarcity cannot be inferred from
the present results. However, most viscero-somatic
neurones projecting to the cervical cord did so via a
crossed ventro-lateral pathway, thus supporting the
notion-14 that the spino-thalamic and spino-reticuiar
tracts carry the best part of the viscero-somatic con¬

vergent information1 15-17-24-29. In agreement with
previous reports, viscero-somatic neurones with ax¬
ons in the contralateral VLQ were located in lamina 1
and especially in the ventral horn"-24.

Tonic descending inhibition of viscero-somatic

neurones has been observed in the present experi¬
ments using reversible spinalization techniques. This
tonic inhibition was selective, as its removal by cold
block of the spinal cord resulted in an increased excit¬
ability of the neurones to afferent C-inputs but not to
stimulation of the A afferent fibres. This kind of

selective tonic inhibition is known to operate in other
regions of the cord13-25 and the results presented here
indicate that it is also present on the visceral input to
viscero-somatic thoracic neurones. In contrast, elec¬
trical stimulation of the ipsiateral DLF resulted in a

non-specific inhibition of all cutaneous and visceral
responses of viscero-somatic neurones. The lack of
specificity of this phasic inhibition is not surprising
since the DLF contains several descending pathways
from the brainstem (particularly from the raphe nu¬
clei and reticular formation) whose stimulation has
been shown to produce non-specific inhibition of dor¬
sal horn neurones (for recent reviews see refs. 12 and
35). The interesting observation is that the visceral
input to viscero-somatic neurones in the spinal cord is
also under phasic descending control via pathways in
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the DLF. It is conceivable that similar pathways
could be involved in the visceral analgesia induced in
freely moving rats by electrical stimulation of the
periaqueductal grey matter18.

The observation reported here, that the powerful
responses of some viscero-somatic neurones to elec¬
trical stimulation of the splanchnic nerve are reduced
or abolished after spinaiization, is of considerable in¬
terest in the analysis of the visceral afferent input to
the spinal cord. In most cases, spinaiization of the an¬
imals resulted in an increase in the background activ¬
ity of the neurones and in more vigorous responses of
the viscero-somatic neurones to their cutaneous in¬

puts. The neurones appeared to be more excitable in
the spinal state, an observation repeatedly confirmed
in the literature (see refs. 12 and 35 for recent re¬

views). It is thus highly unlikely that the abolition or
reduction of the visceral responses was the result of
removal of non-specific descending excitation by the
cold block. The most likely explanation is that the
visceral input to these neurones was mediated or re¬
inforced via a supraspinal loop, which was interrupt¬
ed by the spinaiization. Evidence for supraspinal me¬

diated excitation of spinal cord neurones has been re¬

ported for some spino-thalamic tract neurones in the
monkey19. On the other hand, it is known that many
visceral reflexes are mediated or reinforced via

spino-bulbar loops22-27. It is therefore possible to con¬
clude that the visceral input to some viscero-somatic
neurones in the spinal cord can be strenghtened via a

descending excitatory system from the brainstem.
The contribution of such a system to the mechanisms
of visceral sensation remains to be fully understood
but a system like this could play a prominent role in
the arousal of diffuse visceral sensations such as some

forms of visceral pain. Equally, supraspinally-me-
diated excitation of spinal cord neurones in response
to a visceral stimulus could be responsible for the
general increase in sympathetic and motor outflow
that accompanies visceral pain.
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Mechanisms of Visceral Pain

F. CERVERO

University of Edinburgh

From a neurophysiological point of view, little is known about the
mechanisms of visceral nociception. Our present knowledge of pain
mechanisms, and therefore all our current pain hypotheses, are based on
experimental studies in which noxious stimuli were applied briefly to the
external surface of the body. This kind of experimental procedure has
yielded a good deal of observations on what could be described as
cutaneous laboratory pain. Using this approach it has been possible to
study the properties of skin sensory receptors responding to brief noxious
stimuli and to trace anatomically and functionally their central nervous
system (CNS) connections (see for instance the review by Iggo (1981) in
this series).

While this kind ofapproach is ofvalue to study some of the mechanisms
that the CXS employs to deal with the external environment, it is also
quite clear that alternative procedures are necessary to analyse the
mechanisms of pain of internal origin. This type of internal, deep or
visceral pain is the most common form of pain produced by diseases and
in many cases bears little resemblance to the acute, sharp, clean pain
evoked by the application of quantified and restricted amounts of
cutaneous stimulation. There is therefore an element of technical

challenge in the development of experimental preparations that could
reproduce the circumstances in which internal organs are normally or
abnormally stimulated. The difficulty of developing quantifiable meth¬
ods for the stimulation of internal organs is probably the main reason for
the lack of neurophysiological studies on the mechanisms ofvisceral pain.

11 is important to realize that visceral pain develops in many cases over
a time course of davs or even weeks with cyclic or irregular variations in
I'I'.KSIS IT.NT PAIN Vol. I i I'M! In <nt,n, a- Stmtl n I.:.:.
ISBN II RllB'i ! ~) 7' • 7 Ail ni[/ih «'/ h fmnimHun in nnv l"iiri t,
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intensity and characteristics. These changes probably reflect modific¬
ations in the peripheral system responsible for the generation of the
noxious signal as well as in the CXS mechanisms of its central integration.
This type of situation is extremely difficult to reproduce experimentally
both for technical and ethical reasons. Neurophvsiological techniques
rely heavily on animal preparations and involve tracing of neural
pathways by electrophysiological or neuro-anatomical means including
localized ablations of the system being analysed. It is not possible
technically or ethically to apply these techniques for the long-term studv
of sensations evoked by painful stimuli. All these factors have to be
considered in order to be aware of the number ofobstacles that are in the

way of proper neurophysiological analysis of visceral pain.
In this chapter, the current state of knowledge on the mechanisms of

visceral pain will be reviewed with reference to the main conceptual
problems derived from the interpretation of the data available. These
theoretical foundations are essential for a full understanding of the past
and present conflicts regarding the different interpretations given to
experimental and clinical observations. There are questions such as the
existence of specific visceral nociceptors which determine the individual
views on how the CNS processes noxious inputs from viscera. The
interpretation of the data obtained by recording from individual
neurones in the CNS responding to visceral stimulation, depends
fundamentally on whether activation of specific or non-specific visceral
receptors is assumed. Similarly, clinical data can be interpreted in
different ways depending on the conceptual approach to questions such
as the sensitivity of viscera or the qualities of visceral sensation. These
arguments will be presented in the following sections, together with the
experimental data available, in order to offer a more comprehensive view
on the mechanisms of visceral pain.

I. Somatic Pain and Visceral Pain

The general view currently held is that there are two basic forms of pain:
(a) a bright and well-localized superficial pain and (b) a dull, aching and
ill-localized deep pain. Superficial pain is commonly associated with
external injury or trauma and is similar to the type of laboratory pain
evoked in experimental studies. Such superficial pain is usually described
as cutaneous pain. The second form ofpain (deep pain) is the type ofpain
produced by diseases and generated bv inflammation, destruction or
vascular damage of internal organs. Pain of deep origin is normallv
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divided into pain from visceral structures, either hollow or parenchi¬
matous (visceral pain) and pain from somatic structures beneath the skin,
such as muscles, ligaments, bones and joints (deep pain).

It is important to emphasize that the distinction between superficial
and deep pain is only based on their differences in qualities and not on
any other anatomical or physiological considerations. To bear this
observation in mind is important in order to understand the sometimes
radically opposite views on the origins and mechanisms of visceral pain.
Leriche (1939) considered that pain is of two main classes: (a) the
consistent type, corresponding to the peripheral distribution of a
cerebrospinal nerve and responding to division of the pain pathways and
(b) the badlv-localized. diffuse and somewhat 'illogical' pain that does
not disappear by sections along the cerebrospinal system and is of
sympathetic origin. Needless to say, visceral and deep pains were
included by Leriche in his second category. The division between
superficial and deep pains based on terms of quality has survived almost
untouched. In his classic treatise on pain, Lewis (1942) stated that there
are basically two classes of pain, each of them with a different
representation in the CNS: the superficial and the deep pains. To Lewis,
pain from deep-lying somatic structures was similar in character to pain
evoked by visceral disturbances.

Grouping pain of deep somatic origin with visceral pain requires the
assumption that both sets of structures involved share the same
representation in the CNS. This was considered to be a controversial view
since it would mean that organs innervated by somatic nerves (bones,
joints, muscles) would have more in common with organs innervated by
sympathetic nerves (viscera) than with organs innervated by other
somatic nerves (skin and mucous membranes). On the other hand, pain
of deep somatic origin and visceral pain, although having many
properties in common, cannot be considered similar in every respect. In a
recent article. Cervero (1980) has revived an old proposal ofLewis (1942)
suggesting that the various types of pain could be classified not by the
division of the nervous system which subserves the innervation of the
organ, but rather differently, by the embryological origin of the organ in
question. This proposal could serve as the basis of a new approach to the
analysis of the different forms of pain. Following the embryological
approach there would be a pain of ectodermal origin ( skin and mucous
membranes) characterized bv its good localization and brightness: a pain
of mesodermal origin corresponding to our present concept of deep pain
and a pain of endodermal origin which would be the visceral pain. The
degree of ill-localization and dullness would be greater in pain ol
endodermal origin than in that ol' mesodermal origin.
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One of the main reasons for the lack of agreement on the fundamental
differences between superficial and visceral pain is the well-known
property ofmany a deep pain of referring its origin to the external surface
of the body. The term 'referred pain' was first used by Head in 1893 to
point out the referral ofpain to the skin when the lesion affects an internal
organ. Head, who did not deny the existence ofpain ofvisceral origin and
localization, divided visceral pain into that localized vaguely inside the
body (dull visceral pain) and that referred to the skin surface (aching
referred pain). A very interesting element in Head's classification is the
fact that referred pain was qualified as 'aching', a term usually associated
with muscular and subcutaneous pains. This in fact, corresponds exactly
with the clinical picture of referred pain, namely, that the reference is not
so much a cutaneous reference but the superficial localization of a pain
which resembles muscular or articular pain. The clinical characteristics
ofanginal pain are probably the best example ofa pain referred not to the
skin of the thorax and left arm but of a pain that the patient describes as
deep and aching, similar to a muscle spasm in the area of referral.

The concept ofreferred pain has had a long series ofmodifications after
Head's first proposal and the modern use of the term 'referred' is largely a
matter of convention. Three different modern interpretations of the
concept of referred pain are: (a) faulty localization, (b) poor localization
with spread beyond the point of origin and (c) localization in a remote
part from the point of origin.

Parallel to the development of the concept of referred pain, neural
mechanisms were proposed to account for the faulty localization. Head
(1893) assumed that the reference was due to convergence ofvisceral and
skin nerves onto the same spinal cord structures and a subsequent
'psychical error' of localization. This idea was developed and streng¬
thened by MacKenzie (1909) who proposed a comprehensive mech¬
anism to account for all clinical manifestations of visceral referred pain
(Fig. 1). In his hypothesis. MacKenzie maintained that visceral stimuli
evoke neural activity conveyed to the spinal cord by the sympathetic
nerves. If the stimulus is of sufficient strength it can leave an 'irritable
focus' in the spinal cord as shown by a persistent hyperalgesia of skin and
muscle and by muscular spasm, vascular and secretory changes.

In more modern terms. MacKenzie's hypothesis has been put forward
by Ruch (1946) as the 'convergence-projection' theory of referred pain:

Visceral afferent fibres converge with cutaneous pain afferents to end upon the
same neurones in the sensory pathways. The resulting impulses, on reaching the
brain, are interpreted as having come from the skin, an interpretation which has
been learned from previous experience in which the same pathways were
stimulated bv cutaneous afferent fibres
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Fig. 1. MacKcnzic's interpretation of the mechanisms of visceral pain and related reflexes. An
adequate stimulus from viscus (V) is conveyed to the spinal cord by the sympathetic nerve (SvN) and
stimulates spinal cord cells. If the stimulus produces activation of a pain pathway (SN) it results in
pain being referred to the peripheral distribution of the somatic nerve from the skin (Sk). The visceral
stimulus also activates other neurones which cause a contraction of the muscle (M). supplied by
motor nerves (MX) as well as visceral reflexes (V). If the visceral stimulus is of sufficient strength it
may leave an 'irritable focus' in the spinal cord (shaded area) resulting in cutaneous hyperalgesia and

persistent muscle contraction. Diagram from MacKenzie (1909).

The current state of the "convergence-projection" theory will be discussed
below together with the present experimental evidence that avails it.

A clinical phenomenon often associated with referred pain is hyper¬
algesia of the skin area where pain is referred to. That this hyperalgesia is
not of intrinsic cutaneous origin seems to be well established by the
observation of the referral of pain to a phantom left arm in attacks of
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angina pectoris. The 'convergence-projection' theory of Ruch accounts
for the hyperalgesia as a result of the facilitation of cutaneous nerve
impulses onto spinothalamic tract neurones already highly excitable by
the barrage ofvisceral impulses. This hypothesis has recently gained some
experimental support. Cervero et al. (1981) have reported that con¬
tinuous activity in splanchnic small myelinated afferent fibres does not. as
does similar activity in cutaneous afiferents, produce a long-lasting
depression of spinal flexion reflexes. On the contrary, this continuous
activity in visceral afferents evokes, in some cases, a facilitation of the
segmental flexion reflex. These preliminary observations indicate that
the afferent traffic from viscera is integrated in the CNS in a different
manner from the cutaneous inflow. Facilitation of flexion reflexes by
incoming visceral impulses would lead in the intact animal to an increase
in muscle tone, a phenomenon often associated with visceral pain.
Similar facilitation of the cutaneous sensory pathway would explain
additional characteristics ofvisceral pain such as cutaneous hyperalgesia
and superficial referral.

II. Innervation of Viscera: Afferent versus Sensory

It is often said that pain is the only sensation that can be evoked from
viscera. This is a very broad generalization since it is common experience
that a variety of sensations can be elicited following visceral stimulation.
What most visceral sensations have in common is an element of
discomfort that ranges from the very mild sensations of abdominal
distension to the clear-cut pain of the renal or biliary colics. Nathan
(1981) has recently reported the gastric sensations described by a patient
after different stimulations via a gastrostomy tube. Although it was
concluded that none of the stimulations caused pain it is interesting to
note that the sensation that most accurately accompanied the stimulation
was a feeling of distension evoked by the dilatation and release from
dilatation of the stomach. As the volume of the air blown into the gastric
balloon increased, the patient reported that the feeling of distension
became 'worse and worse", a statement that obviously implies discomfort
or unpleasantness. Injection of irritant solutions into the stomach caused
also a feeling of distension indistinguishable from that induced by the
gastric balloon. No thermal sensations could be evoked.

This very recent study, carried out in the light of a more detailed
know ledge of the anatomv and physiology of the sensory pathways,
illustrates a controversy that takes its origin almost a century ago. The
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questions are whether internal organs have an afferent nerve supply and
the nature of the sensations evoked by visceral stimulation.

Observations made on patients undergoing abdominal surgery under
local anaesthesia or on human volunteers receiving localized injections of
hypertonic saline produced contradictory results on the sensitivity of
viscera. Based on his surgical experience, Lennander (see Lewis (1942)
for references) stated that viscera were insensitive and MacKenzie (1909)
stronglv supported this view with his own observations. However,
whereas Lennander believed that viscera lacked innervation,
MacKenzie thought that pain in visceral disease arises from the viscus
itself via afferent impulses not related to pain. Morley (1931) stated that
visceral pain is only due to the action of the diseased viscus on the parietal
wall or on branches of somatic nerves, thus supporting the lack of
innervation of visceral structures proposed by Lennander.

It is true that some viscera, particularly the parenchymatous organs
(liver, kidney) are insensitive and that certain inflammatory conditions,
such as some forms ofcholecystitis, only become painful when the parietal
membranes are affected. But it is also true that visceral pain can easily be
evoked from some viscera. In modern neurophysiological terms the whole
argument can be solved by the understanding of the fundamental
difference between the afferent innervation of an organ and its sensory
innervation. There is no doubt that practically ail internal organs have
an afferent innervation. Some of these visceral receptors have been
studied in great detail, such as the arterial baro- and chemoreceptors or
the stretch receptors in the lungs (see for instance Neil, 1972). However,
the activation of most visceral receptors does not result in the conscious
perception of a specific sensation and in consequence we are not aware of
our variations in blood pressure or the level of inflation of our lungs. In
some cases, activation of visceral receptors does evoke a sensation, most
commonly a vague sensation of discomfort or even a clear-cut pain. The
"afferent" innervation of a viscus has now become a 'sensory' innervation.
These specific properties of visceral sensation highlight once again the
differences between cutaneous and visceral sensory mechanisms and
reinforce the need for a separate experimental approach to the analysis of
visceral pain. The innervation of the skin is both 'afferent' and 'sensorv'.
since activation of cutaneous receptors always has the potential to evoke
sensations. In the case of viscera, some organs have an exclusive afferent
innervation (i.e. arterial baroreceptors) whose stimulation never evokes
conscious sensations and some organs have both an afferent and a sensorv
supply.

This brings the argument to the crucial problem of how a visceral
afferent inflow to the CMS becomes a visceral sensorv message. There are
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two possibilities, (a) Receptors responsible for the sensations of visceral
pain are the same population of visceral receptors responding to
innocuous stimuli and responsible for visceral reflex actions. These
receptors would respond with higher frequencies of firing to noxious
stimuli. This approach is essentially based on the intensity theory of pain
mechanisms, (b) Receptors responsible for the sensations of visceral pain
are a different population ofvisceral receptors which respond to the same
stimuli that evoke visceral reflex actions but with different thresholds or by
different mechanisms. This view postulates the anatomical and phys¬
iological separation between the afferent innervation and the sensory
innervation of a viscus and requires the existence of specific visceral
nociceptors.

These two alternatives relate the nature of visceral sensations to the

properties of the peripheral sense organ at the origin of the sensorv
pathway. This is a dangerous over-simplification since the nature of the
sensation that may be evoked will eventually be determined by the
central connections of the visceral afferent fibres. It is important to bear
in mind that the final conscious perception depends almost entirely on the
way in which the CNS integrates the afferent inflow from viscera.
Nevertheless, the question of whether noxious events in viscera are
signalled by a specific population of nociceptors or by the same
population of receptors that signal innocuous events is a very relevant one
and needs to be discussed further.

III. The Concept of Visceral Nociceptor

11 is now clear that the skin is richly innervated by different populations of
specific cutaneous receptors. Three main groups of cutaneous receptors
have been distinguished according to their selective sensitivity: mechano-
receptors. thermoreceptors and nociceptors (see reviews by Burgess and
Perl (1973) and Iggo (1974)). The functional specificity of the cutaneous
afferent fibres is also matched by the anatomical specificity of the
receptor organ to which the afferent fibres are connected. For instance.
Merkel cells and Ruffini organs are slowly adapting mechanoreceptors
and Meisner corpuscles are rapidly adapting mcchanoreccptors (Iggo.
1974). A catcgorv of skin receptors has emerged, composed of receptors
connected to slowiv conducting myelinated fibres or to unmyelinated
fibres and responding specifically to intensities of stimulation within the
noxious range. These arc the cutaneous nociceptors, whose presence in
main animal species including man (Cvbels <■/ «/.. 1979) has been
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repeatedly demonstrated. The intensities of cutaneous stimulation that
activate nociceptors are those that produce injury or that are potentially
damaging to the skin. When activity from nociceptors is recorded in
conscious human subjects there is a good correlation between the
activation ofcutaneous nociceptors and the report of the sensation or pain
by the subject. Skin nociceptors clearly fill the role for a specific
population of sensory receptors signalling noxious events.

When trying to extend the concept of nociceptor to a visceral sensory
receptor the first requirement is the definition of a visceral noxious
stimulus. This is essential if a correlation is to be made between the

activity in visceral afferent fibres and the type or level ofstimulation used.
Yet, while the definition of a cutaneous noxious stimulus is simple and
obvious, the same simplicity does not apply to the discrimination between
noxious and innocuous visceral stimuli. This is due to the apparent
insensitivity of some internal organs, to the peculiarities of the visceral
sensations and to the distinction between afferent and sensory in¬
nervation of viscera.

The most important peculiarity of visceral noxious stimuli is that they
are not always produced by injury, damage or potential damage of an
internal organ. Many viscera can be cut or crushed without evoking a
pain sensation. In contrast, distensions of a hollow viscus or isometric
contractions ofsmooth muscle are extremely painful. The correlation has
therefore to be made, not between injury and receptor response, but
between those conditions that would produce pain and the activity of the
receptor studied. In the case ofanimal studies, pain can be ascertained by
the reflex reactions that accompany the nociceptive process, such as
transient increases in blood pressure and heart rate, changes in the
respiratorv pattern or increase in muscle tone. A visceral noxious
stimulus is therefore that stimulus that reproduces the circumstances in
which a viscus is normally or abnormally stimulated and leads to the
sensation of pain or to the triggering of nociceptive reactions. Not all
visceral stimuli that produce injury are necessarily noxious since not all
visceral injury is painful. The concept of noxious stimulus in the pure
Sherringtonian sense (Sherrington. 1906) is of that stimulus whose
intensitv and quality are adequate to trigger the nociceptive reactions of
the animal, including the feeling of pain in humans. As most of the
experimental neurophysiology has traditionally been concerned with the
study of reflexes and reactions of external origin it is no surprise that
noxious stimuli are commonly associated with injury or damage. But it is
very important to realize that this association is not intrinsic to the
concept ofnoxious stimulus and applies only to cutaneous stimulation. As
far as internal organs are concerned the correct association to look for
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when searching for nociceptors should be between the intensity and
quality of the stimulus and the occurrence of nociceptive reactions.

There is enough experimental evidence to support the suggestion that
some internal organs have specific visceral nociceptors. One of the best
examples of this type of sensory receptor has been found in the heart.
Several studies on the afferent innervation of the ventricular wall have
identified two different groups of receptors whose mode of stimulation
appears to be fairly clear. The first group includes low threshold
mechanosensitive endings connected to small diameter myelinated fibres
or to unmyelinated fibres and excited by the abnormal bulging or
stretching of the ischaemic ventricular wall or by ventricular fibrillation
(Uchida and Murao, 1974; Casati etal., 1979). The mode of activation of
this group of cardiac receptors suggests that they do not have a
nociceptive role. It is more likely that these receptors are involved in the
cardiovascular reflexes that accompany cardiac failure. A second group
of ventricular receptors has been found which fulfils all criteria for a
cardiac nociceptor. These are receptors connected mainly to un¬
myelinated afferent fibres and specifically sensitive to the chemical
substances released by the ischaemic myocardium (Uchida and Murao,
1974; Baker etal., 1980). This group of receptors is activated only by those
forms ofstimulation associated with pseudo-affective responses indicative
of pain. They are not activated by stimuli which do not evoke pain or
nociceptive reflexes even if these stimuli are abnormal or outside the
physiological range (i.e. gross increases of ventricular pressure). A
different population of receptors deals with these non-noxious events,
thus giving support to the conceptual difference, discussed above,
between afferent and sensory innervation of internal organs.

Sensory receptors which may fulfil the role ofvisceral nociceptors have
also been described in other deep tissues. In the lungs and respiratory
tract, receptors have been found which may be responsible for the cough
reflex and the responses to inhalation of irritant gases and aerosols (see
Widdicombe. 1974 for review). These lung irritant receptors have
distinctive properties due to their intrapulmonary site. They are
stimulated bv pulmonary congestion, micro-embolism, anaphylaxis,
atelectasis and pneumothorax. It seems clear that irritant receptors in the
lung cause or contribute to the unpleasant respiratory sensation of
dvspnoea in various lung conditions. Similarly, their response properties
suggest that their activation may evoke the unpleasant sensations of
tightness in the chest and burning pain that accompany the inhalation of
irritant chemicals. Since these irritant receptors do not seem to be
activated by stimuli other than those leading to unpleasant sensations,
thev belong to the group of pulmonarv nociceptors.
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Receptors with the characteristics ofcutaneous polymodal nociceptors
have also been described by Kumazawa and Mizumura (1980) in the
testes of the dog. These receptors are connected to small diameter
myelinated axons and are located close to the surface of the tunica
vaginalis visceralis of the testis. They respond to noxious mechanical
stimulation and to heating above 43°C. They show either sensitization or
deactivation on repetition of heating and are sensitive to bradvkinin and
hypertonic solutions of NaCl and KC1. All these properties make the
testicular receptors very similar to the cutaneous polymodal nociceptor.
The characteristics of the stimuli that activate testicular nociceptors
strongly suggest that these receptors are responsible for the sensations of
intense deep pain that follow injury or trauma to the testes.

Muscle nerves contain a large number of small myelinated and
unmyelinated afferent fibres that do not originate from proprioceptors.
Both types of fibre generate from free nerve endings associated with
muscle fibres, capsules of spindles and tendon organs, tendon tissue,
vessels, fat cells and connective tissue (Stacey, 1969). These small afferent
fibres respond to high intensity mechanical and thermal stimuli as well as
to the administration of algogenic substances (Mense, 1977). They are
considered muscle nociceptors.

Electrophysiological studies on the afferent innervation of the gastro¬
intestinal tract have produced conflicting evidence on the presence of
specific gastro-intestinal nociceptors. It is interesting to note that most
studies of visceral sensory receptors have been conducted using gastro¬
intestinal preparations. For many years, no clear evidence emerged on
the existence of specific gastro-intestinal nociceptors. Therefore, many
unwarranted generalizations about the properties ofall visceral receptors
have been made based on the information extracted from the studies of

gastro-intestinal afferent fibres. More recently some experimental evid¬
ence has been provided suggesting that the gut, like many other internal
organs, also has specific visceral nociceptors. The question that remains
open is whether or not gut nociceptors act in parallel with non-specific
receptors in conveying information about noxious events to the CNS.

Traditionally, pain arising from the alimentary canal has been
attributed to the activation of the non-specific in-series tension receptors
located in the muscular walls of hollow viscera (Iggo. 1962). Some of the
conditions that give rise to sensations of abdominal visceral pain also
evoke discharges in this type of receptor. Passive distensions of a viscus.
isometric contractions, impactions and constrictions produce vigorous
discharges in the in-series tension receptors of the visceral walls (Leek.
1977). However, most of these receptors are connected to unmyelinated
afferent fibres which join the parasympathetic vagus and pelvic nerves.
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This observation strongly suggests that the sensations of pain from
abdominal organs must be mediated by another set of receptors since in
animals most of the pseudo-affective responses to noxious visceral stimuli
are abolished bv section of the sympathetic splanchnic nerves but not by
section of the parasympathetic pelvic and vagus nerves.

In the splanchnic nerve. Morrison (1977) described the responses of
some afferent fibres whose receptive fields contain up to eight punctate
mechanosensitive sites distributed along the superior mesenteric artery
and the vessels in the mesentery and the walls of the viscera. These serosal
receptors respond with a slowly adapting discharge not only to light
mechanical stimuli but also to tension applied to the mesentery and
visceral peritoneum, to smooth muscle contractions and to visceral
distensions. Morrison (1977) suggests that they are directly involved in
the mechanisms of visceral pain since they respond to stimuli known to
evoke pain sensations and follow the pathways of the sympathetic nerves.
Due to their lack of specificity to noxious stimuli it was suggested that
these receptors encode information about noxious events in the gut by
means of the magnitude of their discharges and not by the activation of a
specific population of nociceptors.

Recently, some evidence of the existence ofspecific visceral nociceptors
has been obtained. Cervero (1982a) has described two populations of
receptors in the biliary system of the ferret. One population corresponds
to the non-specific receptors described by other authors in the gut and
includes also some receptors that respond only within the innocuous
range of biliarv pressures (Fig. 2a). The other population of afferent
fibres, includes receptors whose threshold for activation coincides with
the maximum physiological levels ofbiliary pressure and give further and
vigorous responses when biliary pressure reaches noxious levels (Fig. 2b).
The nociceptive nature of the level of stimulation was ascertained by
pseudo-affective reactions such as transient increases in blood pressure. 11
is significant that Cervero (1982a) established a clear-cut correlation
between the level of biliary pressure (above the physiological range), the
presence ofa nociceptive reflex (increase in blood pressure) and the firing
rate of the afferent fibre. This group of receptors could not be activated by
levels of biliarv pressure below the intensity necessary to evoke a
nociceptive reflex. This was taken as evidence in favour of the presence of
a population of specific visceral nociceptors in the biliary system. Biliary
nociceptors could be responsible for the sensation of pain that accom¬
panies increases in biliarv pressure produced by obstructions of the bile
duct.

The main conclusion that can be extracted from this recent study of
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Fig. 2. Stimulus-response curves of sensory receptors in the biliary system of the ferret. Above: low
threshold mechanoreceptors excited by low levels of biliary pressure whose response to higher levels
of pressure becomes disorganized and decreases. Below, data from five high threshold receptors
(nociceptors). These receptors have a higher threshold for activation and respond to levels of biliary
pressure within the noxious range. The arrow indicates the mean value of biliary pressure above
which pseudo-affective reflexes (such as increases in blood pressure) occur. This level of biliary

pressure is considered to be the nociceptive threshold.

biliary sensory receptors is that some parts of the alimentary canal are
innervated, like many other internal organs, by specific visceral nocicep¬
tors. However, it is also quite clear that the afferent innervation of the gut
includes many receptors which respond to noxious as well as innocuous
levels of stimulation. When interpreting these apparently contradictory
results it is important to bear in mind that the nature of the final sensation
will be determined by the central integration of the sensory message. It
might be that both nociceptors and non-specific receptors act in parallel
conveying information about noxious events to the CMS. Alternatively,
activation of specific nociceptors could be responsible for more restricted
and brighter forms of abdominal pain, whereas the vague and dull forms
of gastro-intestinal pain could be due to general stimulation of non¬
specific gut receptors. Xo satisfactory answer can yet be given to these
questions. More knowledge is needed on the functional mechanisms of
integration of the visceral sensory message by the CXS.
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IV. Viscerosomatic Convergence and Referred Pain

The characteristics of dullness, referral and poor localization, typical of
visceral pain, strongly indicate that the CNS organization of the visceral
sensory pathways cannot be similar to that of the cutaneous pathways. In
fact, the 'convergence-projection' theory of referred pain, which still
stands as the most satisfactory explanation for the data available,
postulates that visceral afferent fibres do not convey information to
specific visceral sensory pathways but simply converge onto somatosen¬
sory pathways along the different levels of sensory integration. These
pathways, which normally are responsible for the transmission of signals
leading to the experience of cutaneous sensations, can be activated also
by impulses of visceral origin. The fact that visceral activation would be
diffuse, intermittent and would not follow the normal pattern of
stimulation of the central neurones when driven by their cutaneous
inputs, could explain the ill-localization and dullness of visceral pain as
well as its occasional referral to superficial areas of the body. This
interpretation of visceral pain requires the existence of viscerosomatic
convergence along the course of the sensory pathway and implies that
somatosensory neurones can only be activated when visceral stimulation
reaches noxious intensities. Visceral afferent messages evoked bv in¬
nocuous stimuli would not alter substantially transmission through the
somatosensory pathway, or would not converge on neurones projecting
through somatosensory pathways. In either case, the results would be
that visceral changes within the innocuous range do not evoke conscious
perceptions and that the only sensation ofvisceral origin that could be felt
is that of pain or discomfort.

Wry little is known of the anatomical organization of the central
endings of visceral afferent fibres within the spinal cord. As stated before,
most visceral receptors are connected to small myelinated or to
unmyelinated afferent fibres. It has been assumed that the central
endings of the visceral fibres would not be substantially different from
those of other small fibres of cutaneous origin. If this is so. the majority of
visceral afferent fibres would terminate in the most superficial areas of the
dorsal horn, namely the marginal zone and the substantia gelatinosa (see
Cervero and Iggo. 1980 for a detailed review). A recent report by de
Groat ii al. 119811 indicates, that this assumption may be unsound. They
traced the central endings, within the sacral spinal cord, ofafferent fibres
from the urinary bladder and large intestine by anterograde transport of
horse-radish peroxidase. Their results indicate that the afferent fibres
from these two internal organs enter the superficial tract of Lissauer of the
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spinal cord and. from there, extend to the deeper laminae V to VII of the
grey matter. No endings were found in the superficial dorsal horn. This
report, which presents the very first attempt to track visceral afferent
fibres within the spinal cord, suggests the possibility of a differential
distribution of small afferent fibres depending on their peripheral origin
and highlights once again the dangers of direct extrapolation from
somatosensory to visceral physiology.

Afferent fibres from viscera enter the spinal cord via the dorsal roots,
but some of them use the ventral roots as their path of entry. In
electrophysiological experiments. Clifton et al. (1976) have shown that
about two-thirds of the afferent fibres in the ventral roots are of visceral

origin. This finding has led to a reconsideration of the earlier proposal
that the sensations of dgep and visceral pain are always mediated via the
ventral roots (see references in Lewis (1942)). Such an opinion cannot be
upheld in view of the numerous studies of visceral afferents in the dorsal
roots, but the fact that most of the ventral root afferent fibres seem to

come from deep and visceral structures strengthens Lewis' view that the
ventral roots can act as subsidiary channels for the conduction of visceral
pain.

There is a good deal of experimental support for the existence of
convergence of visceral and cutaneous afferent fibres onto second order
neurones in the spinal cord. This convergence was first demonstrated by
Pomeranz et al. (1968) in the thoracic spinal cord of the cat and by Selzer
and Spencer (1969) in the lumbar cord of the same animal species. Both
groups of investigators were able to show that many neurones within the
grey matter of the spinal cord responded to electrical stimulation of skin
nerves and. in addition, could be driven by stimulation of the splanchnic
nerve. The analysis of the visceral afferent fibres involved in the
convergence showed that only small myelinated and unmyelinated
afferent fibres did converge onto spinal cord neurones. This and
confirmatory reports from other laboratories have been taken as evidence
that the large mvlelinated fibres of visceral origin, which innervate
mesenteric Pacinian corpuscles do not end in the spinal cord but pass
directly to the dorsal columns. The functional significance of this direct
projection ofmesenteric Pacinian corpuscles to higher centres of the CNS
is a complete mystery.

Parallel to the description of viscerosomatic convergence in the spinal
cord, it was noted that there was a good deal of interaction between the
two sets of inputs. Stimulation of the splanchnic nerve inhibits the activity
evoked by the cutaneous input. However, the volley evoked bv visceral
stimulation appears to be more resistant to inhibitory effects by somatic
stimulation i Pomeranz ft a!.. 1968). These interactions are mediated, in
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part, bv mechanisms of presynaptic inhibition (Selzer and Spencer,
1969). '

Later reports confirmed these initial descriptions (Fields et al., 1970;
Hancock et al., 1973), and provided new information. In a study of
somatovisceral convergence in the lower thoracic cord of the cat,
Guilbaud et al. (1977) described that only those spinal cord neurones
which had a cutaneous noxious input could also be excited by the
injection of algogenic substances in the mesenteric artery. Subsequent
studies (Cervero. 1983a.b) have supported their observations by showing
that visceral noxious inputs converge mainly onto those neurones having
a noxious cutaneous input. Neurones in the spinal cord driven exclusively
by innocuous stimulation of the skin are rarely driven by visceral inputs.
These observations provide experimental support for the conceptual
postulates derived from the 'convergence-projection' theory of referred
pain'.

An aspect of the 'convergence-projection' theory of pain which
has recently received experimental support concerns the assumption that
noxious intensities of visceral stimulation are necessary to activate spinal
cord neurones having viscerosomatic convergence. Foreman and Ohata
(1980) have found neurones in the thoracic spinal cord of the cat which
respond vigorously to coronary artery occlusion. All these neurones had
superficial receptive fields in the left forelimb and shoulder of the animal.
This study offers a very good example of a clinical pattern ofreferred pain
explained in terms of somatovisceral convergence in the spinal cord.

Another example of the neurophvsiological mechanisms that may
explain a pattern of referred pain was illustrated in my laboratory
(Cervero. 1982b. 1983a). Unitary activity was recorded from neurones in
the lower thoracic segments of the spinal cord of the cat. These neurones
could be activated by increases in biliary pressure when the level of
pressure reached noxious intensities and had cutaneous receptive fields in
the flank of the animal at the thoraco-abdominal junction. These
neurones could be activated by noxious and innocuous cutaneous
stimulation of their receptive fields as well as by stimulation of the muscle
layers immediately beneath the skin. These types of cutaneous and
superficial inputs originate from the areas to which pain of biliary origin
is usually referred in humans.

The final element in the interpretation of referred pain in terms of
v iscerosomatic convergence, is the projection to higher levels of the CXS
of the mixed viscerosomatic message. Some experimental data is
available on the sensory pathways and centres involved in this projection.
Viscerosomatic convergence has been described on spinothalamic tract
(STT neurones in cats (Hancock et al.. 1975) and monkeys (Foreman
and V ebcr. 1980). This is particularlv relevant in view of the STT being
a major pathway for the transmission of nociceptive signals. Following
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this pathway to its termination. Carstens and Yokota (1980) have shown
that 44°0 of the neurones in the thalamic nuclei where the STT
terminates, respond to noxious cutaneous inputs and to noxious stimu¬
lation of abdominal viscera. Viscerosomatic convergence has also been
found on neurones in the motorsensorv cortex of the cat (Tvner, 1979).
These cortical neurones had a bilateral, long-latency input from small
myelinated afferent fibres in the splanchnic nerve.

V. Conclusion

The present evidence overwhelmingly supports the 'con¬
vergence-projection' theory of referred visceral pain. None of the
neurophysiological studies cited in this article presented any evidence to
suggest the existence of pure visceral sensory pathways. But there are still
many aspects of visceral pain which require further analysis, like the
mechanisms of the non-referred forms ofvisceral pain, the contribution of
inputs from muscle to the integration of the somatovisceral convergence
or the organization of the visceral inputs to cortical and other higher
centres of the CNS. Once some of these problems are solved we will be in a
better position to analyse the manner in which afferent visceral inputs
become sensory messages. This will be ofgreat help for the understanding
of the differences and the similarities between the cutaneous sense and the
visceral sense.
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Fine afferent fibers from viscera do not terminate in the substantia gelatinosa of
the thoracic spinal cord
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Transganglionic transport of horseradish peroxidase (HRP) has been used to study the anatomy of the central projection of somatic
and visceral afferent fibers to the thoracic spinal cord of the cat. A dense concentration of somatic afferent fibers and terminals was
found in laminae I and II of the dorsal horn and more scattered terminals were present in laminae III, IV and V and in Clarke's column.
In contrast, visceral afferent fibers and terminais"were found onlyin lamina I or reaching lamina V via a small bundle of fibers located
in the lateral border of the dorsal horn. These results indicate that fine afferent fibers from viscera, unlike those of cutaneous origin, do
not project to the substantia gelatinosa (lamina II) of the dorsal horn.

Many neurons in the dorsal horn of the thoracic
spinal cord receive convergent inputs from somatic
and visceral afferent fibers2"4-7-8. The somatic input
originates from afferent fibers that innervate the skin
and subcutaneous tissues of the thoracic region2-3-8-10,
whereas the visceral input is mediated by afferent fi¬
bers from abdominal organs projecting to the spinal
cord via the splanchnic nerves2-3-7-10-13-19. Spinal cord
neurons that receive viscero-somatic convergence in¬
clude some whose axons join ascending sensory path-
ways1-4-9. This has been interpreted as the neuro-

phvsiological basis of referred visceral sensa-
tion3-416-20. Electrophysiological studies of peripher¬
al inputs to thoracic spinal cord neurons have sug¬

gested a differential distribution of the central end¬
ings of somatic and visceral afferent fibers. Initial re¬

ports indicated that viscero-somatic convergence
onto thoracic spinal cord neurons could only be found
in neurons ventral to lamina IV19. More comprehen¬
sive and recent accounts have found viscero-somatic

neurons in lamina I and in or ventral to lamina V of

the spinal cord, but not in laminae II. Ill and IV of
the thoracic dorsal horn3-4-7. The lack of functional

evidence for a direct visceral project of afferent fi¬
bers to lamina II (the substantia gelatinosa (SG)) is of

considerable interest. The SG is generally thought to
receive the central endings of most unmyelinated af¬
ferent fibers (see ref. 6 for review) and. as the major¬
ity of visceral afferents are unmyelinated, a substan¬
tial visceral input to the SG should be expected.

The present experiments were designed to study the
anatomical organization of the central endings of so¬
matic and visceral afferent fibers in the thoracic spi¬
nal cord of the cat in order to examine whether or not

fine afferent fibers from viscera terminate in the SG.
The technique of anterograde transganglionic trans¬
port of horseradish peroxidase (HRP) (see ref. 15
for details) has been used for this purpose.

Experiments were conducted on adult cats of either
sex. Some animals were anesthetized with chloralose

(initial dose 60 mg/kg i.v.) and remained under fur¬
ther chloralose narcosis for the duration of the HRP

transport time (up to 53 h). In these animals, arterial
blood pressure, end-tidal CCK and rectal tempera¬
ture were continuously monitored. Intravenous feed¬
ing and antibiotic treatment were routinely carried
out throughout these experiments. In some cases, ap¬

plication of HRP was conducted under aseptic condi¬
tions in animals anesthetized with pentobarbitone
(40 mg/kg i.p.). These animals recovered from the
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anesthetic after the operation allowing longer trans¬
port times of up to 5 days. A 25% aqueous solution of
HRP (type VI, Sigma) was applied to the central end
of fhe great splanchnic nerve in the right side and to
the central ends of the dorsal and/or ventral rami of

the thoracic-9 spinal nerve in the left side. Contact of
the severed fibers with HRP was secured by placing
the central end of the nerve inside a short length of
fine plastic tubing filled with the HRP solution. The
tube was then sealed and anchored to the surround¬

ing tissue. After the selected transport time, the ani¬
mals were perfused under anesthesia with warm nor¬
mal saline followed by a warm solution of 1.25% glu-
taraidehyde and 1% paraformaldehyde and by a
10% buffer/sucrose solution at 4 °C. All spinal ganglia

from T8 to T12 were removed in the right side as well
as the left T9 spinal ganglion and the cord between
T7 and T12. The tissue removed was stored in buffer-

sucrose and processed for HRP using the procedure
described by Mesulam14. Examination of the dorsal
root ganglia (DRG) revealed that the proportion of
visceral afferent fibers in the thoracic DRGs was

very small. These results will be reported in detail
elsewhere but it is relevant to point out here that less
than 10% of the total population of DRG cells were
found to be of visceral origin in the area of termi¬
nation of the great splanchnic nerve (T7 to T12). This
indicates, that even in those regions of the spinal cord
which receive the maximal visceral projection13, the
actual number of visceral afferent fibers is very small.

0.5 mm

Fig. 1. Reconstruction from Jtf um transverse serial sections of the mode of termination of somatic and visceral afferent fibers within
the gray matter of the T9 segment of the spinal cord. The diagrams are plots of HRP-filled fibers from 8 consecutive sections (Visceral)
and 3 consecutive sections (Somatic). For clarity, only a few sympathetic and somatic motoneurons have been plotted. The dotted line
indicates the ventral border of the SG. Note the presence of visceral fibers and terminals in laminae I and V. and the small bundle that
follows the lateral border of the dorsal horn. In the somatic side, a heavy concentration of fibers and terminals was found in lamina I
and II and more scattered endings were present throughout the dorsal horn.
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Most HRP-positive cell bodies in the DRGs of the
right side (HRP transport through visceral afferent
fibers) were small, indicating that the visceral affer¬
ent fibers that had taken up HRP were probably fine
Ad and C fibers as expected from the normal fiber
spectrum of the splanchnic nerve11. In the DRGs of
the left side (HRP transport through somatic nerves)
many cell bodies of a wide spectrum of sizes were
found filled with HRP suggesting that many somatic
afferent fibers of a variety of diameters had taken up
and transported the enzyme.

The central distribution of somatic and visceral fi¬

bers and terminals within the spinal cord was exam¬
ined in^Affum transverse serial sections of the spinal
cord processed for HRP histochemistry. Reconstruc¬
tion of serial sections showed a few HRP-filled fibers
and varicosities (possibly terminals) in the right dor¬
sal horn (visceral projection). They were scattered
throughout the medio-lateral extent of lamina I
(Fig. 1) and occasionally a few terminals were found
in the dorsal edge of the outer lamina II. A greater
concentration of fibers and terminals was present in
lamina V of the right dorsal horn (Fig. 1). A small
bundle of HRP-positive fibers was found coursing
from Lissauer's tract to lamina V via the lateral bor¬
der of the dorsal horn. This appeared to be the route
followed by the fibers terminating in the deeper parts
of the dorsal horn. Many sympathetic preganglionic
neurons were also filled with HRP by retrograde
transport through the splanchnic nerve. In the left
side of the cord (somatic projection) a heavy concen¬
tration of fibers and terminals filled with HRP was

found in laminae I and II (Fig. 1). Positive fibers
were found only in the medial two-thirds of the dorsal
horn when exposure to HRP was limited to the ven¬
tral branch of the T9 spinal nerve. More scattered fi¬
bers and terminals filled with HRP were found in
laminae III, IV and V and in Clarke's column, proba¬
bly reflecting a lower density of neurons in these
areas of the gray matter. Many somatic motoneurons
were filled with HRP by retrograde transport through
the spinal nerve.

Examination of 40 urn parasagittal sections
through the gray matter of either side of the cord pro¬
duced further evidence of the differential distribution
of somatic and visceral afferent fibers. The dorso-
ventral extent of the SG in the right (visceral) side ap¬

peared clear of HRP fibers and terminals, which

were only found in lamina I or deeper in the dorsal
horn (Fig. 2, bottom). In contrast, laminae I and II,
and to a lesser extent laminae III and IV, contained
numerous HRP-filled fibers and terminals in the left

(somatic) side (Fig. 2, top).
These results provide anatomical evidence that

supports the electrophysiological observations of a
differential distribution of the somatic and visceral

inputs within the dorsal horn of the spinal cord. The
lack of a direct visceral projection to laminae III and
IV is not a surprise as electrophysiological recordings
from the relatively large neurons of these regions
have failed to show any effects of visceral stimulation
onto neurons in these laminae3-4-7.819, including
those that project through ascending pathways such
as the spino-cervical tract5-12 or the postsynaptic dor¬
sal column system4.

The apparent absence of a direct projection of vis¬
ceral afferent fibers to the SG (lamina II) is of consid¬
erable interest. In our experiments the actual num¬
ber of visceral afferent fibers, as estimated by cell
counts of dorsal root ganglia, was found to be very
small. This agrees with the available data on the fiber
composition of the splanchnic nerve of the cat.
According to Kuo et al.11, only 10% of the Ad fibers
and 10-20% of the C fibers in the splanchnic nerve
are visceral afferent fibers. Thus, the total afferent

inflow to the thoracic spinal cord of the cat from the
greater splanchnic nerve is mediated by some 150 A/3
fibers, 250-400 A(3 fibers and 1000-3000 C fibers11.
The ratio of C/A afferent fibers in the splanchnic
nerve was found by these authors to be approxi¬
mately 10:1, which gives support to our suggestion
that most of the spinal cord endings of visceral affer¬
ent fibers reported here were the central projections
of unmyelinated afferent fibers.

It could also be argued that the unmyelinated af¬
ferent fibers in the splanchnic nerve did not take up
HRP and therefore that this projection was missed in
our experiments. This is unlikely for two reasons: on
the one hand the histological analysis of DRGs
showed small cell bodies filled with HRP in the visce¬

ral side thus suggesting that the finest visceral affer¬
ent fibers had also transported HRP. On the other
hand, a heavy concentration of HRP-filled fibers and
terminals was found in the SG of the side in which

HRP had been transported through somatic nerves,

indicating that somatic C-fibers had transported
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Fig. 2. Parasagittal sections of the thoracic spinal cord through the dorsal horn showing the distribution of HRP reaction product 3 days
after the application of HRP to the T9 intercostal nerve (top) and the splanchnic nerve (bottom). Dorsal horn lamination has been in¬
dicated. Scale bar = 100 /<m.
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HRP. Unless there is some fundamentally different
mechanism in HRP-transport between visceral and
somatic C-fibers. it is reasonable to assume that un¬

myelinated fibers did take up and transported HRP
in both types of nerve. In this respect it is worth
pointing out that similar HRP studies in other loca¬
tions of the cord or in other animal species have pro¬
duced results comparable to those of the present
study. Morgan et al.17 in the sacral spinal cord of the
cat have shown that the central endings of visceral af¬
ferent fibers from the colon and bladder terminate in

lamina I or in lamina V, and that they reach lamina V
via bundles of fibers that course through the lateral
border of the dorsal horn. Equally, Neuhuber18 has
described the termination of splanchnic afferent fi¬
bers in the thoracic spinal cord of the rat, using HRP
transport techniques and has found areas of termi-
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It is, therefore, possible to conclude that fine affer¬
ent fibers from viscera do not appear to terminate in
significant numbers within the SG of the thoracic dor¬
sal horn. This, and the electrophysiological evidence
available3-4-7, would suggest that neurons in the SG
are not concerned with the processing of visceral af¬
ferent information and that their activity may be only
directed towards the integration and relay of cuta¬
neous sensory messages.
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ABSTRACT

Anterograde transport of horseradish peroxidase (HRP) through somatic
and visceral nerves was used to estimate the proportions of somatic and
visceral dorsal root ganglion tDRG) cells of the lower thoracic gangiia of the
cat.' A concentrated solution of HRP was applied for at least 5 hours to the
central end of the right greater splanchnic nerve and of the left T9-intercos-
tal nerve of adult cats. Some animals remained under chloralose anaesthesia
for the duration of the HRP transport time (up to 53 hours) whereas longer
HRP application and transport times (4-5 days) were allowed in animals
that recovered from barbiturate anaesthesia. Visceral DRG cells were found
in approximately equal numbers in all ganglia examined (T7-T11). Popula¬
tion estimates were obtained for the T8 and T9 ganglia where visceral DRG
cells were found to be 6.2% (T8) and 5.2% (T9) of the total cell population. In
contrast, somatic DRG cells were found in large numbers in the ganglia
examined (TS and T9) where they amounted to over 90% of the ceil popula¬
tion. Measurement of cross-sectional areas and estimates of cell diameters
of the DRG ceils showed greater proportions of large somatic cells tdiameter
> 40 nm) than of large visceral ceils. Similar distributions of cell size were
found for both somatic and visceral DRG cells with diameters less than
40 /im.

These results show that the proportion of visceral afferent fibres in the
dorsal roots that mediate the spinal cord projection of the splanchnic nerve
is very small. Since viscerosomatic convergence in the thoracic spinal cord
is very extensive, the present results suggest considerable divergence of the
visceral afferent input to the central nervous system.

Key words: dorsal root eanelia. somatic primary afferents. visceral primary
afferents. spinal cord, horseradish peroxidase

The lower thoracic segments of the mammalian spinal
cord receive a mixed projection of primary afferent fibres
from somatic ana visceral sensory receptors. Somatic affer¬
ent fibres are connected to sensory receptors in the skin,
muscies. and subcutaneous tissues of the lower thorax,
whereas the viscerai input is from the sensory innervation
of upper abaominai viscera and reaches the spinai cord via
the spiancnnic nerves. The viscerai afferent input to the
spinai cord is thought to mediate nervous activity respon¬
sible for viscerai sensation, uniike the vagai afferent inner¬
vation of the same viscera which conveys nonsensory

afferent signals iSchrager ana Ivy, '28: Davis et al.. '29. '32:
Gernandt and Zotterman. '47: Stulrajter et al.. '7S: Cervero.
'82a. '83a). Therefore, spinai cord convergence of visceral
and somatic afferent fibres onto somatosensory secona-or-
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der neurones (Pomeranz et al., '68; Gokin, '70; Foreman '77;
Guilbaud et al., '77; Blair et al., '81; Foreman et al., '81;
McMahon and Morrison, '82; Cervero, '82b, '83b,c) is cur¬

rently interpreted as the functional basis of visceral re¬
ferred sensation (Ruch, '47; Foreman et al., '81; Cervero,
'83a).

The vast majority of afferent fibres projecting to the tho¬
racic spinal cord have their cell bodies in the corresponding
dorsal root ganglia (DRG) but no direct anatomical evidence
ib as yet available on the proportions of somatic and vis¬
ceral DRG cells that constitute the cell population of the
lower thoracic ganglia. Some evidence suggests that the
visceral component of the afferent input to this region of
the cord may not be very large. The greater splanchnic
nerve of the cat contains no more than 3,500 afferent fibres
(Kuo et al., '82) distributed over more than ten cord seg¬
ments (McSwinev and Suffolk, '38; Mei et al., '70). Further¬
more, horseradish peroxidase (HRP) transport through
splanchnic afferent fibres labelled only a few cells in the
lower thoracic DRGs of the cat (Kuo et al., '81).

In previous reports from this and other laboratories (Pom¬
eranz et al., '68; Guilbaud et al., '77; Cervero. '82b, '83b,c)
extensive viscerosomatic convergence in the thoracic spinal
cord was described with more than half of the dorsal horn
cells recorded being excited by visceral stimulation. This
considerable influence of the visceral input on the spinal
cord contrasts with the suspected low numbers of visceral
primary afferent fibres. Therefore, the present study was
undertaken to establish the proportions of somatic and vis¬
ceral primary afferent neurones in the lower thoracic DRGs
of the cat by using the technique of anterograde HRP trans¬
port. The ganglia analysed (T7-T11) were those in the main
area of projection of the greater splanchnic nerve (Mei et
al., '70). The T8 and T9 ganglia were studied in more detail
as they were reported to contain greater numbers of
splanchnic afferent neurones (Mei et al., *70), including
those visceral afferent fibres from the biliary system whose
peripheral and central actions have been previously studied
in this laboratory (Cervero, '82a, '83b).

METHODS

Results were obtained from 12 cats of either sex. weighing
2.3-3.6 kg. Nine cats were anaesthetized with chloralose
(60 mg/kg I.V.) after induction with halothane (2.5% in Vh
O) and NoO) and were maintained under further chlora¬
lose anaesthesia for the duration of the HRP transport time
(up to 53 hours). An appropriate level of narcosis was main¬
tained by regular injections of chloralose (30—40 mg/kg I.V.
every 5-6 hours). The remaining three cats were anaesthe¬
tized with pentobarbitone (40 mg/kg I.P.) and allowed to
recover after surgery from the effects of anaesthesia to
permit longer transport times of up to 5 days.

In those animals kept under anaesthesia for the duration
of the HRP transport time the trachea, the left jugular vein,
and the left femorai vein and artery were cannulated. Blood
pressure, end-tidal COo. and rectal temperature were con¬
tinuously monitored. Core temperature was maintained at
38°C by a feedback-controlled electrical blanket. The uri¬
nary bladder was emptied at regular intervals and respira¬
tory secretions were aspired if necessary. Intravenous
feeding with a solution of 10% glucose was administered
every- 12 hours. Antibiotic treatment (100 mg of amoxycillin
I.M. every 8 hours' was also routinely carried out.

The three cats that recovered from barbiturate anaes¬

thesia had not undergone any other surgical procedures

than those necessary to reach the nerves to which HRP was
applied. After surgery, they received antibiotic treatment
(100 mg of amoxycillin I.M. every 12 hours) for 2 days.
Recovery and postoperative survival were uneventful.

HRP application
A 25% aqueous solution of HRP (Sigma type VI) was

applied to the central ends of the nerves studied. In six of
the animals kept under chloralose anaesthesia and in ail
three cats that recovered from barbiturate anaesthesia, the
nerves used were the right greater splanchic nerve and the
left T9 intercostal nerve. The splanchic nerves were ac¬
cessed retroperitoneally via a lateral approach that left the
pleura intact. Whenever possible, the lesser splanchic
nerves were also included for HRP application. The T9
intercostal nerves were exposed dorsally to their division
into superficial and deep branches.

In the other three cats kept under chloralose anaesthesia
an attempt was made to apply HRP to all somatic branches
of the T8, T9, and T10 spinal nerves by dissecting as many
branches as possible from the dorsal and ventral rami of
the main spinal nerves. HRP was then applied to the ven¬
tral ramus and to all dissected branches of the dorsal ramus.

HRP application was made in all cases to nerves cleared
of connective tissue and cut under microscope observation.
The central ends were washed with distilled water and
inserted into fine polyethylene tubes which were fixed to
the nerves and surrounding tissues with cyanoacrvlate ad¬
hesive. The tubes were then filled with the HRP solution
and sealed with either bone wax or adhesive. In most of the
animals kept under chloralose anaesthesia, the HRP tubes
were removed after 5 hours of exposure. In one of the cats,
a further cut was made in the nerves 2-3 mm central to the
original one and fresh solution of HRP was applied. Contin¬
uous observation of the tubes showed that no leakage of
HRP to the surrounding tissues had occurred. In three
animals kept under anaesthesia and in all three cats that
recovered, HRP tubes were left in place for the duration of
the transport time. Examination of the tubes prior to or
after perfusion showed no signs of HRP leakage.

The following HRP-transport times were allowed: (1) so¬
matic nerves = 22. 29. 30, 31, 49. 53, and 120 hours: (2)
visceral nerves = 28, 50^, 51, 52, 94. 96, and 120 hours.

HRP histochemistry
At the end of the appropriate transport time, the cats

were perfused under anaesthesia through either the heart
or the abdominal aorta with normal saline at 38 = C. contain¬

ing 1% NaNO_> and 10.000 units of heparin, followed by 1.5
litres of a solution at 38°C of 1.25% giuteraldehyde and 1%
paraformaldehyde in 0.1 M phosphate buffer tpH = 7.4) and
2 Litres of 10% sucrose in phosphate buffer at 4°C. The T7-
Tll DRGs were removed and stored in 10% sucrose-buifer
at 4°C overnight.

Cryostat or freezing microtome sections were cut at 20-
50 nm and were processed for HRP histochemistry by using
the TMB reaction described by Mesulam ('82). The sections
were then dehydrated and mounted for histological
observation.

Morphometric methods
Cross-sectional areas of individual DRG cells were mea¬

sured from 20 um sections of the ganglia. The cell outline
of individual HRP-positive cells was drawn in the field of a
Graf pen digitizing tablet (Lawson. '79) using a drawing
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Fig. 2. Schematic diagram of the three main groups of DRG cells in the arrive to the ganglion via the splanchnic nerves and white rami. The central
lower thoracic ganglia of the cat. Somatic DRG cells are connected to branches are shown projecting to the spinal cord via the dorsal root (DR)
afferent fibres projecting to the ganglion via the dorsal and ventral rami of although some may use the ventral root (VR) for projection,
the spinal nerve. Visceral DRG cells are connected to afferent fibres that

tube attached to the microscope. Cells selected for this
measurement were all the HEP-positive profiles in any
given section showing a large nucleus. If necessary, exami¬
nation of consecutive serial sections helped the selection.
DRG cells were measured every fifth section in any given
ganglion, leaving gaps of 100 /xm of tissue between mea¬
sured sections to eliminate double measuring. The digitiz¬
ing tablet generated a series of X-Y coordinates from which
the area circumscribed by the perimeter was calculated by
a Tektronix computer (Lawson, '79). Estimates were calcu¬
lated of the diameters that would correspond to the areas if
distributed as perfect circles.

Counting of neurones

To estimate the proportions of somatic and visceral neu¬
rones in every ganglion, all HRP-positive cell profiles were
counted in every third 50/j.m serial section of any given
ganglion. Counts were made at either side of the largest
section cut along the main axis of the ganglion. Two sec¬
tions were counted on either side of the central one (total =

5 sections). These counts were added and divided by the
number of sections counted in each ganglion to obtain a
mean figure of DRG neurones per 50 /im of ganglion. These
average figures were used to compare cell densities be¬
tween individual ganglia and between DRG cell popula¬
tions of somatic and visceral origin. In many of the ganglia
analysed, more than five sections were counted. The values
of cell density obtained did not differ from the figures cal¬
culated by counting only five sections. In four ganglia (two
TS and two T9)'the sections were counterstained with neu¬

tral red and all ceil profiles were counted.

Fiu. 1. Representative examples of HRP filled dorsal root gangiiu iDRGi
cells in the lower thoracic canclia of the cat: 50-um section < A) across a T9-
DRG where HRP transport had occurred throuyn the T9 intercostal nerve.
Note the larue number 01 somatic cell profiles and the HRP filled initial
segments of the cells coursinc perpcndiculariv to the main bundle of affer¬
ent fibres that run alone the nanuiion. B. Higher-power view of a ltoud of
HRP filled somatic DRG cells. Note the different types of HRP reaction
i^Tnnutar and densei ana the uiomeruius of the initial sesrment of some
cells. C. D. HRP filled visceral DRG cells. Cell bodies, initial seirments. and
a comeruius are clearly shown. Calibration marK.s = 250 urn 1A1 and 100
iim iB-D'.

RESULTS
Transport of HRP

Transport distances along the splanchnic nerve varied
between 90 and 150 mm depending on the ganglia used. In
the somatic nerves, transport distances were between 10
(dorsal ramus) and 50 mm (ventral ramus). A variety of
methods of HRP application including continuous, short-
timed, and repeated exposures were tried in this study.
Also, transport times of between 1 and 5 days were used.
While different transport times affected the transgan-
glionic transport of HRP (paper in preparation), different
techniques and survival times did not affect in a significant
way the anterograde transport of HRP to the DRGs. Figure
1A shows a section through a DRG where HRP transport
had occurred along a somatic nerve. This section is repre¬
sentative of the quality of HRP reaction observed in the
present study and shows HRP-positive cells with the reac¬
tion product in either granular or dense form. Many cells
were completely filled with HRP showing a very clear glom¬
erulus and initial segment (Fig. 1B,C,D). The degree of
filling was independent of the origin of the cell, (either
somatic. Fig. IB. or visceral. Fig. 1C,D) and also of the size
of the cell body, with granular and dense profiles occurring
in cells of all sizes. Figure ID shows a large DRG cell of
visceral origin in which the cell body, initial segment, glom¬
erulus. and axonai branching are all clearly visible.

Thus, transport of HRP from the sectioned nerve to the
DRG occurred in iess than 24 hours and the reaction prod¬
uct remained inside the cell bodies for at least 5 days.
Granular or dense reactions did not seem to depend on DRG
cell size or on the survival time of the animal.

Populations of DRG cells in the lower
thoracic ganglia

According to their peripheral projections, three groups of
DRG cells can be distinguished in the lower thoracic gan¬
glia of the cat.

Two groups of cells are connected to somatic afferent
fibres with projections in the dorsal and ventral rami or'the
spinal nerve. The main spinal nerves divide shortly alter
leaving the intervertebral foramina into a laree ventrai
ramus and a smaller dorsai ramus iFig. 2). The aorsai
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Fig. 4. Diagrammatic reconstruction of the T9-DRG from serial 50-»im
sections. Circles represent HRP-labelled cell profiles alter HRP transport
through the T9-intercostal nerve.

ramus is about one-half to one-third the size of the ventral
ramus, and its many branches innervate the skin and mus¬
cles of the dorsal part of the thorax. The ventral ramus
forms the corresponding intercostal nerve which innervates
the skin and muscles of the lateral and ventral parts of the
thorax. Figure 3 shows HRP-filled somatic fibres and DRG
cells after application of HRP to the T9 intercostal nerve
(Fig. 3A) or to the T9 intercostal nerve and some branches
of the dorsal ramus (Fig. 3B). Both dorsal and ventral rami
are clearly shown as well as the orientation of the somatic
afferent and efferent fibres coursing from the rami to the
spinal ganglia and to the ventral roots.

The third group of cell bodies within the lower thoracic
DRGs are those connected to visceral afferent fibres. These
fibres run in the splanchnic nerves and join the correspond¬
ing spinal nerve via the sympathetic chain and white rami
(Fig. 2). Therefore application of HRP to the splanchnic

Fit: 1. PhotonucroLTnphs ot' 50-um sections alone the main axis or T9
DRG.-. where HRP transport had occurred through the T9 intercostal nerve

• Ai or through the T9-intercostal nerve and the dorsal ramus • B». Note the
crossing «>t fibres from the dorsal and ventral rami «B» caudal to the DRG.
anu the small branch otV the dorsal ramus that escaped HRP application
• arrowi Calibration marss = 1 mm.

nerve or to the dorsal and ventral rami of the spinal nerve
should result in the differential labelling of the visceral and
somatic cell populations of the DRG.

Neurones labelled via somatic nerves

When HRP was applied to the intercostal nerve (ventral
ramus of the spinal nerve) large numbers of DRG cells in
the corresponding ganglion were labelled. DRG cells of
ganglia rostral or caudal to the nerve exposed to HRP were
never labelled. Figure 4 shows a reconstruction of a 50-um
serially sectioned T9 ganglion following application of HRP
to the corresponding intercostal nerve. All HRP-positive
cell profiles have been represented in the figure, which
shows many large and small cells uniformly distributed
throughout the ganglion.

In three animais. attempts were made to label all somatic
DRG cells by applying HRP to all somatic branches of the
T8-T10 spinal nerves. These attempts failed as the dorsai
ramus divides profusely inside the muscles of the back and
some of the branches were either damaged during surgery
or missed when HRP was applied (i.e.. the smail branch
seen in Fig. 3B). In consequence, quantitative measure¬
ments were only made on the somatic population of DRG
cells projecting through the ventral ramus.
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Fig. 5. Diagrammatic reconstruction of the T9 DRG from serial 50-f/m
sections. Circles represent HRP Iabelled cell profiles after HRP transport
through the tpsilateral greater splanchnic nerve.

Neurones labelled via the splanchnic nerve

In contrast with the large number of cells labelled when
HRP was applied to the intercostal nerve, few cells were
labelled after application of HRP to the splanchnic nerve.
As shown in Figure 5. which depicts serial 50-jxm sections
through the T9 DRG alter application of HRP to the ipsilat-
eral splanchnic nerve, only a few labelled profiles were
found in each section of the gangiia. The cells labelled were
generally small and appeared in small groups evenly dis¬
tributed throughout the ganglion with other labelled cells
seen in isolation. No part of any ganglion examined was
seen free of visceral DRG cells, nor was a tendency found
for those cells to be preferentially located in any special
region of the gangiion. Visceral DRG ceils appeared inter¬
mingled with other cells, although in many cases, small
clusters of visceral cells were observed.

Morphometric studies of DRG cells
Measurement of cross-sectional areas and estimates of

cell diameters were obtained in samples of somatic and
visceral DRG cells. Two right T9 ganglia <HRP transport
through the splanchnic nerve) and two left T9 ganglia iHRP

transport through the intercostal nerve) were used. Statis¬
tical analysis (Wilcoxon tests) of the cross-sectional area
distributions showed no significant differences at the 5G-
level between the cell size distributions of the two somatic

and the two visceral ganglia studied. In consequence, pos¬
sible differences between somatic and visceral DRG cells
were examined by pooling all somatic cells measured from
the two somatic ganglia (N = 400) and all visceral cells
measured from the two visceral ganglia (N = 145).

Figure 6 shows the distributions of cross-sectional areas
and estimated diameters of somatic and visceral DRG cells.
Statistical analysis of these distributions (Wilcoxon tests)
showed no differences in the percentage of somatic and
visceral DRG cells with diameters of less than 40 but
there was a difference (P < .05) between the percentages of
somatic and visceral cells with diameters of 40 or

greater. The range of DRG cell size was smaller for the
visceral group, mainly due to the fact that the largest DRG
cells measured were all somatic «Fig. 6). Therefore, whiie
the distribution of cell sizes was similar for somatic ana

visceral cells with small diameters, the somatic cell popu¬
lation had greater proportions of large cells than the vis¬
ceral cell population.
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SOMATIC

area 1pm2) diameter (jjm)
Fig. 6. Histograms of cross-sectional areas (left) and estimated cell di¬

ameters (right) of a sample of 400 somatic DRG cells (top) and 145 visceral
DRG cells (bottom).

TABLE 1. Average Number of DRG Cells per 50 ym of Ganglion1

Ganglia
T7 T8 T9 T10 Til

Visceral N = 2 N = 3 N = 4 N = 6 N = 3
23.0 (94) 22.8 (28) 23.2 (52) 22.4 (50.5) 37.4 (96)
24.6 (120) 18.4 (94) 13.4 (50.5) 14.6 (51) 31.2 (94)

20.4 (120) 18.6 (51) 39.8 (28) 29.0 (120)
25.2 (120) 23.8 (96)

41.4 (94)
20.4 (120)

Mean 23.8 20.5 20.1 27.1 32.5

Somatic <NII N = 6
(ventral ramus)

232.2 (49) 162.4 (29)
240.8 (50) 268.8 (30)

212.0 (29)
236.2 (29)
229.8 (52)
251.4 (53)

Mean 236.5 226.8

All cells N = 2 N = 2
332.0 (49) 383.2 (53)
326.4 (50) 389.4 (49)

Mean 329.2 386.3

'Numbers in parentheses indicate HRP-transporr times in hours.

Proportions of somatic and visceral DRG cells
Eighteen ganglia containing HRP-filled viscera! DRG

cells and eight gangiia with HRP-filled somatic-cells were
used to quantify the proportions of somatic and visceral
cells in the gangiia. In addition, total cell counts were
carried out in four gangiia counterstained with neutral red.

Visceral DRG ceils were counted in two T7 ganglia, three
TS. four T9. six T10. ana three Til. As shown in Table 1.
the average number of visceral DRG cells per 50 nm of
ganglion varied between 13.4 and 41.4 with most values
being between 15 and 30 cells per 50 um. The combined
means for each segmental group of ganglia varied between
20.1 <T9) and 32.5 iTll• but no significant differences were
found between ail the mean values obtained for the ganglia
between T7 and Til.

Somatic DRG ceils projecting through the ventral ramus
of the spinal nerve were counted in two TS gangiia and six

T9 ganglia. Average number of DRG cells per 50 /im varied
between 162.4 and 268.8. Again, no differences were ob¬
served between the mean values of somatic DRG cells per
50 ^m for the TS and T9 ganglia (Table 1).

Total cell counts were carried out in two TS and two T9
ganglia in which all cells had been counterstained with
neutral red. These measurements showed a slightly larger
cell density in the T9 gangiia (386.3 cells per 50 umi com¬
pared with the TS ganglia (329.2 cells per 50 um». (Table 1).

Based on these figures, the percentages of the different
DRG cell populations were calculated as shown in Table 2.
The population of somatic DRG cells projecting through the
dorsal ramus of the spinal nerve was estimated by subtract¬
ing the figures obtained for somatic cells projecting through
the ventral ramus and visceral cells projecting through the
splanchnic nerve from the total cell figures. These esti¬
mated figures for the dorsal ramus amounted to values
approximating one-third (TS) to one-half iT9» of the figures
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TABLE 2. Proportions of Somatic and Visceral DRG Cells in T8 and T9
Ganglia

T8 T9

Av. No./50 ixm N % Av. No.<50 iim N %

Somatic (ventral 236.5 2 71.8 226.8 6 58.7
ramus)

Somatic idorsal 72.21 - 22.0 139.41 — 36.1
ramus)

Somatic (all) 308.7 - 93.8 362.2 — 94.8
Visceral 20.5 3 6.2 20.1 4 5.2
All cells 329.2 2 100.0 386.3 2 100.0

'Estimated idorsal r<imus = all cells - visceral cells - ventral ramus).

obtained for the cells labelled via the ventral ramus. These
figures agreed with the expected values as judged by the
relative size of the dorsal and ventral rami.

Thus. Table 2 shows that the whole somatic cell popula¬
tion was estimated to comprise 93.8% (T8) and 94.8% (T9)
of the total cell count. Visceral DRG cells amounted to only
6.2% (T8) and 5.2% (T9) of the DRG cell population.

DISCUSSION

The results reported in this paper indicate that the num¬
ber of visceral primary afferent neurones in the lower tho¬
racic DRGs of the cat is very small and that the^ast
majority of cells in these ganglia are connected to somatic
afferent fibres. A number of related anatomical observa¬
tions have also been reported here concerning somatic and
visceral DRG cells of the lower thoracic ganglia.

Somatic DRG cells

Sixty to 70 percent (%) of all DRG cells were labelled
following application of HRP to the central end of the inter¬
costal nerve. A further 20-35% of all cells were estimated
to be connected to somatic afferent fibres projecting to the
DRG via the dorsal ramus of the spinal nerve. In total more
than 90% of all DRG cells in the ganglia studied were found
or estimated to have projections in somatic nerves. The
distribution of their cell diameters ranged between 25 and
75 A*m with a peak around 30-35 /xm and a one-sided long
tail toward the largest-diameter values. All these observa¬
tions indicate that the afferent input to the lower thoracic
cord is dominated by somatic afferent fibres whose diame¬
ters span the whole afferent fibre spectrum (Boyd and
Davey. '68). The distribution of somatic DRG cell size sug¬
gests a preponderance of small-diameter afferent fibres al¬
though it should be emphasized that the largest DRG cells
found in this study were all connected to somatic afferent
fibres, presumably, to the largest cutaneous or muscle affer-
ents of somatic nerves (Bovd and Davey, '68).

Visceral DRG cells

Following application of HRP to the splanchnic nerve,
HRP-positive DRG ceils were found in approximately equal
numbers in all ganglia examined (T7-T11). Little variabil¬
ity was found in the estimates of visceral DRG ceil density
between individual ganglia. This suggests considerable an¬
atomical consistency in the central projection of the visceral
afferent input through the splanchnic nerve. Previous stud¬
ies of the spinal cord projection of visceral inputs from the
splanchnic nerve have shown that splanchnic afferent fibres
enter the cord between the T2 and the L2 segments iMc-
Swinev and Suffolk. '3S: Hazarika et al.. '64: Mei et ai.,
'70). Mei et al. i'70) stimulated the greater and lesser
splanchnic nerves of the cat while recording unitary activ¬
ity from the DRGs ana reported that the levels of spinal
projection were between the T6 and Ll segments with most

fibres entering the cord between the T9 and Til segments.
On the other hand, transport of HRP through splanchnic
nerve afferents in the cat (Kuo et al., '81) showed HRP-
filled cells in ganglia from T3 to T13 with most of them in
the T5-T11 ganglia. Our observations, while in agreement
with all these previous reports in so far as the level of entry
is concerned, would indicate that the splanchnic afferent
projection between T7 and Til is roughly uniform. Differ¬
ent HRP-transport times cannot be responsible for the uni¬
formity of visceral DRG cell density found between the T7
and Til ganglia as transport times of between 28 and 120
hours produced similar estimates of density ( see Table 1).

Fewer than 7% of all DRG cells in the T8 and T9 ganglia
were found to be labelled via the ipsilateral splanchnic
nerve. Yet, these segments receive an important proportion
of the visceral afferent input mediated by the splanchnic
nerve. Contributions of visceral afferent fibres from the
contralateral splanchnic nerve can be ruled out as no such
contralateral projection exists in the cat (Kuo et al., '81).
Equally, no pathway of visceral projection to the T8 and T9
ganglia, other than via the splanchnic nerves, is known to
exist in the cat (McSwiney, '38). The conclusion is then,
that even in the main area of projection of the splanchnic
nerve, the actual number of visceral afferent fibres reach¬
ing the spinal cord is very small. This conclusion is sup¬
ported by evidence from other studies in which HRP was
transported through visceral afferent fibres and HRP-filled
DRG cells were examined. Low numbers of such DRG cells
were reported following HRP transport through the greater
splanchnic nerve of the cat (Kuo et al., '81) or the hypogas¬
tric nerve of the rat (Neuhuber, '82). Equally, injections of
HRP into the wall of the stomach and small intestine of the
cat resulted in only 200-300 HRP-filled DRG cells between
T4 and L2 segments (El-Ouazzani, '81). Similar studies,
injecting HRP into the rat liver (Magni and Carobi, '83) or
the rat kidneys (Ciriello and Calaresu. '83) have reported
low numbers of HRP-filled DRG cells in the appropriate
ganglia. These low figures are not surprising in the light of
a recent electron microscopy study of the fibre composition
of the greater splanchnic nerve of the cat (Kuo et al., '82).
According to this report the greater splanchnic nerve con¬
tains no more than 3.000-3500 afferent fibres with a mye¬
linated/unmyelinated ratio of about 1:10. Since these fibres
are distributed over more than ten segments the number of
visceral afferents in each segment cannot be very high. The
T8 and T9 DRGs alone contain more than 5.000 cells each
(unpublished observations), and as the splanchnic nerve is
distributed uniformly for at least six segments, the propor¬
tions of visceral afferents in each segment cannot be much
higher than the 7% estimated in this study.

In agreement with Kuo et al. ('81), we found that within
each ganglion, visceral DRG cells were evenly distributed
throughout the ganglion, with some cells clustered in small
groups. The spectrum of visceral cell sizes agrees with the
spectrum of fibre diameters in the splanchnic nerve (Kuo et
al.. '82) assuming a direct relationship between cell body
size and fibre diameter. A few large visceral DRG cells were
observed, some of which could be the cell bodies of the 120-
350 large A afferent fibres in the splanchnic nerve con¬
nected to mesenteric pacinian corpuscles iLeek. '77). These
large viscerai DRGs were preferentially located in the cen¬
tral portion of the ganglion, close to. or intermingled with,
the main bundle of afferent fibres crossing the DRG.

DRG cells with multiple peripheral projections
Over the last few years, functional and anatomical evi¬

dence has been published suggesting the existence of pri-
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mary afferent neurones with dual or multiple peripheral
projections (Langford and Coggeshall, '81), including
branches in somatic and visceral nerves (Bahr et al., '81).
Recently, Pierau et al. ('83) have reported that such neu¬
rones constitute no more than 1% of the somatic cell popu¬
lation of the lower thoracic DRGs of the cat. While the
existence of DRG cells with branching axons is clearly
established, their very low numbers would not substan¬
tially change the estimates of visceral and somatic cell
densities found in the present study. The precise functional
relevance of such viscerosomatic DRG cells remains to be
analysed.

Central actions of visceral primary afferents
Viscerosomatic convergence onto second-order neurones

in the thoracic spinal cord is extensive. More than 50% of
dorsal horn cells, including those that project through so¬
matosensory ascending pathways receive a visceral input
(see references in first section of article). Yet these large
effects are mediated by less than 10% of the total afferent
inflow in any given segment of the thoracic cord. Ln a
previous report from this laboratory, electrophysiological
evidence was presented suggesting that the visceral input
to some spinal cord neurones could be mediated or rein¬
forced via a long supraspinal loop (Cervero, '83c). These
supraspinal effects of visceral afferent fibres include the
triggering of diffuse activation systems that would enhance
descending excitation over spinal cord neurones. The dif¬
fuse activation of the spinal cord, following visceral stimu¬
lation, parallels the general increase in sympathetic and
motor activity that accompanies visceral pain. Equally, the
ill-defined and poorly localised qualities of visceral sensa¬
tion could be due to these general effects being mediated by
few visceral afferent fibres activating excitatory systems in
a diffuse manner.

Central divergence of the visceral input to the spinal cord
can be accomplished by either extensive anatomical
branching of the central endings of visceral afferent fibres
or by functional divergence of the visceral input through
multiple polysynaptic pathways. A companion study (paper
in preparation) describing the spinal cord projections of
HRP-filled visceral afferents will present evidence that sup¬
ports the latter possibility.
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ABSTRACT
Transport of horseradish peroxidase (HRP) through somatic and visceral

nerve fibres was used to study the patterns of termination of somatic and
visceral primary afferent fibres within the lower thoracic segments of the
cat's spinal cord. A concentrated solution of HRP was applied for at least 5
hours to the central end of the right greater splanchnic nerve and of the left
T9 intercostal nerve of adult cats. Some animals remained under chloralose
anaesthesia for the duration of the HRP transport times (up to 53 hours)
whereas longer HRP application and transport times (4-5 days) were al¬
lowed in animals that recovered from barbiturate anaesthesia.

Somatic afferent fibres and varicosities (presumed terminals) were found
in laminae I, II, III, IV, and V of the ipsilateral dorsal horn and in the
ipsilateral Clarke's column. The density of the somatic projection was partic¬
ularly high in the superficial dorsal horn. In parasagittal sections of the
cord, bundles of somatic fibres were seen joining the dorsal horn from the
dorsal roots via the dorsal columns and Lissauer's tract. A medio-lateral
somatotopic arrangement of somatic afferent terminations was observed,
with afferent fibres from the ventral parts of the dermatome ending in the
medial dorsal horn and afferent fibres from the dorsal parts of the derma¬
tome ending in the lateral dorsal horn. The total rostro-caudal extent of the
somatic projection through a single spinal nerve was found to be of 2 and
2/3 segments, including the segment of entry, the entire segment rostral to
it and two-thirds of the segment caudal to it. A lateral to medial shift in
the position of the somatic projection was observed in the rostro-caudal axis
of the cord.

Visceral afferent fibres and varicosities (presumed terminals) were seen
in laminae I and V of the ipsilateral dorsal horn. The density of the visceral
projection to the dorsal horn was substantially lower than that of the somatic
projection. Visceral afferent fibres reached the dorsal horn via Lissauer's
tract and joined a lateral bundle of fine fibres that run along the lateral
edge of the dorsal horn. The substantia gelatinosa (lamina II) appeared free
of visceral alferent fibres.

These results are discussed in relation to the mechanisms of viscero¬
somatic convergence onto sensory pathways in the thoracic spinal cord.

Key words: thoracic spinal cord, somatic primary afferents. visceral primary
afferents. dorsal horn, horseradish peroxidase
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Most internal organs have a dual afferent innervation. A
proportion of visceral afferent fibres reach the central nerv¬
ous system via parasympathetic nerves (such as the vagus
nerve) whereas other afferent fibres connected to receptors
in the same viscera project to the central nervous system
via sympathetic nerves (Davis et al., '32; McSwiney, '38;
Ruch. '47). It has been suggested that most visceral afferent
fibres in parasympathetic nerves mediate the nonsensory
components of visceral afferent signals (i.e., cardiovascular
or gastro-intestinal reflexes) (Schrager and Ivy, '28; Ruch,
'47) and that visceral afferent fibres projecting through
sympathetic nerves include those that mediate some of the
visceral sensations perceived as visceral discomfort and
visceral pain <Schrager and Ivy, '28; Davis et al.. '29, '32;
Gernandt and Zotterman, '47). Painful sensations from pel¬
vic and from thoracic viscera can be mediated by afferent
fibres in parasympathetic nerves, but a simple division can
still be proposed between sensory and nonsensory visceral
pathways on the basis of clinical and behavioural studies
(Ruch, '47; Stulrajter et al., '78). This view has recently
been reinforced by the description of putative visceral noci¬
ceptors connected to afferent fibres in sympathetic nerves
(Baker et al., '80; Cervero. '82a. '83a).

Visceral sensory fibres from the upper abdominal viscera
join the splanchnic nerves (McSwiney, '38; Kuo et al.. '82)
which project to the thoracic spinal cord between the T3
and TI3 segments iMcSwiney and Suffolk. '38; Hazarika et
al., '64; Mei et al.. *70). Visceral and somatic afferent fibres
converge onto spinal cord neurones, including those that
project through ascending somato-sensorv pathways (Pom-
eranz et al., '68; Gokin. '70; Guilbaud et al., '77; Foreman
and Ohata. '80; Cervero. '82b, '83b.c). This arrangement of
somatic and visceral connectivity forms the basis of Ruch's
"convergence-projection" theory of referred visceral pain
(Ruch, '47).

Viscero-somatic convergence in the thoracic spinal cord is
extensive but in a companion study (Cervero et al.. '84) we
showed that the actual number of visceral primary afferent
fibres projecting to the lower thoracic spinal cord of the cat
is very smail. Less than 7% of the total population of dorsal
root ganglion (DRG) ceils in the T8 and T9 segments are of
visceral origin whereas the vast majority (over 90%) of DRG
cells are connected to afferent fibres in somatic nerves.

Electrophysiological studies of viscero-somatic convergence
in the thoracic spinai cord indicate a differential distribu¬
tion of the somatic and visceral inputs to the dorsai horn
(Pomeranz et al.. '6S: Gokin. 70; Cervero, '82b. '83b.c).
Viscerai atferent fibres do not appear to project to laminae
II. III. and I\T of the dorsal horn although it is well docu¬
mented that these laminae are targets for a substantial
proportion of somatic afferent fibres (Light and Peri. '79).
These findings nave received anatomical support from stud¬
ies on the mode of termination of visceral afferent fibres in
the sacral and upper lumbar cord of the cat. rat. and mon¬
key iMorgan et ai.. SI; Neunuber. '82: Cirieilo and Cala-
resu. 'S3: Nadelhaft et ai.. 'S3: Kuo et al.. '83). which have
shown an absence of visceral afferent terminals in laminae
II—IV of the dorsai horn.

To complement previous electrophysiological studies from
this laboratory, we have now studied the mode of termina¬
tion of somatic ana visceral atferent fibres within the tho¬
racic spinai cord of the cat. Special emphasis was given to
the analysis of possible differences between the areas of
termination and the density of projection of the somatic and
the visceral primarv .liferent inputs to the thoracic spinai

cord. This is of interest in order to establish whether the
extensive central effects of relatively few visceral afferent
fibres are due to anatomical or to functional divergence of
the visceral input within the spinal cord. A preliminary
report of this study has been previously published (Cervero
and Connell, '84).

METHODS
Results were obtained from the same 12 cats used, in a

previous study, to investigate the proportions of somatic
and visceral primary afferent neurones in the dorsal root
ganglia. A full description of the anaesthetic techniques,
surgical procedures, and experimental methods can be found
in that report (Cervero et al., '84).

A 25% aqueous solution of HRP (Sigma Type VI) was
applied to the central ends of the right splanchnic nerve
and of the dorsal and/or ventral rami of the left T9 spinal
nerve (Fig. 1). Contact of the HRP solution with the cut
ends of the nerves was maintained for at least 5 hours. The
following HRP-transport times were allowed: (1) somatic
nerves: 22. 29. 31. 49, 50. 94, 95, 96, and 120 hours; (2)
visceral nerves: 28. 50M>, 51, 52. 94, 95, 96. and 120 hours.
Details of the methods of application of HRP have been
previously described in detaii (Cervero et al., '84).

• At the end of the appropriate times, the cats were per¬
fused with fixative under anaesthesia and the T7-T11 seg¬
ments of the spinal cord were removed. Longitudinal or
transverse serial sections of the cord were cut at 50-80 ^m
using a freezing microtome. The sections were processed for
HRP histochemistry using the TMB reaction (Mesulam.
'82). Sections were examined under the microscope with
normal or dark-field illumination. Reconstruction of HRP-
labelled structures was carried out with a drawing-tube
attached to the microscope.

RESULTS

Transport of HRP
Figure 1 shows a diagram of of the nerve pathways avail¬

able for HRP transport in the present experiments. In the
side in which HRP was applied to somatic nerves, transport
was expected through the axons of somatic motoneurones
and through somatic primary afferent fibres. The latter
included transgangiionic and anterograde transport of HRP
to the terminals of somatic afferent fibres within the spinai
cord. In the side in which HRP was applied to visceral
nerves, transport was expected through the axons of sym¬
pathetic preganglionic neurones and through visceral pri¬
mary afferent fibres. Also, transgangiionic and anterograde
transport through visceral afferent fibres would label their
spinal cord projections. All these forms of HRP transport
were, in fact, observed in the present experiments, but the
relative density of labelling was found to be dependent on
the transport pathway and on the survival time.

As described in a previous report iCervero et al.. '84)
different techniques of HRP application and survival times
of between I ana 5 days did not affect in a significant way
the transport of HRP to the dorsal root ganglia. HRP-
labelled ceil bodies were clearly seen in the dorsal root
ganglia less than 24 hours after HRP application. Trans¬
port times of up to 5 days did not affect the number of cells
labelled or the quality of the reaction produced. Similar
results were obtained for the retrograde transport of HRP
through somatic and viscerai efferent fibres. Ventral horn
motoneurones ana sympathetic preganglionic cells were
strongly labelled in all cases examined 'Fig. 2). However.
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SOMATIC

Fig. 1. Schematic diagram of the experimental procedure. Concentrated solutions of HRP were

applied to the central ends of the splanchnic nerve in one side of the animal i visceral) and of the dorsal
andor ventral rami of the spinal nerve in the other side (somatic). The available pathways for
anterograde and retrograde transport of HRP have been indicated in the diagram.

the transport of HRP through the central branches of pri¬
mary afferent neurones was found to be very sensitive to
the duration of the survival time. The spinal cord projec¬
tions of visceral afferent fibres were only labelled after
transport times of between 2 and 4 days. Shorter or longer
transport times resulted in very faint or no labelling of the
central endings of these fibres. The transport distances
along the splanchnic nerves varied beteween 90 and 150
mm depending on the segment of the spinal cord. This
range of transport distances resulted in a denser labelling
of those visceral afferent terminals in more caudal seg¬
ments. In the side of the cord in which transport of HRP
occurred through somatic fibres, labelling of afferent ter¬
minals was seen after transport times of between 1 xh and 4
days, with transport distances of between 10 (dorsal ramus)
and 50 mm (ventral ramus). Transganglionic transport of
HRP always produced a poorer quality of labelling than
that observed after retrograde HRP transport to motoneu-
rones or to dorsal root ganglion cells. It would appear that
HRP transport through the central branches of dorsai root
ganglion cells is more difficult than through any of the
other pathways used in our experiments.

In this study, some animals remained under chloralose
anaesthesia for the duration of the survival time whereas
others were allowed to recover from barbiturate anaes¬

thesia. The quality of transganglionic and anterograde HRP
labelling was invariably better in those animals that did
recover from anaesthesia. In our experience, transgan¬
glionic transport of HRP was impaired by the long exposure
to anaesthetics of some animals.

Retrograde labelling of somatic and sympathetic
motoneurones

As described above, somatic motoneurones and sympa¬
thetic preganglionic neurones were consistently labelled in

our experiments. As shown in Figure 2, somatic motoneu¬
rones appeared densely labelled, with the reaction product
filling many dendrites as well as the axons of the neurones.
Similarly, the cell bodies, proximal dendrites, and axons of
sympathetic preganglionic neurones were also densely la¬
belled (Fig. 2). Sympathetic preganglionic neurones were
observed not only in the intermedio-lateral column, where
they were abundant, but also in a medio-lateral band ex¬
tending from the central canal, across the intermedio-lat¬
eral column, and into the lateral funiculus of the white
matter. No systematic attempt was made to analyse the
location patterns of somatic or sympathetic motoneurones
but it is important to record their presence in our results,
as the profuse labelling of their dendritic trees obscured the
patterns of termination of primary afferent fibres in their
immediate vicinity.

Somatic afferent fibres in the dorsal horn

Application of HRP to the central end of the T9 intercos¬
tal nerve resuited in the labelling of the spinal cord projec¬
tions of somatic afferent fibres (Figs. 3-5). In transverse
sections of the spinal cord, somatic afferent fibres were
labelled in laminae I, II. III. IV, V, and in Clarke's column
(Figs. 3, 5). The density of the projection was particularly
high in the most superficial dorsal horn (laminae I. II)
where many fibres and varicosities (presumed terminals)
were observed. Reconstruction of transverse serial sections

(Fig. 5) showed a number of fibres and varicosities in lami¬
nae III and IV. Only isolated fibres were observed in lamina
V but a more dense area of projection was found in the zone
corresponding to Clarke's coiumn (Fig. 5). The somatic af¬
ferent projection to laminae I and II was restricted to the
ipsilateral side of the cord even though at the lower thoracic
level of the cord both dorsal horns are joined at the midline
'Fig. 5).
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Fic. 2. Representative examples of HRP filled somatic motoneurones iA. C) and sympathetic pre-tjanirlionic neurones iB. D) in tne lower thoracic segments ot' the cat. A. Transverse eO-uin section <>t"the spinai cord showing somatic motoneurones. B. D. Parasagittal 50-nm sections ot the spinal cordshowinu' sympatnetic preeaniriionic neurones. C. Parasaijittai hO-um section ot'the spinal cord showingsomatic motoneurones. Calibration marks: A. 200 urn: B. 100 «m: C. 500 um: D. 250 urn.
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Fig. 4. Parasagittal (80-nm) section of the T9 segment of the spinal cord showing bundles of HRP
filled fibres in the dorsal column. HRP was applied to the ventral ramus i intercostal nerve) of the T9
spinal nerve. Calibration mark: 500 pm.

Afferent fibres reached the gray matter via the ipsilateral
dorsal columns and Lissauer's tract. In parasagittal sec¬
tions of the cord (i.e.. Fig. 4) bundles of HRP-labeiled so¬
matic fibres were seen joining the dorsal horn from the
dorsal roots. In transverse sections, thinner fibres were

labelled in Lissauer's tract (Fig. 3).

Somatotopic arrangement of the somatic projection
In most experiments, application of HRP to somatic nerves

was restricted to the T9 intercostal nerve (i.e., the ventral
ramus of the T9 spinal nerve). This resulted in the labelling
of afferent endings projecting to the medial two/thirds of
the ipsilateral dorsal horn (Figs. 3. 5). No labelling of affer¬
ent fibres was observed in the most lateral third of the
dorsal horn. In three animals. HRP was applied to both
rami of the spinal nerve and this resulted in the labelling
of somatic afferent fibres across the entire dorsal horn.
Therefore, somatic afferent fibres from the dorsal parts of
the thoracic dermatome project to the lateral dorsal horn,
whereas fibres from the lateral and ventral parts of the
dermatome terminate in the medial two-thirds of the dorsal
horn (Fig. 6). This somatotopic arrangement indicates that
dorsal horn neurones located close to the spinal cord mid-

Fig. 5. Transverse 'SO-umi section of the T9 segment of the spinal cord
showing HRP-filled fibres and terminals in the dorsal horn. HRP was

applied to the ventral ramus <intercostal nerve" of the T9 spinal nerve.
Calibration mark: 250 „m. The outline of the gray matter has been indi¬
cated by large urro^neaus. DC. dorsal columns: LT. Lissauer's tract: C.
central canal: LF. lateral funiculus: CC. Clarke's column: MN. somatic

motoneurones: SG. substantia eeialinosa. Note the absence of HRP labell¬
ing in the most laterai oart of the SG "outlined hv the small arrowheads).
This area receives protections I'rom somatic .liferents in the dorsal ramus of
the spinai nerve.

line receive afferent projections from the ventral parts of
the dermatome whereas afferent fibres from dorsal portions
of the dermatome project to neurones located far apart, in
both lateral edges of the dorsal horns (Fig. 6).

Segmental distribution of somatic afferent fibres
Examination of HRP-labelled afferent fibres after appli¬

cation of HRP to the T9 intercostal nerve was also carried
out in parasagittal sections of spinal cord segments from
T7 to Til. This permitted the assessment of the rostro-
caudal extent of the somatic afferent projection to the tho¬
racic spinal cord via a single spinal nerve. These observa¬
tions were complemented by the analysis of the rostro-
caudal extent of the somatic afferent projection in the three
cats in which HRP was applied to most somatic branches of
the T8, T9, and T10 nerves.

Somatic afferent fibres and their dorsal horn projections
were present throughout the full length of their segment of
entry into the cord. In addition. HRP-labelled fibres and
terminals were seen throughout the length of the immedi¬
ately rostral segment and throughout the rostral two-thirds
of the immediately caudal segment. The total rostro-caudal
extent of the somatic projection through a single spinal
nerve is therefore 2 and 2. 3 segments.

A lateral to medial shift in the position of the somatic
projection was observed in the rostro-caudal axis of the
cord. The somatic atferent projection through the T9 seg¬
ment reached more medial areas of the T10 segment in its
caudal end and more lateral areas of the T8 segment in its
rostral end.

Visceral afferent fibres in the dorsal horn

Application of HRP to the central end of the greater
splanchnic nerve resulted in the labelling of the spinal cord
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Fig. 5. Reconstruction from three 80-^m transverse serial sections of the projection of somatic
afferent fibres to the dorsal horn of the T9 segment of the spinal cord. The dotted line indicates the
ventral border of the substantia gelatinosa. HRP was applied to the ventral ramus i intercostal nerve i
of the T9 spinal nerve. The spinal cord area represented in the reconstruction is indicated in the small
diagram of the spinal cord.

projections of visceral afferent fibres (Fig. 7). In transverse
sections of the spinal cord, visceral afferent fibres were seen
in Lissauer's tract and in laminae I and V of the dorsal
horn. There was a very low density of visceral fibres and
terminals labelled with HRP which made the reconstruc¬

tion of several serial sections necessary in order to assess
the patterns of termination of visceral afferent fibres in the
gray matter. Fibres and varicosities (presumed terminals)
were found along the full medio-lateral extent of lamina I
with a few HRP-labelled profiles seen in the outer parts of
lamina II. Most of lamina II and the whole of laminae III
and IV appeared free of HRP-labelled structures whereas
more fibres and terminals filled with HRP were seen across

the whole medio-lateral extent of lamina V. Visceral affer¬
ent fibres reached lamina V via a lateral bundle of fine
fibres that run along the lateral edge of the dorsal horn
(Fig. 7). Dense labelling occurred in the vicinity of the
sympathetic preganglionic neurones which had been filled
retrogradely with HRP. However, it is difficult to assess
whether this labelling was due to visceral afferent fibres.

to the dendrites of sympathetic preganglionic neurones, or
to both. As the contralateral side of the cord showed the
dense HRP labelling of somatic afferent fibres it was not
possible to ascertain whether or not the visceral afferent
projection was restricted to the ipsilateral side of the cord
or extended into the contralateral side. With the exception
of the labelling in the vicinity of the sympathetic pregan¬
glionic neurones, no HRP-filled structures were observed in
the gray matter of the ventral horn. The axons of the
sympathetic preganglionic ceils were generally seen cours¬
ing along the lateral border of the ventral horns.

This pattern of termination of visceral afferent fibres was

clearly seen in parasagittal sections of the spinal cord.
Figure 8 shows the reconstruction of the HRP-labelled
structures observed in such a section. In this case, the
section was not parallel to the main axis of the cord, but
followed an oblique course :n the rostro-caudai direction.
This permitted the visualization in a sincie section of HRP-
labelled terminals in laminae I and V: of filled pregan¬
glionic neurones and of the lateral bundle of visceral alfer-
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Fig. 6. Diaeram of the somatotopic organisation of the somatic afferent projection to the thoracic
spinal cord. The dorsal part of the dermatome is represented in the lateral dorsal horn whereas the
lateral and ventral parts of the dermatome are represented in the medial dorsal horn. Further
explanation in the text.

ent fibres running from Lissauer's tract to lamina V. The
substantia gelatinosa (lamina II) appeared almost com¬
pletely devoid of visceral afferent fibres (Fig. S).

DISCUSSION
Our results provide supporting anatomical evidence for

the conclusion from electrophysiological studies (Cervero.
'83b.ci that there is a differential distribution of somatic
and visceral afferent fibres within the thoracic spinal cord.
In addition, further information has been obtained regard¬
ing the general organization of the somatic and visceral
afferent inputs to the dorsal horn.

The pattern of termination of somatic primary afferent
fibres within the thoracic spinal cord has been previously
studied in mammals with both HRP and degeneration
methods (Grant and Ygge. 'SI: Ygge and Grant. 'S3; Smith.
'83b Our observations in the lower thoracic spinal cord of
the cat are in general agreement with previous reports in
terms of the areas of projection within the dorsal horn and
of the somatotopic organization of afferent terminals. So¬
matic afferent fibres provide the main source of afferent
inputs to the dorsal horn and project to the superficial

dorsal horn (laminae I. ID, to the nucleus proprius (laminae
III-V). and to Clarke's column. This pattern of termination
is similar to that described in other regions of the mamma¬
lian spinal cord such as the lumbo-sacral enlargement
(Light and Perl. '79: Brown. 'S2). Taking into consideration
the relay of sensory information from somatic afferent fibres
to ascending sensory pathways, the patterns of termination
described above offer possible monosynaptic connexions be¬
tween primary afferent fibres and spino-cervical tract neu¬
rones. postsynaptic dorsai column neurones and spino¬
cerebellar tract neurones (Brown. '82; Matsushita and Ho-
sova. '82). However, neurones at the origin of the spino¬
reticular and spino-thalamic tracts tend to be located in the
deep dorsal horn and in the ventral horn (Maunz et al.. '78;
Meyers and Snow. '82b: Cervero. '83c) and therefore may
only be connected to primary afferent fibres via a polysy¬
naptic chain. This might explain the somewhat ill-defined
and variable characteristics of their cutaneous receptive
fields (Meyers and Snow. S2a).

The medio-lateral somatotopic arrangement and the ros-
tro-caudal extent of the somatic projection to the thoracic
spinal cord provide a clear illustration of the close relation-
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Fig. 7. Reconstruction from seven 60-um transverse serial sections of the
protection of visceral afferent fibres to the dorsal horn of the T9 segment of
the spinal cord. The dotted line indicates the ventral border of the substan¬
tia geiatinosa. HRP was applied to the central end of the splanchnic nerve.

The spinal cord area represented in the reconstruction is indicated in the
small diagram of the spinal cord. Some profiles of HRP labelled sympathetic
preganglionic neurones have also been included in the reconstruction.

ship between patterns of primary afferent termination and
receptive field properties of second-order neurones. Tho¬
racic dermatomes are very simple bands of skin, covering
the intercostal spaces, and are supplied by only two main
trunks off the segmental spinal nerve. As there is virtually
no crossing-over of afferent fibres from one intercostal nerve
to the next, thoracic dermatomes are a typical example of
segmental organization in the spinal cord. Therefore, the
medio-lateral somatotopic arrangement and the rostro-cau-
dal shift of the somatic projection are closely reflected in
the receptive fields of thoracic dorsal horn neurones. The
extensive overlapping of the projection through a single
segment with adjacent segments results in receptive fields
that extend over several dermatomes. The rostro-caudal
shift determines a predominant trend for the receptive fields
in the dorsal pans of the dermatome to extend caudally
and for the receptive fields in ventral regions of the derma¬
tome to extend rostrally <Cervero and Tattersall. unpub¬
lished observations'. This simplicity in the somatotopic map

of the thoracic dorsal horn may therefore provide a useful
model for the study of changes in dorsal horn somatotopv
after acute or chronic alterations of its peripheral afferent
input.

The pattern of termination of visceral afferent fibres de¬
scribed in the present study confirms the findings of pre¬
vious reports on the mode of termination of visceral afferent
fibres in other regions of the cord or in other animal species
(Morgan et al.. 'SI; Neuhuber. '82; Cirieilo and Calaresu.
'83; Nadelhaft et al.. 'S3; Kuo et al.. 'S3). It is now clear
that visceral afferent fibres display a consistent pattern of
central termination throughout the spinal cord, with areas
of projection in iaminae I and V but sparing the intermedi¬
ate laminae dl-IV). Other authors have described contra¬

lateral projections of viscerai afferent fibres or terminations
of visceral afferents in the vicinity of sympathetic pregan¬
glionic neurones iKuo and de Groat 'S3'. As in our experi¬
ments both areas of termination were obscured by HRP-
filled profiles belonging to other neuronal elements, we are
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Fig. S. Camera iucida drawing of HRP labelled structures in one 80-jim
oblique section along the main axis of the T8 segment of the spinal cord.
HRP was applied to the central end of the splanchnic nerve. The plane of
orientation of the section is indicated by the diagram at the top of the
figure. At one end (left), the section cuts through the medial dorsal horn.
HRP-labelled visceral afferent fibres appear in the dorsal column (DC), in
laminae I and V. and in Clarke's column iCC). The line of small crosses

indicates the ventral border of the substantia gelatinosa. At the other end
of the section (right) the plane of orientation cuts across the dorso-lateral
funiculus iDLF) and intermedio-lateral column (ILC) where sympathetic
preganglionic neurones were labelled. Note the bundle of visceral afferent
fibres (arrows) running along the lateral edge of the dorsal horn between
laminae I and V.

unable to provide information on whether visceral afferent
fibres terminate within either of these areas. Cutting the
ventral roots to prevent labelling of somatic and pregan¬
glionic motoneurones would also result in the severing of
the afferent input to the cord mediated by ventral root
afferents (Coggeshall, *80), some of which are known to be
connected to visceral receptors (Clifton et al.. '76). There¬
fore. it was decided to maintain the ventral roots intact in

our experiments in order to preserve the visceral afferent
projection to the spinal cord.

The lack-of a direct visceral projection to lamina IT (the
substantia gelatinosa) is of considerable interest. Most vis¬
ceral afferent fibres in the splanchnic nerve are unmyeli¬
nated and as the substantia geiatinosa is considered to be
the main relay nucleus in the spinal cord for unmyelinated
afferent fibres (see Cervero and Iggo. '80. for review), a
direct visceral projection would be expected. However, elec¬
trophysiological 'Cervero. '83b.c> and anatomical studies
have failed to find such a direct projection of visceral affer¬
ent fibres. Therefore it is possible to propose that neurones
in the substantia gelatinosa are not concerned with the
integration of the input conveyed by all unmyelinated affer¬
ent fibres, but only with the signals carried by those of
somatic origin. Recent HRP studies have also shown that
unmyelinated afferent fibres in muscle nerves do not ter¬
minate in the substantia geiatinosa but have a pattern of
central projection similar to that of visceral atferents (Craig

and Mense. '83). This would give further support to the
proposals that neurones within the substantia gelatinosa
are responsible for the integration of cutaneous sensibility
only. Deep and visceral sensation, including visceral pain,
must therefore have separate mechanisms of relay and
integration within the spinal cord. This diverse organiza¬
tion may account for the considerable differences between
the highly discriminative and well-localized sensory expe¬
riences evoked by cutaneous stimulation and the dullness
and lack of sensory definition and discrimination of deep
and visceral sensation. The concept of the substantia gela¬
tinosa as a general centre for the integration of all nocicep¬
tive and other sensory messages needs to be modified to
account for the lack of a direct input to its neurones from
afferent fibres of deep and visceral origin.

In a previous study (Cervero et al.. '84> we showed that
the proportion of visceral primary afferent fibres within the
area of spinal cord projection of the splanchnic nerve was
very small. Values of less than 10rr were obtained for the
visceral cell population of the TS and T9 dorsal root gan¬
glia. The present report confirms this scarcity of visceral
afferent fibres in the lowest thoracic segments. The density
of HRP labelling after transganglionic transport through
the splanchnic nerve was always a great deal lower than
after HRP transport through the intercostal nerve. Thus,
the central actions of visceral afferent fibres, evoked by
volleys in the splanchnic nerve, are mediated by very few
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visceral afferent terminals. Yet, viscerosomatic conver¬

gence in the thoracic spinal cord is extensive with the
majority of the neurones recorded in the thoracic spinal
cord responding to volleys in the splanchnic nerve. A possi¬
ble explanation for this considerable effect is that the few
afferent fibres that mediate the visceral input are able to
influence many neurones through extensive divergence via
polysynaptic chains. We have already obtained electrophys¬
iological evidence that indicates considerable divergence of
the visceral afferent input within the spinal cord (Cervero,
'83b.c). Also we have shown that the visceral input to some
neurones in the thoracic spinal cord is mediated or
strengthened via supra-spinal loops (Cervero, '83c). These
electrophysiological observations and the present anatomi¬
cal evidence strongly indicate that the central actions of
visceral sensory fibres are those of general activation of
central sensory mechanisms in a diffuse and ill-localized
manner.
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ABSTRACT

Impulses arising from visceral receptors may evoke
sensations of discomfort and/or visceral pain. This
can be due to the activation of specific visceral noci¬
ceptors or to increased activity in and spatial recruit¬
ment of non-specific visceral receptors. Visceral
noxious information is integrated at the first synaptic
relay by viscero-somatic convergence onto spinal cord
neurons, some of which project through pathways such as
the spino-thalamic and spino-reticular tracts. Noxious
intensities of visceral stimulation are necessary to
activate viscero-somatic convergent neurones. Anatomi¬
cal studies indicate that the proportion of visceral
afferent fibres in the dorsal roots is small and that
there is a differential distribution of somatic and
visceral afferent fibres within the grey matter of the
spinal cord. The visceral sensory input to the spinal
cord appears to be diffuse and may be mediated via
supra-spinal loops. The existence of specific visceral
nociceptors and the properties of the visceral input
to the spinal cord are discussed in relation with the
mechanisms of visceral sensation.

1. Introduction

Most internal organs have an afferent innervation. Some receptors
connected to visceral afferent fibres have been studied in great detail,
such as the arterial baro- and chemoreceptors or the stretch receptors
in the lungs. The activation of many visceral receptors does not
usually result in the conscious perception of a specific sensation but
in some cases such activation does evoke a sensation, most commonly a

vague sensation of discomfort or even a clear-cut pain. The "afferent"
innervation of a viscus can thus become a "sensory" innervation.

There are two possible ways by which the visceral afferent inflow
to the CNS can be transformed into a visceral sensory message: (i) rece¬
ptors responsible for visceral sensations are the same population of
visceral receptors responding to innocuous stimuli and responsible for
visceral reflex actions. These receptors would respond with higher

275

545



frequencies of firing to noxious stimuli - or, (ii) receptors responsi¬
ble for the sensations of visceral pain are a different population of
visceral receptors which respond to the same stimuli that evoke visceral
reflex actions but with different thresholds or by different mechanisms.
This view postulates the anatomical and physiological separation between
the afferent innervation and the sensory innervation of a viscus and
requires the existence of specific visceral nociceptors. However, it
is important to point out that the final conscious perception will
depend to a large extent on the central integration of the afferent
signals from viscera. For this reason, the functional properties of
visceral nociceptors will be discussed here, in relation with the cen¬
tral connections of visceral afferent fibres at the level of the firsp
synaptic relay in the spinal cord.

2. Visceral Nociceptors

There is enough experimental evidence to support the suggestion
that some internal organs have specific visceral nociceptors. In the
heart, a group of ventricular receptors has been found connected mainly
to unmyelinated afferent fibres and specifically sensitive to the chemi¬
cal substances released by the ischaemic myocardium (1,18). This
group of receptors is activated only by those forms of stimulation
associated with pseudo-affective responses indicative of pain. Equally,
sensory receptors which may fulfil the role of visceral nociceptors
have been described in other deep tissues such as the lungs and respir¬
atory tract (19), the testes (13) and some skeletal muscles (14).

Sensations arising from the gastro-intestinal tract have been attri¬
buted to the activation of the non-specific in-series tension receptors
located in the muscular walls of hollow viscera (12) or the non-speci¬
fic serosal receptors that respond with a slowly adapting discharge to
light mechanical stimuli (16). These receptors could encode sensory
information by means of the intensity of their discharges and not by
the activation of a specific population of nociceptors.

Recently some evidence of the existence of specific visceral noci¬
ceptors in the biliary system of the ferret has been obtained (3). A
population of biliary mechanoreceptors was described whose threshold
for activation coincided with the maximum physiological levels of
biliary pressure and gave further and vigorous responses when biliary
pressure reached noxious levels (Figure 1). A correlation was estab¬
lished between the level of biliary pressure (above the physiological
range), the presence of a nociceptive reflex (transient increase in
blood pressure) and the firing rate of the afferent fibre. This was
taken as evidence in favour of the presence of a population of specific
visceral nociceptors in the biliary system.

However in other locations, such as the colon of the cat (2,11)
there seems to be a less clear cut division between low and high thres¬
hold mechanoreceptors with the distribution of mechanical thresholds
spreading from non-noxious to the clear-cut noxious levels. Thus, it
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FIGURE 1. High threshold biliary receptors in the ferret.
Blood pressure, biliary pressure, rate of firing of the
afferent fibre and sample recordings are presented in the
left. Activity appears only at Biliary pressure levels
which evoke increases in blood pressure. Centre: Receptive
field of one such high threshold biliary receptor and res¬
ponses evoked by mechanical probing of the receptive field
(right) .

might be that both nociceptors and non-specific visceral receptors
act in parallel conveying information to the CNS about noxious events.
Alternatively, activation of specific nociceptors could be responsible
for more restricted and brighter forms of abdominal pain, whereas the
vague and dull forms of gastro-intestinal pain could be due to general
stimulation of non-specific gut receptors.

3. Central actions of visceral sensory receptors.

Many spinal cord neurones receive an excitatory input from visce¬
ral receptors (4,5,6,8,9,10,17). Within the thoracic spinal cord of

the cat, two populations of neurones have been described (5,6): those
excited only by cutaneous inputs (somatic neurones) and those excited
by cutaneous and visceral inputs (viscero-somatic neurones). No evi¬
dence has been found for the presence of neurones exclusively driven by
visceral inputs (5,6,15). In consequence, visceral sensations can
only be mediated through convergent signals via somato-sensory pathways
Somatic neurones are mainly', but not exclusively, mechanoreceptive,
whereas viscero-somatic neurones generally have an input from cutan¬
eous nociceptors either exclusively (nocireceptive neurones) or in
addition to the non-noxious input (multireceptive neurones). Most
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neurones located in Lamina I or ventral to Lamina V are viscero-somatic
whereas almost all neurones recorded within Laminae II-IV are of the
somatic type. The distribution of the visceral afferent input to the
spinal cord seems to have a different pattern from that of the cutan¬
eous afferent input.

In a study of the effects of mechanical stimulation of the biliary
system on thoracic spinal cord neurones it was found that noxious inten¬
sities of visceral stimulation were necessary to drive viscero-somatic
neurones. Intensities of stimulation below the noxious threshold (as
measured by the level of biliary pressure that evoked transient in¬
creases in blood pressure) were ineffective in exciting these neurones
(Fig. 2). They could only be activated by higher intensities of
biliary pressure which evoked blood pressure increases (Fig. 2) .

Most viscero-somatic neurones with long ascending axons project
via the contralateral ventro-lateral quadrant (6) , thus supporting the
view that the spino-thalamic and spino-reticular tracts carry a large
proportion of the viscero-somatic convergent information. Other path¬
ways such as the post-synaptic dorsal column pathway or the spino-
cervical tract are mainly concerned with pure somatic inputs as their
neurones are rarely of the viscero-somatic type (6,7).

FIGURE 2. Responses of a viscero-somatic multireceptive
neurone in the thoracic spinal cord of the cat to changes
in biliary-pressure. An increase in biliary pressure within
the innocuous range did not excite this unit which was power¬
fully activated by a larger increase in biliary pressure.
The latter increase was of noxious intensity as shown by
the transient increase in blood pressure.
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4. Characteristics of the visceral input to the spinal cord.

As described above, electrophysiological studies of peripheral
inputs to thoracic spinal cord neurones suggested a differential dis¬
tribution of the central endings of somatic and visceral afferent
fibres. The lack of functional evidence for a direct visceral pro¬

jection of afferent fibres to Lamina II (the Substantia Gelatinosa (SG))
is of considerable interest. The SG is generally thought to receive
the central endings of most unmyelinated afferent fibres and, as the
majority of visceral afferents are unmyelinated, a substantial viscer¬
al input to the SG would be expected. To study the mode of termina¬
tion of somatic and visceral afferent fibres within the thoracic spinal
cord of the cat we have used the technique of anterograde transgang-
lionic transport of Horseradish Peroxidase (HRP), through either an
intercostal nerve or the greater splanchnic nerve. Examination of

0.5 mm

FIGURE 3. Reconstruction from 80 pm transverse serial sections
of the mode of termination of somatic and visceral afferent fibres
within the grey matter of the T9 segment o'f the cat's spinal cord.
The diagrams are plots of HRP-filled fibres from 8 consecutive
sections (Visceral) and 3 consecutive sections (Somatic). The
dotted line indicates the ventral border of the SG.
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the dorsal root ganglia (DRG) revealed that the proportion of visceral
afferents in the thoracic DRGs was very small with less than 10% of the
total population of DRG cells being of visceral origin. This indicates
that even in those regions of the spinal cord which receive the maxi¬
mal visceral projections, the actual number of visceral afferent
fibres is very low.

Reconstruction of serial sections of the spinal cord showed a few
HRP-filled fibres and terminals of visceral origin scattered throughout
the mediolateral extent of Lamina I with a greater concentration of
fibres and terminals present in Lamina V. In contrast, the somatic
projection included fibres and terminals throughout Laminae I to III
with more scattered fibres found in Laminae III, IV and V and in
Clarke's Column (Fig. 3).

These results indicate that few visceral afferent fibres project
to the spinal cord and that they do not appear to terminate within the
SG. This suggests that neurones in the SG are not concerned with the
processing of visceral afferent information and also, that extensive
divergence of the visceral input must occur within the spinal cord,
since many neurones in Lamina V and in the ventral horn are viscero¬
somatic (5,6). Evidence has been recently presented showing that
some of these deep neurones (and perhaps some of the superficial ones)
receive their visceral input via a supraspinal loop (6). The vis¬
ceral input to some viscero-somatic neurones can therefore be mediated
or strengthened via a descending excitatory system from the brain stem.

5. Conclusions

The presence of specific visceral nociceptors in some internal
organs has been demonstrated but the activation of visceral nociceptors
cannot exclusively account for the triggering of visceral pain as
other non-specific visceral receptors also respond to high intensity
visceral stimulation. Comparatively few visceral afferent fibres
reach the spinal cord where they converge onto somato-sensory neurones,
some of which project to the brain via contralateral ventro -lateral
pathways. Noxious intensities of visceral stimulation are necessary
to activate viscero-somatic convergent neurones. The visceral input
is divergent and diffuse and in some cases mediated by supra-spinal
loops. This could account for the arousal of diffuse visceral sensa¬
tions such as some forms of visceral pain or could be responsible for
the general increase in sympathetic and motor outflow that accompaniesvisceral pain.
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Visceral nociception: peripheral and central aspects
of visceral nociceptive systems

By F. Cervero

Department of Physiology, The Medical School, University of Bristol, Bristol BS8 1 TD, U.K.

Discomfort and pain are .the sensations most commonly evoked from viscera. Most
nociceptive signals that originate from visceral organs reach the central nervous system
(c.n.s.) via afferent fibres in sympathetic nerves, whereas parasympathetic nerves
contain mainly those visceral afferent fibres concerned with the non-sensory aspects
of visceral afferent function. Noxious stimulation of viscera activates a variety of
specific and non-specific receptors, the vast majority of which are connected to
unmyelinated afferent fibres. Studies on the mechanisms ofvisceral sensation can thus
provide information on the more general functions of unmyelinated afferent fibres.
Specific visceral nociceptors have been found in the heart, lungs, testes and biliary
system, whereas noxious stimulation of the gastro-intestinal tract appears to be
detected mainly by non-specific visceral receptors that use an intensity-encoding
mechanism.

Visceral nociceptive messages are conveyed to the spinal cord by relatively few
visceral afferent fibres which activate many central neurons by extensive functional
divergence through polysynaptic pathways. Impulses in visceral afferent fibres excite
spinal cord neurons also driven by somatic inputs from the corresponding dermatome
(viscero-somatic neurons). Noxious intensities of visceral stimulation are needed to
activate viscero-somatic neurons, most of which can also be excited by noxious
stimulation of their somatic receptive fields. The visceral input to some viscero-somatic
neurons in the spinal cord can be mediated via long supraspinal loops. Pathways of
projection of viscero-somatic neurons include the spino-reticular and spino-thalamic
tracts. All these findings give experimental support to the 'convergence—projection'
theory of referred visceral pain.

Visceral pain is the consequence of the diffuse activation of somato-sensory
nociceptive systems in a manner that prevents accurate spatial discrimination or
localization of the stimuli. Noxious stimulation of visceral receptors triggers general
reactions of alertness and arousal and evokes unpleasant and poorly localized sensory
experiences. This type of response may be a feature of sensory systems dominated by
unmyelinated afferent inputs.

1. Introduction

The experience of pain in normal subjects is the consequence of injury, damage or potential
damage of the skin, subcutaneous tissues or internal organs. As a normal sensory experience
pain has a protective role and like all other sensations the feeling of pain results from the
excitation of peripheral sensory detectors which activate the appropriate spinal cord pathways
and their sensory nuclei within the central nervous system (c.n.s.). However, like all other forms
of normal sensory experience, the final perception of pain will depend on the interactions and
modulations of the sensorv message that take place at all relay stations within the c.n.s. Thus,
a normal individual can have different pain experiences under similar conditions of peripheral
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noxious stimulation. Psychological, cultural, social and religious factors acting via c.n.s.
interactive mechanisms, including those of endogenous anti-nociception, will eventually
determine the pain response and behaviour of a normal subject. This type of pain sensation
can be termed 'normal pain' and its neurophysiological analysis should follow an approach
similar to that of normal vision or normal hearing.

In addition to the feeling of normal pain, unpleasant and aversive sensory experiences can
be felt under abnormal or pathological circumstances. In these cases the experience of pain
is not the result of the activation of a sensory nociceptive channel via peripheral nociceptors
but the consequence of altered nervous function at central or peripheral level. Examples of
'abnormal pain' include the pain of trigeminal neuralgia triggered by light touch of the skin
of the face or the pain of the thalamic syndrome that develops after lesions of some thalamic
nuclei. Abnormal pain is conceptually a sensory experience similar to the visual or auditory
sensations that can be evoked after damage to their respective sensory pathways and result in
sensory hallucinations in the absence of peripheral stimuli.

There is a fundamental difference between normal and abnormal forms of pain sensation
in that these two types of pain are mediated by quite different neural mechanisms. Normal
pain is a sensory experience felt by all normal individuals and evoked by the physiological
activation of anatomically intact nerve pathways. Abnormal pain is due to lesion or altered
function of neural systems as a consequence of disease. Its presence indicates an abnormality
in the functioning of the sensory systems responsible for the integration of nociceptive messages.
Abnormal pains are only present in a minority of subjects and are always associated with lesion
or disease of the neural sensory mechanism.

The distinction between normal and abnormal pain is particularly relevant in the field of
visceral nociception. Normal visceral pain can occur under circumstances not necessarily
associated with injury, whereas extensive damage to some viscera may not evoke painful
sensations (see Cervero (1980. 1983 c) for reviews). The protective role of normal visceral pain
has been repeatedly questioned (Leriche 1939) as there seems to be little need for painful
sensations associated with situations that cannot be improved by natural therapy. On the other
hand, many forms of abnormal visceral pain can be evoked by lesions or disease of visceral
sensory systems. Visceral pain associated with some forms of malignant growth is a good
example of a manifestation of visceral pain due to damage or compression of the peripheral
sensory system responsible for the normal transmission of visceral nociceptive messages.

The study of the altered function that leads to the perception of abnormal pain needs to be
conducted within the context of the causal disease. Hence, it is likely that the physiopathology
of trigeminal neuralgia will be very different from that of cancer pain or phantom limb pain.
Attempts to unify all manifestations of pain under a single and common hypothetical
mechanism are bound to be fruitless, if not misleading. In contrast, the neurophysiological
analysis of normal pain follows the same experimental protocol than that of other forms of
normal sensation and can provide some useful models of the peripheral and central mechanisms
employed by the nervous svstem to signal nociceptive events.

In this article, visceral nociception and visceral pain will be dealt with only from the point
of view of the neural mechanisms responsible for the integration of normal pain experiences.
For the reasons given above, no attempt will be made to use this information in order to

postulate hypothesis of abnormal pain mechanisms. All higher mammals have developed a

sensory system associated with the signalling of visceral nociceptive events and responsible for
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the experience of visceral pain or for the production of pseudaffective reactions evoked by
noxious events. A good deal of information is now available on the functioning of such svstem.
In this paper the current state of knowledge of normal visceral nociception will be reviewed
and comparisons will be established with nociceptive systems that mediate other forms ofnormal
pain experience.

2. Visceral nociception and afferent C-fibre function

The sensory innervation of viscera is mediated by afferent fibres that join sympathetic and
parasympathetic nerves. It has long been established that the majority of nociceptive signals
that originate from visceral organs are conveyed to the c.n.s. by afferent fibres in sympathetic
nerves (Schrager & Ivy 1928; Davis et al. 1929, 1932; Gernandt & Zotterman 1947; Stulrajter
et al. 1978). Parasympathetic nerves, like the vagus nerve, appear to contain the afferent fibres
responsible for the non-sensory aspects of visceral afferent function such as the maintenance
of homeostasis (Schrager & Ivy 1928; Ruch 1947).

The distinction between sensory and afferent innervation of viscera has been previously
discussed in some detail (Ruch 1947; Cervero 1983 c) and highlights a fundamental difference
between the mechanisms of cutaneous and visceral sensation. The innervation of the skin is

both afferent and sensory since activation of cutaneous receptors always has the potential to
evoke sensations. In the case of viscera, some organs have an exclusive afferent innervation
(i.e. arterial baroreceptors) whose stimulation does not evoke sensations and some organs have
both an afferent and a sensory supply.

Unmyelinated afferent fibres (C-fibres) constitute the largest group of afferent fibres in
visceral nerves. A recent study of the fibre spectrum of the splanchnic nerve of the cat has shown
a ratio of 10:1 in favour of unmyelinated afferent fibres with only a few hundred small
myelinated fibres present in the nerve (Kuo et al. 1982). Similar disproportions of A and C
afferent fibres have been described in other visceral nerves including the vagus nerve. Afferent
C-fibres are also present in large numbers in somatic nerves, but in these nerve trunks they
are accompanied by many thin and thick myelinated afferent fibres connected to a variety of
cutaneous sensory receptors. The large proportion of afferent C-fibres in visceral nerves and
the comparatively small numbers ofmyelinated fibres in these nerves are the features that make
the analysis of visceral sensory systems a good model for the study of the more general sensory
functions of afferent C-fibres.

Following Head's proposal (Rivers & Head 1908) that sensations could be separated into
two groups: protopathic and epicritic, Ranson (1915) suggested that protopathic sensations
were mediated by impulses in unmyelinated afferent fibres. This suggestion forms the basis for
the close relationship established by some authors between impulses in afferent C-fibres and
unpleasant or painful sensations. However, Head's definition of protopathic sensation included
not only the experiences of pain and discomfort but, in addition, all those sensations
characterized by radiation to parts other than those stimulated and by failure of the subject
to localize accurately the point stimulated. In his argument for the correlation between
protopathic sensation and impulses in afferent C-fibres, Ranson (1915) mentions the scarcity
of myelinated afferent fibres in visceral nerves as supporting evidence for Head's suggestion
that visceral stimulation gives rise to protopathic but not to epicritic sensations. It is quite clear
that the type and quality of sensations evoked by visceral stimulation are different from those
of the sensations evoked from the skin, particularly in respect to the lack of spatial localization
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and of accurate discrimination of stimulation intensities. It is therefore possible to establish a

parallel, as Ranson (1915) had suggested, between the different forms of afferent innervation
of the skin and of viscera and the different types of sensory experience evoked by cutaneous
and by visceral stimulation. Epicritic cutaneous sensations would be mediated by impulses in
myelinated afferent fibres and protopathic cutaneous and visceral sensations would be the
consequence of the activation of receptors connected to afferent C-fibres. Visceral sensation can
therefore be considered a typical example of a protopathic sensory experience with little
contamination by epicritic components.

3. Visceral nociceptors

In a recent review article (Cervero 1983 c) the concept of visceral nociceptor was discussed
in some detail including the description of the different types of visceral receptor that could
detect visceral nociceptive signals. Essentially, the argument is whether visceral noxious events
are signalled in a similar way and by conceptually similar types ofsensory receptor than noxious
events in cutaneous and subcutaneous organs.

The skin, muscles, joints and other somatic structures are innervated by a category ofsensory

receptor that responds specifically to intensities ofstimulation within the noxious range. These
are the somatic nociceptors whose adequate forms of stimulation are injury and potential
damage. A very important factor in the separation of nociceptors as an individual group is the
fact that other non-nociceptive sensory receptors in the skin are unable to respond to noxious
stimuli in a graded and stimulus related fashion. Such a general category of specific
nociceptor has not been found in visceral organs.

Injury and potential damage may not always be visceral noxious stimuli as they do not evoke
pain when applied to certain visceral organs. This complicates the analysis of the different types
of visceral sensors' receptor since the discrimination between noxious and innocuous forms of
visceral stimulation is not always simple. Some of the most common forms of cutaneous noxious
stimulation, such as heating, may not be visceral noxious stimuli at all. A visceral noxious
stimulus should reproduce the circumstances in which a viscus is normally stimulated and should
lead to the experience of pain or to the triggering of nociceptive reactions. When searching
for visceral nociceptors the association to look for should be between the intensity and quality
of the stimulus and the occurrence ofnociceptive reactions. Visceral nociceptive afferents should
not be able to respond to potential injury of the viscus that they innervate if such an injury-
does not normally evoke pain.

(a) Specific visceral nociceptors

Sensory receptors that may fulfil the role ofvisceral nociceptors have been described in several
locations. Baker et al. (1980: have described a group of receptors in the heart connected mainly
to unmyelinated afferent fibres and specifically sensitive to the chemicals released by the
ischaemic myocardium. These receptors are activated only by those forms of stimulation
associated with pseudaffective responses indicative of pain and are not excited by stimuli that
do not evoke pain even if these stimuli are abnormal or outside the physiological range. In spite
of this evidence, an alternative case can still be made for the notion that cardiac nociception
is mediated by non-specific receptors using an intensity-encoding mechanism iMalliani &
Lombardi 1982!.
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In the lungs and respiratory tract, receptors have been found that may be responsible for
the cough reflex and the responses to inhalation of irritant gases and aerosols (see Widdicombe
(1974) for review). These lung irritant receptors have distinctive properties due to their
intrapulmonarv site and can be stimulated by pulmonary congestion, micro-embolism,
anaphylaxis, atelectasis and pneumothorax. Their activation contributes to the unpleasant
respiratory sensation ofdyspnoea in various lung conditions, or to the sensation of burning pain
that accompanies the inhalation of irritant chemicals. Other types of pulmonary receptor, such
as the juxta-pulmonary-capillary receptor or 'J-receptor' have been implicated in the
generation of pain in pulmonary oedema and lung embolism (Paintal 1973). Most of these
pulmonary receptors are connected to afferent fibres that join the vagus nerve and are therefore
part of a visceral nociceptive system mediated via a parasympathetic nerve.

1 s

Figure 1. Visceral nociceptors in the biliary system of the ferret. Blood pressure (b.p.i, biliary pressure (with
numerical values . rate of firing of the afferent fibre and sample recordings for different biliarv pressures are
displayed for each unit :ai. ,bi and Ic). Activity appears only at higher biliary pressures, which evoke transient
increases in systemic blood pressure. (From Cervero (1158231.) (1 mmHg « 133.3 Pa..

Cervero (1982a: has described in the biliary system of the ferret a population of receptors
whose threshold for activation coincides with the maximum physiological levels of biliary
pressure and that give further and vigorous responses when biliary pressure reaches noxious
levels (figure 1). The nociceptive nature of the level of stimulation was ascertained bv
pseudaffective reactions such as transient increases in blood pressure. This group of receptors
could not be activated by levels of biliary pressure below the intensity necessary to evoke a

nociceptive reflex and were therefore considered to be visceral nociceptors.
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(b) Non-specific visceral receptors
An alternative system by which noxious intensities of visceral stimulation can be encoded

is the 'intensity' mechanism based on the 'summation hypothesis' of Goldscheider (1926). In
this hypothesis, pain occurs when sensory receptors are excessively stimulated and not as a

consequence of the activation ofspecific nociceptors. An intensity-encoding mechanism has been
disproved in relation to somatic pain but some functional types of visceral receptor have been
described whose responses are similar to those postulated by the intensity hypothesis.

Pain arising from the alimentary canal has been attributed to the activation of the 'in-series'
tension receptors located in the muscular wall of hollow viscera. These receptors respond to

passive distensions of the viscus, as well as to isometric contractions, impactions and constrictions
(Iggo 1962; Leek 1977). In-series tension receptors respond to levels of mechanical stimulation
well below the noxious threshold and raise their frequency ofdischarge as the stimulus intensity
increases. Morrison (1977) described splanchnic afferent fibres whose receptive fields contain
up to eight punctate mechanosensitive sites distributed along the superior mesenteric artery
and along the vessels in the mesentery and in the walls of the viscera. These serosal receptors

respond to light mechanical stimuli as well as to tension applied to the mesentery and visceral
peritoneum, to smooth muscle contractions and to visceral distensions. Therefore, Morrison
(1977) concluded that they must play a role in the mechanisms of abdominal pain.

Janig and co-workers (Blumberg et at. 1983; Haupt et al. 1983) have recently reported the
functional properties ofa sample ofvisceral afferent fibres innervating the colon of the cat. These
fibres were connected to mechanoreceptors in the colon whose distension thresholds were, in
general, below the nociceptive level. Most of these receptors responded with an increased steady
state discharge throughou t the distension and reacted in a graded manner to higher in tra-luminal
pressures that reached nociceptive values. In addition, they responded to administration of
bradvkinin and KC1 and to ischaemia of the colon. The authors concluded that these sensory
units are involved in visceral nociception from the colon.

It is possible that both specific and non-specific visceral nociceptors act in parallel conveying
information to the c.n.s. about noxious visceral events. On the other hand, it could be that
the activation of specific visceral nociceptors results in more restricted and clear-cut forms of
visceral pain, whereas the vague and dull forms of abdominal discomfort are due to general
stimulation of non-specific gut receptors. The precise functional role ofspecific and non-specific
visceral nociceptors remains to be determined.

4. Visceral afferent input to the spinal cord

Visceral nociceptive signals reach the spinal cord by way of a small number of sympathetic
nerve trunks. Of these, the splanchnic nerves carry the sensory innervation of many viscera
of the upper abdomen. Yet. the actual number of splanchnic afferent fibres is very small
compared to the corresponding number ofsomatic afferent fibres. The greater splanchnic nerve
of the cat contains no more than 3000-3500 afferent fibres, 90 °0 of which are unmyelinated
(Kuo et al. 1982 . These few visceral afferents enter the spinal cord between the T-2 and the
L-2 segments (McSwiney & Suffolk 1938; Hazarika et al. 1964; Mei etal. 1970), which suggests
that the number of visceral afferent fibres projecting to each individual segment of the thoracic
cord must be extremely small.
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Cervero et al. (1984) have quantified the proportions ofsomatic and visceral primary afferents
within the lower thoracic dorsal root ganglia (d.r.g.) of the cat. Using anterograde transport
of horseradish peroxidase (HRP) through somatic and visceral nerves they described a very
small number of visceral d.r.g. cells in these ganglia. Fewer than 7% of the total number of
d.r.g. cells in the T-8 and T-9 ganglia were labelled after application of HRP to the central
end of the splanchnic nerve. Therefore, more than 90 % of the afferent fibres that reach the
spinal cord at the segments of projection of the splanchnic nerve are ofsomatic origin and only
a very small minority of the afferent input is made up of visceral afferent fibres.

Noxious stimulation of viscera results not only in the perception of unpleasant sensory

experiences but also in the production of many other general reactions including increases in
sympathetic and motor activity. It is therefore surprising that these large and generalized effects
can be triggered by such a small number of visceral primary afferent fibres. Recent
morphological studies on the mode of termination of visceral afferent fibres within the spinal
cord indicate that the widespread effects caused by the activation of visceral afferents are not
mediated by extensive anatomical divergence of the visceral projection but are probably the
consequence of functional divergence of visceral impulses within the spinal cord.

The pattern of termination ofvisceral afferent fibres within the spinal cord has been the object
of recent HRP studies. Sacral, lumbar and thoracic regions of the spinal cord have been
examined in several animal species (Morgan et al. 1981; Neuhuber 1982; Cirieilo & Calaresu

Figure 2. Reconstruction from seven 80 pm transverse serial sections of the projection of visceral afferent fibres to
the dorsal horn of the T-9 segment of the spinal cord. The dotted line indicates the ventral border of the
substantia gelatinosa. HRP was applied to the central end of the splanchnic nerve. The spinal cord area
represented in the reconstruction is indicated in the small diagram of the spinal cord. Some profiles of
HRP-labelled sympathetic preganglionic neurons have also been included in the reconstruction. {From Cervero
& Connell (' 19840 O

Spinal cord endings of visceral afferent fibres
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1983; Nadelhaft et al. 1983; Kuo et al. 1983; Cervero & Connell 1984a, b). It is clear from
all these studies that visceral afferent fibres display a consistent pattern of central termination
throughout the spinal cord with areas of projection in laminae I and V but sparing the
intermediate dorsal horn (laminae II, III and IV). Contralateral projections ofvisceral afferent
fibres have also been described (Kuo et al. 1983). In a comparative study of the distribution
of the somatic and visceral primary afferent input to the thoracic spinal cord of the cat, Cervero
& Connell (1984a, b) observed that the density of the visceral projection to the dorsal horn
was substantially lower than that of the somatic projection. This indicates that the few visceral
afferents that project to each thoracic segment do not branch extensively within the cord.

Visceral afferent fibres reach the dorsal horn via Lissauer's tract and join medial and lateral
bundles of fine fibres that run along the edges of the dorsal horn (figure 2). Fibres from these
bundles penetrate the grey matter and terminate within laminae I and V of the dorsal horn.
The substantia gelatinosa (lamina II) does not receive a direct visceral projection. Since the
majority of visceral afferent fibres are unmyelinated, this observation calls into question the
generally accepted belief that most afferent C-fibres terminate in the substantia gelatinosa of
the dorsal horn. It would appear that neurons within the substantia gelatinosa are only
responsible for the integration of cutaneous sensory signals and not for the relay and processing
of all sensory messages.

5. VlSCERO-SOMATIC CONVERGENCE IN THE SPINAL CORD

Dorsal horn and other spinal cord neurons can be classified into two groups depending on
the presence or absence of an excitatory visceral input. Some neurons are not driven by visceral
afferent fibres and can only be excited from their somatic receptive fields (somatic neurons).
Other cells have, in addition to their somatic input, an excitatory visceral drive (viscero-somatic
neurons). This form of distribution of the visceral afferent input to the spinal cord has been
described in practically all regions of the spinal cord and in many animal species (Pomeranz
et al. 1968; Gokin 1970; Guilbaud et al. 1977', Foreman & Ohata 1980; Cervero 1982 b.
1983 a, b). Thus, it is possible to conclude that visceral sensation can only be mediated through
convergent signals via somato-sensorv pathways. No^vidence has been found for the presence
of a sensory pathway exclusively concerned with the transmission of visceral sensory signals.

In agreement with the anatomical data on the mode of termination of somatic and visceral
afferent fibres within the spinal cord, the locations of the recording sites of somatic and of
viscero-so'matic neurons show a differential distribution in the grey matter (figure 3). Somatic
neurons are mainlv located in laminae II, III and IV of the dorsal horn whereas viscero-somatic
cells are located in lamina I, lamina V and in the ventral horn.

A fundamental difference has been found in the kinds of cutaneous input of somatic neurons
from those of viscero-somatic neurons (see table 1). The majority of somatic cells are

mechanoreceptive, that is, activated only by low threshold cutaneous mechanoreceptors
whereas most viscero-somatic neurons are driven by nociceptors eitherspecificallv (nocireceptive)
or in addition to their low threshold inputs (multireceptive). As for the nature of the visceral
input to viscero-somatic neurons no evidence has so far been produced for a spinal cord
projection of the larger AP fibres in sympathetic nerves. These fibres, connected to mesenteric
Pacinian corpuscles, are known to project to other areas of the c.n.s. via the dorsal columns,
but the available evidence indicates that they do not send collaterals to the dorsal horn.
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Figure 3. Location of the recording sites of (a) 41 somatic neurons and (A) 55 viscero-somatic neurons plotted
on a diagram of the grey matter of the T-ll segment of the spinal cord of the cat. (From Cervero (198361.)

Table 1. Cutaneous and visceral inputs of a sample of 182 thoracic spinal cord neurons :

numbers of neurons (percentages)
visceral input

skin input no yes total
mechanoreceptive 32(17.5) 9 (5) 41 (22.5']
multireceptive 20 (11) 74 (40.5) 94 (51.51
nociceptive 9 (5) 38 (21) 47 (26)

total 61 (33.5) 121 (66.5) 182(100)

Viscero-somatic neurons are driven by the fine A5 and C afferent fibres ofsympathetic nerves.
When natural stimulation of viscera was used to ascertain the nature of the visceral input it
was found that noxious intensities ofvisceral stimulation were necessary to drive viscero-somatic
neurons. Foreman & Ohata (1980) have shown that only noxious stimulation of the heart was
effective in exciting thoracic spinal cord neurons driven by cutaneous and by cardiac afferent
fibres. Similarly, Cervero (1982 b, 1983 a) found that noxious intensities of mechanical
stimulation of the biliary system were necessary to activate viscero-somatic neurons in the
thoracic spinal cord of the cat and Milne et al. (1981) have described that viscero-somatic
neurons of the spino-thalamic tract in the sacral cord of monkeys could be excited by noxious
intensities of mechanical stimulation of the testes.

Not all somato-sensory spinal cord pathways contain axons of viscero-somatic cells. In fact,
a clear segregation exists between pathways of projection of somatic and of viscero-somatic
neurons. The latter have been found to project through pathways in the ventro-lateral funiculus
of the cord, including the spino-thalamic and spino-reticular tracts (Hancock et al. 1973;
Foreman & Weber 1980; Cervero 1983 b). On the other hand, pathways such as the
spino-cervico-thaiamic tract and the post-svnaptic dorsal column pathway appear to contain
exclusively somatic neurons iCervero & Iggo 1978; Cervero 19836).

The observations that visceral afferent fibres converge onto somato-sensory spinal cord
neurons, that most of these neurons have a somatic nociceptive input, that the visceral input
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to these cells is also of nociceptive nature and that some of these viscero-somatic neurons project
through nociceptive pathways provide strong experimental support for all the main postulates
of the 'convergence-projection' theory of referred visceral pain (Ruch 1947). The referral of
the visceral sensation is therefore the consequence of the activation of pathways normally
concerned with the integration ofsomatic nociceptive signals. These pathways will be activated
by their visceral inputs with a different spatial and temporal pattern than that normally
generated by their cutaneous drives. Therefore, the sensation produced by visceral stimulation
is that of a vaguely localized pain referred to the somatic structures whose afferent fibres project
to the same spinal cord area.

20r 40
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Figure 4. Reduction in the responses to splanchnic nerve stimulation of two viscero-somatic neurons in the T-ll
segment of the spinal cord of the cat after cold block of the cord at T-7 level. Top, cord intact; bottom, cord
blocked. Each histogram is a peri-stimulus-time histogram of 20 stimuli (indicated bv arrows 1. The neuron
illustrated in (a) shows an increased level of background activity in the spinal state but an almost complete
abolition of the response to visceral stimulation. The neuron illustrated in (A) shows a reduction in the visceral
response after cold block of the cord. (From Cervero (1983A).)

The proportion of viscero-somatic neurons found within the spinal cord areas of projection
of sympathetic nerves has consistently been reported to be larger than that of somatic cells.
This is a clear indication that the few visceral afferent fibres that project to each spinal cord
segment are able to produce widespread effects by extensive functional divergence through
polysynaptic networks. Moreover, evidence has been recently found suggesting that the visceral
input to some viscero-somatic neurons, particularly to those in the ventral horn, can be
mediated or reinforced via long supraspinal loops (Cervero 1983 A). The powerful excitation
of some viscero-somatic neurons in the thoracic spinal cord evoked by the stimulation of the
splanchnic nerve was reduced or abolished after reversible spinalization of the animals ; figure 4).

These findings point to a fundamental difference in the type of central processing of somatic
and of visceral sensation. The former is mediated by large numbers of afferent fibres whose
central projections show a great deal of anatomical and functional organization. The resulting
sensory experience is well localized and highly discriminative. In contrast, visceral sensation
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is mediated by a few afferent fibres that evoke diffuse and widespread effects involving several
systems and long supraspinal loops. It is therefore no surprise that the sensory experiences
evoked from viscera are poorly localized, dull and diffuse and are accompanied by autonomic
and somatic reflexes including increases in motor output and sympathetic outflow.

6. Central organization of visceral nociception

Little is known about the physiology of the supraspinal systems involved in the central
integration of visceral nociceptive signals. Neurons in the reticular formation have been shown
to respond to noxious stimulation of abdominal viscera (Gokin et al. 1977). On the other hand,
Carstens & Yokota (1980) have described that many neurons in the thalamic nuclei where the
spino-thalamic tract terminates respond to noxious cutaneous inputs as well as to noxious
stimulation of the intestine. Viscero-somatic convergence has also been found on neurons of
the motorsensory cortex of the cat (Tyner 1979). These cells had a bilateral, long-latency input
from small afferent fibres in the splanchnic nerve. The relevance of these findings to the
mechanisms ofcentral processing of visceral nociception remains to be studied in further detail.

7. Conclusions

Visceral nociception and visceral pain show some characteristics that are fundamentally
different from those of cutaneous and somatic pain. Visceral pain is poorly localized, often
referred to distant somatic structures, has little discrimination and in many cases manifests itself
by a dull and vague sensation of unpleasantness or diffuse discomfort. Noxious stimulation of
viscera induces general reactions and reflexes including increases in somatic and sympathetic
outflow. The available experimental evidence suggests that these properties ofvisceral pain may
be the consequence of the diffuse activation, by a few visceral afferents, of somato-sensorv

nociceptive systems. This form of activation prevents accurate discrimination and localization
of the stimuli and evokes general reactions of alertness in the animal.

All these characteristics of visceral pain fit with the traditional view of protopathic sensation
(Rivers & Head 1908I. Head's proposal was extended by Ranson (1915j who suggested that
protopathic sensation was a feature of those sensory systems activated by impulses in
unmyelinated afferent fibres. Ranson (1915) proposed that visceral pain could thus be
considered an almost pure form of protopathic sensory experience. Our current experimental
observations seem to fit well with this proposal. It would appear that impulses in afferent C-fibres
evoke a special form of sensory experience (protopathic, in Head's nomenclature: whose
features include not only the experience of discomfort and pain but the triggering of general
reactions of alertness. Afferent C-fibres could be considered as the peripheral component of a
mechanism of general arousal in which the experience of an aversive sensation represents only
a proportion of the total response of the system.
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Single unit electrical activity has been recorded from 29 viscero-somatic neurones in the T11 spinal cord
segment of chloralose anaesthetized cats. Twenty-six of these neurones showed changes in their responses
to electrical stimulation of the splanchnic nerve after reversible spinalization of the animals by cold block:
14 showed increased responses whereas 12 presented reduced or abolished responses during the spinal
block. The majority of neurones in the first group were located in laminae IV, V and VII and were inhi¬
bited by electrical stimulation of the nucleus raphe magnus (NRM) and the reticular formation (Ret.F).
Most neurones of the second type were located in the ventral horn, and the majority were excited by elec¬
trical stimulation of the NRM and the Ret.F. This second type of neurone may play a role in the mainte¬
nance of the excitation in the central nervous system which follows visceral noxious stimulation.

Convergence of visceral and somatic inputs onto neurones in the thoracic spinal
cord is well documented (for recent reviews see refs. 6 and 7). Extensive viscero-soma¬
tic convergence has also been described onto those spinal cord neurones whose axons

project to supraspinal regions via somato-sensory pathways [1, 3, 5, 12, 13, 16], a

type of functional arrangement which is currently interpreted as the basis for referred
visceral sensation [6, 7]. Previous reports from this laboratory have shown that the
actual number of visceral primary afferent fibres that project to the thoracic spinal
cord is less than 10°o of the total number of primary afferent fibres that enter this
region of the cord [9], We have also suggested that the widespread actions of these
few visceral afferents onto spinal cord neurones are probably mediated by extensive
divergence of the visceral input through polysynaptic pathways [5, 7], In the present
investigation we have studied further the pathways that mediate the visceral input
to some thoracic spinal cord neurones and the involvement of descending influences
from the nucleus raphe magnus (NRM) and the adjacent areas of the reticular forma¬
tion (Ret.F) as potential elements of supraspinal loops.
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Experiments were conducted on adult cats with body weights between 2.5 and 4.0
kg. All animals were anaesthetized with chloralose (60 mg/kg i.v.) after induction
with halothane and were artificially ventilated after galiamine paralysis. The general
methods for the monitoring and maintenance of physiological constants have been
described previously in detail [4, 5]. The dorsal surface of the brain stem was exposed
following the removal of the central portion of the cerebellum. An array of 3 bipolar
concentric electrodes (200 /tm tip diameter, 500 pm tip separation, 250 ^m exposed
tip) was placed in the brain stem to stimulate electrically locations in the NRM and
adjacent Ret.F (see ref. 10 for details). Single unit recordings were made through
glass microelectrodes from neurones in the right side of the grey matter of the T11
segment of the cord which was exposed by a laminectomy from T7 to T13. The T11
dorsal root was stimulated electrically through ball-tipped silver-wire electrodes. A
thermode was placed on the spinal cord at the T6 or T7 segment to permit reversible
spinalization of the animals by cold block [14], The right splanchnic nerves were pre¬

pared for electrical stimulation as previously described [4, 5]. The position of the
recording microelectrode was marked by iontophoretic deposition of Pontamine sky
blue [4, 5] and the locations of the stimulating electrodes in the brain stem were
marked by electrolytic lesions.

Neurones recorded in the T11 segment of the spinal cord were classified as 'viscero¬
somatic' if, in addition to being excited by electrical stimulation of the ipsilateral
dorsal root, they could also be driven by electrical stimulation of the ipsilateral
splanchnic nerve [4, 5], These neurones could be driven by natural stimulation of the
skin and subcutaneous tissues of the lower thorax. In the experiments reported here,
we recorded from 29 viscero-somatic neurones whose recording sites were located
throughout the grey matter of the Til segment. All these neurones were tested for
tonic descending influences by reversible spinalization of the animals. In addition,
most neurones were tested for the effects of phasic electrical stimulation of areas
within the NRM and the adjacent Ret.F. The splanchnic evoked activity of 3 neu¬
rones (11%) was unchanged after spinalization. The other 26 neurones were divided
into two groups.

(1) Neurones under tonic descending inhibition and phasically inhibited from NRM
and the Ret.F. Fourteen of 29 viscero-somatic neurones tested (48%) increased the
intensity of their responses to electrical stimulation of the ipsilateral splanchnic nerve
when the animals were spinalized by cold block of the spinal cord (Fig.IB). The
splanchnic-evoked discharge of some neurones in.this group increased after spin¬
alization by as much as three times. In addition, most of these neurones (64%) were

powerfully inhibited by phasic electrical stimulation of the NRM and the Ret.F (Fig.
1C, D). This phasic inhibition affected all somatic and visceral inputs to the neurones

(Fig. ID) and could be evoked at intensities of stimulation of the brain stem nuclei
of between 100 and 200 pA. The majority of the neurones in this group were located
in laminae IV, V and VII of the spinal cord (Fig. 1 A).

(2) Neurones whose visceral input was predominantly suprasegmental and were phasi¬
cally excitedfrom NRM and the Ret. F. Twelve of 29 viscero-somatic neurones tested
(41%) showed reduced responses to electrical stimulation of the ipsilateral splanchnic
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nerve during spinalization by coid block (Fig. 2B). In some neurones the visceral
input was completely absent after the spinalization and in the others it was severely
reduced but not abolished. However, cutaneous inputs to these neurones or their re¬

sponses to electrical stimulation of the dorsal root were not affected by the spinal
block in a similar manner. The majority of these neurones (58%) could be phasicaily
activated by electrical stimulation of the NRM and the Ret.F (Fig. 2C, D). Threshold
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(square). The locations of other viscero-somatic neurones in this category have also been shown (circles).
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intensities for the excitatory effects from the brain stem were of the order of 50-70
^A. Most neurones in this group were located in the ventral horn, particularly in or
around lamina VIII (Fig. 2A).

It is therefore possible to classify viscero-somatic neurones of the thoracic spinal
cord into two distinct groups depending on the local or suprasegmental organization
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D: peri-stimulus time histograms (10 sweeps) of the responses of the neurone to electrical stimulation of
the NRM (200 /iA. top histogram) and the ipsilateral Ret.F (200 qA. bottom histogram).
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of their visceral input and on the inhibitory or excitatory nature of their supraspinal
control. Neurones in the first category are predominantly located in laminae IV, V
and VII of the spinal cord have a locally mediated visceral input that shows various
degrees of tonic descending inhibition and can be phasically inhibited by stimulation
of the NRM and the Ret.F. All these properties are similar to those of lamina V neu¬
rones in other locations of the cord (see refs. 2 and 11 for reviews). The peculiarity
of thoracic spinal cord neurones of this group is that the vast majority of them have
a visceral input [4, 5] which, like the somatic drives, is also subjected to tonic descend¬
ing inhibition and to phasic inhibition from NRM and Ret.F.

The second group of thoracic viscero-somatic neurones described here had a vis¬
ceral input which was abolished or substantially reduced by cold block of the spinal
cord. This is an indication that the visceral input to these neurones was mediated
by a long suprasegmental loop since the background activity and the cutaneous re¬

sponses of the neurones were not reduced in a similar manner and in some cases were
even increased after spinalization. It could be argued that the loop mediating the vis¬
ceral input to these neurones was not entirely supraspinal, but we have recently
observed similar reductions of the visceral input to some thoracic viscero-somatic
neurones after cold block of the spinal cord at the C2-C3 level (unpublished observa¬
tions). This would support our suggestion that the visceral input to these neurones
in the thoracic cord is mediated by a long supraspinal loop. Some of the functional
properties of this kind of neurone, other than their supra-segmental visceral input,
suggest that these viscero-somatic neurones are substantially different from the neu¬
rones of the first category. The majority of the neurones with supra-segmentai vis¬
ceral inputs were located in the ventral horn, in a region that does not receive a direct
projection from visceral primary afferent fibres [8], In addition, most of these neu¬
rones were excited by electrical stimulation of the NRM and the Ret.F, thus showing
that they were under some form of descending excitatory control from the brain
stem. This type of excitatory response is very similar to that recently described on
neurones in laminae VII and VIII of the lumbar spinal cord [10]. Stimulation of vis¬
cera is known to activate neurones in the NRM and the Ret.F [15] thus closing a

spinal-bulbo-spinal loop and providing an anatomical and functional substrate for
the type of general response that can include motor and autonomic reflexes as well
as a diffuse visceral sensation. This kind of response is typical of the reaction of the
central nervous system to a noxious visceral stimulus.

The financial support of the MRC and of the Dale Fund of the Physiological
Society, and the technical assistance of A. Amos are gratefully acknowledged.
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ABSTRACT
Extracellular single-unit recordings were made from 121 neurones in

the thoracic spinal cord of the cat. All neurones could be driven by electrical
stimulation of dorsal root afferent fibres. The neurones were classified,
according to the absence or presence of inputs from the ipsilateral splanchnic
nerve, as "somatic" or "viscerosomatic," respectively.

Cutaneous receptive fields were identified for 75 of the neurones: 31
were somatic and 44 viscerosomatic. Only two of the somatic cells received
cutaneous nociceptive inputs, compared with 33 of the viscerosomatic cells.
Sixty-four percent of the whole sample of neurones had receptive fields
which included three or more dermatomes. Viscerosomatic cells tended to
have larger receptive fields than the somatic neurones, and six of them had
fields which did not include the corresponding (Til) dermatome.

Neurones with receptive fields in the dorsal one-third of the dermatome
tended to be located in the lateral one-third of the dorsal horn, but those
with receptive fields in the ventral two-thirds of the dermatome showed no
differential distribution within the gray matter. This is discussed with
respect to the results of anatomical studies on the dorsal horn projections of
cutaneous afferent fibres from different regions of the dermatome.

Preliminary results from intracellular staining with horseradish perox¬
idase reveal extensive branching of primary afferents in the dorsal horn,
and large dendritic fields of dorsal horn neurones. Our physiological and
morphological results indicate that the somatotopic organisation of the tho¬
racic spinal cord is less well defined than that of the lumbosacral region.

Key words: spinal cord, sensory pathways, visceral sensation, referred pain

The thoracic spinal cord receives, in addition to the cuta¬
neous sensory innervation of the thoracic region, the vis¬
ceral afferent input mediated by the splanchnic nerves. The
study of sensory* mechanisms in this part of the cord is
therefore of considerable relevance to the analysis of vis¬
ceral sensation and referred visceral pain. Referral of vis¬
ceral pain is currently explained in terms of the
"convergence-projection" theory of Ruch i'46). which postu¬
lates the convergence of viscerai afferent fibres onto soma¬
tosensory neurones. A considerable body of evidence has
been gathered for tnis type of convergence 'Pomeranz et al..
'68: Selzer and Spencer. '69: Fields and Winter. '70: Fields
et al., '70a, '70b: Gokin, '70: Hancock et al.. '73; Guilbaud
et al.. '77: Gokin et al.. '77; Cervero. '83a). and some of the
viscerosomatic convergent neurones have been found to

£ 1985 ALAN R. LISS. INC.

project through somatosensory* pathways tHancock et al.,
'75; Blair et al.. '81; Cervero. S3b).

In previous electrophysiological studies on the thoracic
spinal cord from this laboratory (Cervero. S3a.b) two classes
of thoracic spinal cord neurone have been described: those
which receive cutaneous inputs only ("somatic" neurones),
and those which receive both visceral ana cutaneous inputs
("viscerosomatic" neurones). No substantial evidence has
been found for neurones having a pureiy visceral input.
Somatic neurones are found throughout the dorsal horn
(laminae I-V), but viscerosomatic ceils are preferentially
located in laminae I and V. Furthermore, horseradish per-
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oxidase (KRP) studies on the projections of primary afferent
fibres to the thoracic spinal cord have shown a differential
distribution of the central endings of somatic and visceral
afferents (Cervero and Connell, '84a,b). The type of cuta¬
neous input received by somatic and viscerosomatic neu¬
rones differs between the two classes of neurone (Cervero,
'83a,b). In this paper, we compare the distribution, types of
cutaneous input, and receptive fields of somatic and viscer¬
osomatic neurones. The somatotopic organisation of the
thoracic spinal cord is examined and compared with that of
the lumbosacral cord.

MATERIALS AND METHODS

Experiments were performed on 13 male cats weighing
2.5-4.0 kg. Anaesthesia was induced with halothane (1.5%
in 02/N20) and maintained with chloralose (60 mg/kg I.V.).
Supplementary doses of chloralose (30 mg/kg) were given to
maintain a constant level of anaesthesia. The right exter¬
nal jugular vein and left femoral vein were cannulated for
drug administration, as was the left femoral artery for
continuous monitoring of the blood pressure. The animals
were paralysed with gallamine and ventilated with a posi¬
tive pressure pump. End-tidal C02 was continuously moni¬
tored with a fast-response infrared analyser and maintained
between 3.5 and 4.5%. Rectal temperature was kept at

' 38°C with the aid of a thermostatically controlled electric
blanket. A laminectomy was performed to expose the spinal
cord segments T9-T13. The animals were mounted on a
rigid frame and a pool was made with skin flaps over the
exposed area of the cord. To increase recording stability, a
bilateral pneumothorax was performed and a solution of
4% agar in 0.9% saline at 40°C was infiltrated between the
spinai cord and the dura mater and between the dura and
the vertebral bodies. More agar was applied on top of the
cord. The spinal cord pool was filled with paraffin oil kept
at 38°C.

Recording techniques
Single-unit electrical activity was recorded extracellu¬

larlv through glass microelectrodes filled with 3 M KC1
(impedance measured at 1 kHz was 10-30 MO). The elec¬
trodes were driven into the right side of the Til segment
through a window cut in the agar block. A pair of silver
ball electrodes was placed over the intact Til dorsal root
through the same window. Dorsal root stimulation was
used as a search stimulus for spinal cord neurones.

Stimulation of the splanchnic nerve

The right splanchnic nerves were dissected and freed
from the surrounding connective tissue via a retroperito¬
neal approach. The exposed tips of fine Teflon-coated silver
wires were wrapped around the intact greater and lesser
splanchnic nerves (henceforth referred to as the splanchnic
nerve). A small piece of Parafilm was placed under the
nerves and the whole electrode assembly was embedded in
a low-melting-point wax. The ends of the silver wires were
connected to leads from an isolated stimulator for electrical
stimulation of the nerve.

Histological methods
A grid of parallel tracks was made with the recording

microeiectrodes during the experiment and the depth of
each recorded unit was noted. In an average experiment,
ten to 15 tracks were made at intervals of 100-200 am. The
last track of each experiment was made with an electrode

filled with Pontamine Sky Blue (4% in 0.5 M sodium ace¬
tate). Marks were made in this track at 1-mm intervals by
ionophoretic deposition of the dye.

The cord was then removed and fixed in 10% formalde¬
hyde in acid buffer (pH 5.5). The recording sites of the
neurones were calculated from these marks recovered in
80-am-thick frozen sections counterstained with Haematox-
ylin-Eosin (Cervero et al., *79). The error of locating record¬
ing sites with this method has been shown to be within
±70 fim (Molony, '78).

Intracellular injection of HRP
In the present study, we report preliminary data from a

combined morphological and functional study of neurones
in the thoracic spinal cord using intracellular injection of
HRP. Glass microelectrodes were filled with 6% HRP in 0.5
M KC1 and Tris buffer at pH 6.8. They were bevelled with
a "jetstream" beveller similar to that described by Ogden
et al., ('78) to a final resistance of about 100 measured
at 1 kHz. HRP was injected ionophoretically using 300-
msec positive current pulses of 1-5 nA at 2 Hz for 5-20
minutes. At the end of the experiment, the cat was injected
with 10,000-25,000 units of heparin I.V. and perfused
through the abdominal aorta with 0.9% saline at 38°C to
wash out the blood, followed by 1 litre of fixative (1%
paraformaldehyde, 2% glutaraldehyde) (Bishop and King,
'82) at 38°C and another litre at 4°C. The spinal cord was
then removed and left in fixative at 4°C for 12 hours. It
was then kept in phosphate buffer with 30% sucrose at pH
7.6 before 50-^m frozen sections were cut from the appropri¬
ate segments. The sections were then treated using the
method of Hanker et al., C77). Reconstructions were made
from serial sections using a drawing tube fitted to a Leitz
Laborlux microscope.

RESULTS
Identification of neurones

Single-unit electrical activity was recorded extracellu-
larly from 121 neurones in the Til segment of the spinal
cord. This sample includes recordings made within or close
to the gray matter. Two groups of neurones recorded from
within the gray matter have been excluded from the pres¬
ent sample: (1) presumed preganglionic sympathetic neu¬
rones in the intermediolateral column and (2) presumed
ventral horn motoneurones. The criteria for identification
of neurones of these groups have been previously defined
(Cervero. '83a) (i.e.. location in the cord, lack of well-defined
cutaneous receptive fields, and/or low threshold inputs from
intercostal muscies).

Responses to electrical stimulation of the
splanchnic nerve

Each unit recorded in the spinal gray matter was tested
for inputs from the splanchnic nerve by electrical stimula¬
tion of this nerve with trains of three pulses at 300 Hz
every 5 seconds. Pulse duration was 0.5 msec and stimulus
intensity was 30 V. This type of stimulus was capable of
exciting all afferent fibres in the splanchnic nerve (Cervero.
'83a).

Neurones were classified into two categories: (1) those
which responded to stimuiation of the splanchnic nerve
("viscerosomatic" neurones' and (2) those that did not ("so¬
matic" neuronesi. Fifty-one units (42% of the sample) were
classified as "somatic." These neurones could be excited by
electrical stimuiation of the dorsal roots, but not by maxi-
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mal stimulation of the splanchnic nerve. All these neurones
could be excited by natural stimulation of the skin. Recep¬
tive fields were identified for 31 units (61% of the total) by
brushing and pinching the skin covering the costal and
abdominal regions.

Seventy neurones (58%) were driven from the splanchnic
nerve and were excited by cutaneous stimulation. Recep¬
tive fields were identified for 44 of the units. Almost all
(91%) of the neurones driven from the splanchnic nerve
were also excited by natural stimulation of the skin cover¬
ing the corresponding dermatome. The remainder had cu¬
taneous inputs from other dermatomes.

Receptive field properties
Neurones were subclassified according to the type of cu¬

taneous input that excited them (Fig. 1). The vast majority
of somatic neurones (29/32) could only be activated by hair
movement and/or touch (class 1 or "mechanoreceptive"),
whereas most viscerosomatic neurones (33/44) had nocicep¬
tive inputs, either exclusively (class 3 or "nocireceptive")
or together with low-threshold inputs (class 2 or "multire-
ceptive"). Almost all of the class 2 (91%) and class 3 (93%)
neurones were viscerosomatic, whereas most class 1 neu¬
rones (73%) had no visceral input.

Receptive field sizes were classified as small (4 cm*" or
less), medium (between 4 cm2 and 10 cm2) and large (10 cm2
or more). Neurones with small and medium-sized receptive
fields were equally divided between the somatic and viscer¬
osomatic groups, but the majority (80%) of those with large
receptive fields had visceral inputs (Fig. 2A).

Sixty-four percent of neurones had receptive fields which
included three or more dermatomes. Most of these cells had
visceral inputs, whereas neurones with receptive fields
which included less than three dermatomes were approxi¬
mately equally divided between the somatic and visceroso¬
matic groups (Fig. 2B).

Location of neurones

The locations of the recording sites of 121 neurones are
shown in Figure 3. A differential distribution is apparent
between the sites of somatic and viscerosomatic units. The
somatic neurones were concentrated in the dorsal horn,
mainly in laminae II-V, with only 13 (26%) in laminae VII
and Vm. In contrast, the viscerosomatic neurones were
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concentrated in laminae I, V, VII, and VIII, with only seven
(10%) located in laminae d-IV. Since all neurones were

tested with splanchnic nerve stimulation, these results con¬
firm the previous finding that splanchnic afferents do not
have a significant projection to laminae II-IV of the tho¬
racic spinal cord.

The majority (66%) of somatic neurones having a low-
threshold mechanoreceptive input (classes 1 and 2) were
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Fig. 3. Locations of the recording sites of somatic <left) and viscerosomatic (right> neurones. The
sites have been superimposed on a standard transverse section of the Til spinal cord gray matter. The
inset shows a transverse section of the entire spinal cord: note the relatively small area of gray matter.

concentrated in laminae III-V. whereas the single nocicep¬
tive unit was recorded in lamina I. However, lamina I also
contained a number of mechanoreceptive and multirecep-
tive, as well as nocireceptive, viscerosomatic neurones. Fur¬
thermore. many nocireceptive neurones with an input from
the splanchnic nerve were located in laminae V, VII, and
Vm. Thus, no differential distribution was apparent be¬
tween the three classes of viscerosomatic neurones.

Somatotopic organisation
In a previous study from this laboratory using transport

of HRP through somatic nerves (Cervero and Connell,
'84a.b). it was shown that primary afferent fibres from the
dorsal one-third of thoracic dermatome terminate in the
lateral one-third of the dorsal horn, whereas Fibres from the
ventral two-thirds of the dermatome have their endings in
the medial two-thirds of the dorsal horn. On the basis of
this observation, dorsal horn neurones (those in laminae I-
V) were classified according to the dorsoventral positions of
their cutaneous receptive fields and their locations within
the dorsal horn (Fig. 4). For both somatic and visceroso¬
matic units, there was a clear tendency for neurones with
dorsal receptive fields to be located in the lateral one-third
of the dorsal horn. Neurones with ventral receptive fields,
however, did not appear to be differentially distributed
within the dorsal horn.

In order to elucidate further the organisation of the tho¬
racic spinal cord, we are currently engaged in a combined
functional and morphological study of primary afferents
and dorsal horn neurones, using intracellular injection of
HRP. Preliminary results from this work are presented
here, to support the data obtained with extracellular
recordings.

Reconstructions of HRP-filled primary afferent fibres (Fig.
5) revealed extensive branching of collaterals in the gray
matter. The hair follicie collateral illustrated was one of
three that were seen to originate from the same axon, at

approximately 1-mm intervals. This hair follicle afferent
originated from a receptor site in the medial part of the
dermatome. It had branches and terminal swellings in lam¬
inae III-V, across the lateral two-thirds of the dorsal horn.
In contrast, the high-threshoid mechanoreceptor collateral
had a sparse termination in lamina I, and more extensive
arborisations in laminae V and VII. but no branches in the
intervening laminae. Most of the branches were in the
lateral part of the dorsal horn, but some extended more
than two-thirds of the way to the midline. Its receptive field
was located in the dorsal part of the dermatome.

The reconstructed HRP-filled profile of a somatic dorsal
horn neurone is illustrated in Figure 6. The cell body was
located in lamina V. This neurone had a large dendritic
field which extended across the lateral two-thirds of the
dorsal horn, with branches in inner lamina II and in lami¬
nae III-V and VII. It had an axon which ascended in the
dorsolateral fasciculus. The cell received only low-threshold
cutaneous input, from a cutaneous receptive field located
in the centre of the dermatome and which covered three
dermatomes.

DISCUSSION

Our aims in this study were to examine the somatotopic
arrangements of cutaneous inputs to the thoracic spinal
cord, and to compare the properties of the cutaneous recep¬
tive fields of somatic and viscerosomatic neurones.

In agreement with previous reports (Pomeranz et al.. '68:
Gokin, '70: Gokin et al., '77; Cervero, '83a,b). we found a

differential distribution of somatic and viscerosomatic neu¬

rones within the thoracic spinal cord. Only a few of the
cells which couid be driven from the splanchnic nerve were
located in laminae II-IV. whereas neurones without a vis¬
ceral input were concentrated in these laminae. A study
using HRP to trace axons in visceral and somatic nerves
(Cervero and Conneil. 'S4a.b» has shown that somatic affer¬
ent fibres terminate in laminae I-V. whereas visceral affer-
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VISCERO-SOMATIC

Fig. 4. Relationship between position of cutaneous receptive field (bottom) and location of recording
site «top) for somatic and viscerosomatic neurones. In both classes, most neurones with receptive fields
in the dorsal one-third of the skin were located in the lateral one-third of the dorsal horn, whereas
neurones with receptive fields in the ventral two-thirds of the skin did not show a preferential
distribution. Figures in parentheses indicate numbers of neurones.

ents terminate only in laminae I and V. A similar pattern
has been found in the sacral cord, where afferents from the
colon and urinary bladder terminate in laminae I, V, VI.
and VII (Morgan et alM *81). Viscerosomatic neurones and
visceral afferent fibres both appear to be absent from lam¬
ina FT (the substantia gelatinosa). which receives the major
termination of somatic unmyelinated afferents (see Cervero
and Iggo. '80). Since many afferent fibres in the splanchnic
nerve are unmyelinated, it may be concluded that the vis¬
ceral C fibre input to the cord is organised in a different
way to the somatic input mediated by afferent C fibres.

The type of cutaneous sensory input was found to be
fundamentally different between ceils having a purely so¬
matic input and those which were also driven from the
splanchnic nerve. The vast majority of the former were
mecnanoreceptive cells, having low-threshold mechanical
inputs only, whereas most viscerosomatic neurones were
driven by nociceptors, either specifically or in addition to
low-threshold inputs. On the basis of recordings from lami¬
nae IV and V neurones in the thoracic cord of the cat,

Guiibaud et ai. ('77) concluded that all viscerosomatic cells
had a cutaneous nociceptive input. However, in our experi¬
ments. 26^7 of viscerosomatic cells had a purely low-thresh¬
old cutaneous input, a result in close agreement with other
studies (Hancock et al.. '75: Milne et al., '81: Cervero. '83a).

No dear correlation was found between the type of cuta¬
neous sensory input to a neurone and its location within
the gray matter. The single somatic nocireceptive unit
which was recorded was located in lamina I. but visceroso¬
matic nocireceptive units were also found in deeper lami¬
nae. Mechanoreceptive and multireceptive neurones were
simiiariv distributed throughout the gray matter, although
only one of the former was recorded in lamina I. Thus, the
segregation of neurones within the thoracic cord with re¬
spect to the type of cutaneous input appears to be less
marked than in the lumbosacral enlargement.

The majority of neurones had cutaneous receptive fields
which covered three or more dermatomes. It has been dem¬
onstrated (Cervero and Connell, '84a.b) that cutaneous af¬
ferent fibres from a single dermatome terminate in an area
which includes only 2% spinal cord segments. This implies
that most neurones receive at least some polysynaptic so¬
matic inputs. All somatic neurones, and most visceroso¬
matic neurones, had receptive fields which included the
dermatome corresponding to the spinal segment in which
they were located. A few viscerosomatic cells, however,
were found to have receptive fields which were entirely
outside the corresponding dermatome. Activation of such
neurones by visceral inputs could result in the referral of
the sensation to a cutaneous area at some distance from
the Til dermatome.

Most neurones (807^) had cutaneous receptive fields larger
than 4 cmJ. This is comparable with neurones in the lum¬
bosacral cord having receptive fields on the upper hindlimb
and pelvic region (Brown and Fuchs. '75; Brown et al.. '75).
suggesting that the level of spatial discrimination in tho¬
racic dermatomes is similar to that in the upper hindlimb.
Viscerosomatic neurones in the thoracic cord tended
to have larger cutaneous receptive fields than did somatic
neurones. In terms of the convergence-projection theory of
referred visceral pain, it might be expected that excitation
of visceral nociceptors wouid result in poorly localised re¬
ferred sensations. Additionally, since most neurones re¬

sponding to high-intensity cutaneous stimulation were
viscerosomatic cells, it couid be predicted that noxious stim¬
ulation of the skin would be less well localised than would
non-noxious stimuli.

Studies using HRP to trace primary afferent fibres to the
thoracic cord 'Cervero et al.. '84: Cervero and Conneil.
'S4a.b» have shown that less than lOT of the total number
of afferent fibres in a thoracic dorsal root are from visceral

receptors. Despite this. oS^r of the neurones recorded in the
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Fig. 5. HRP filled profiles of primary allerents. The border between lamina II and lamina III isolid
linei and the midline (broken line) are marked. A. Hair follicle collateral, reconstructed from twelve
50-um serial transverse sections. B. High-threshold mechanoreceptor collateral (A-delta). recon¬
structed from eleven 50-^m serial transverse sections. Insets show cutaneous receptive fields and
areas enlarged in main figures.
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Fig. 6. HRP-filled profile of a somatic class 1 (mechanoreceptive) neu¬
rone. reconstructed from seventeen 50-ym serial transverse sections. The
borders between lamina II and lamina III (solid line) and the midline
(broken line) are marked. Insets show cutaneous receptive field and position
of neurone within the gray matter.

present study responded to stimulation of the splanchnic
nerve. We therefore conclude that the visceral input is
diffuse, with a small number of primary afferents commu¬
nicating with a large number of cells via divergent path¬
ways, many of them polysynaptic. Such organisation would
also be expected to result in poor localisation of referred
visceral sensation.

Neurones with dorsally placed cutaneous receptive fields
showed a clear tendency to be located in the lateral part of
the dorsal horn. This is consistent with the pattern of ter¬
mination of cutaneous afferent as determined by HRP
staining of somatic nerves (Grant and Ygge '81: Ygge and
Grant '83; Cervero and Connell. '84a.b). Neurones with
ventral receptive fields, however, appeared to be more
evenly distributed within the dorsal horn. In other words,
the medial dorsai horn contains a preponderance of cells
having ventral receptive fields, whereas the cells in the
lateral part do not exhibit a preferential location of recep¬
tive fields. Thus, the clear somatotopic arrangements of
primary afferents to the thoracic cord are not accurately
reflected in the organisation of second-order neurones. This
conclusion is supported by the preliminary observations
reported here on the morphology of physiologically identi¬
fied neurones. HRP filled neurone profiles revealed large
dendritic fields, and intracellular staining of primary affer¬
ents showed that their collaterals undergo extensive
branching within the gray matter. Furthermore, the cell
density within the thoracic cord seems to be rather low and
the total cross-sectional area of the thoracic gray matter is

considerably smaller than the corresponding area of the
lumbar segments. Such morphological characteristics do
not seem suited to a well-defined somatotopic organisation.
It may be concluded that the somatotopic arrangement of
neurones in the thoracic spinal cord is less distinct than
that in the lumbosacral cord.

ACKNOWLEDGMENTS
The financial support of the Medical Research Council

and the technical assistance of Mr. Andrew Amos are grate¬
fully acknowledged. We also thank Professor Bruce Mat¬
thews for his useful comments on this manuscript.

LITERATURE CITED

Bishop, G.A., and J.S. King (1982) Intracellular horseradish peroxidase
injections for tracing neural connections. In M-M. Mesulam ted): Tracing
Neural Connections with Horseradish Peroxidase. New York: Wiley, pp.
185-247.

Blair, R.W., R.N. Weber, and R.D. Foreman (1981) Characteristics of pri¬
mate spinothalamic tract neurones receiving viscero-somatic conver¬
gent inputs in the T3-T5 segments. J. Neurophysiol. 46:797-811.

Brown. P.B., and J.L. Fuchs (1975) Somatotopic representation of hindlimb
skin in cat dorsai horn. J. Neurophysiol. 38:1-18.

Brown. P.B.. J.L. Fuchs. and D.L. Tapper 11975) Parametric studies of dorsal
horn neurones responding to tactile stimulation. J. Neurophvsiol. 38:19-
25.

Cervero. F. (1983a) Somatic and visceral inputs to the thoracic spinal cord
of the cat: Effects of noxious stimulation of the biliarv svstem. J. Physiol.
(Lond.) 337:51-67.

Cervero. F. (1983b) Supraspinal connections of neurones in the thoracic
spinal cord of the cat: Ascending projections and descending impulses.
Brain Res. 275:251-261.

Cervero. F., and L.A. Connell (1984a) Fine afferent fibers from viscera do
not terminate in the substantia gelatinosa of the thoracic spinal cord.
Brain Res. 294:370-374.

Cervero. F., and L.A. Connell (1984b) Distribution of somatic and visceral
primary afferent fibres within the thoracic spinal cord of the cat. J.
Comp. Neurol. 230:88-98.

Cervero. F.. L.A. Connell. and S.N. Lawson (1984) Somatic and visceral
primary afferents in the lower thoracic dorsal root ganglia of the cat. J.
Comp. Neurol. 228:422-431.

Cervero. F.. and A. Iggo <1980) The substantia gelatinosa of the spinal cord:
A critical review. Brain 103:117-772.

Cervero, F.. A. Iggo. and V. Molony 11979) An electrophysiological study of
neurones in the substantia gelatinosa Rolandi of the cat's spinal cord.
Q. J. Exp. Physiol. 64:297-314.

Fields. H.L.. G.A. Meyer, and L.D. Partridge. Jr. (1970a) Convergence of
visceral and somatic inputs onto spinal neurones. Exp. Neurol. 26:36-
52.

Fields. H.L.. L.D. Partridge, Jr.. and D.L. Winter 11970b) Somatic and
visceral field properties of fibres in ventral quadrant white matter of
the cat spinal cora. J. Neurophysiol. 33:827-837.

Fields. H.L.. and D.L. Winter 11970) Somatovisceral pathway: Rapidly con¬
ducting fibres in the spinal cord. Science 767:1729-1730.

Gokin. A.P. (l970> Sympatic activation of interneurones in the thoracic
spinal cord bv cutaneous muscle and visceral alferents. Neirofiziologiya
2:563-572.

Gokin. A.P.. P.G. Kostyuk. and N.N. Preobrazhensky <1977) Neuronal mecn-
anisms of interactions of high-threshold visceral and somatic afferent
influences in spinai core and medulla. J. Physiol. tParisi 73.319-333.

Grant. G.. and J. Yege <1981) Somatotopic organisation of the thoracic
spinal nerve in the dorsal horn demonstrated with transganglionic
degeneration. J. Comp. Neurol. 202:357-364.

Guilbaud. G.. G. Benelli. and J.M. Besson < 1977) Response of thoracic dorsai
horn interneurones to cutaneous stimulation and to the administration

of algogenic suostances into the mesenteric artery in the ^pinai cat.
Brain Res. 724.437-448.

Hancock. M.B.. D.D. Rigamonti. and R.N. Bryan 11973) Convergence in the
lumbar spinai cord of pathways activated by splanchnic nerve and nina
limb cutaneous nerve stimulation. Exp. neurol. 38:337-348.

Hanker. J.S.. P E. Yates. C.B. Metz. and A. Rustioni «1977) A new specific
sensitive and r.on-carcinogenic reagent for the demonstration of norse-
radish peroxidase. Histocnem. J. 9.7S9-792.

579



332 F. CERVERO AND J.E.H. TATTERSALL

Milne. R.J., R.D. Foreman. G.J. Giesler. Jr.. and W.D. Willis (1981) Conver¬
gence of cutaneous and pelvic visceral nociceptive inputs onto primate
spinothalamic neurones. Pain 77:163-183.

Molony. V. (1978) Fine glass microelectrodes for recording from small neu¬
rones in the spinal cord of the cat. J. Physiol. (Lond.) 284:27-28P.

Morgan. C., I. Nadelhaft. and W. de Groat 11981) The distribution of visceral
primary afferents from the pelvic nerve to Lissauer's tract and the
spinal grey matter and its relationship to the sacral parasympathetic
.nucleus. J. Comp. Neurol. 201:415-440.

Ogden. T.E.. M.E. Citron, and R. Pierantoni (1978) The jet stream micro-
beveler An inexpensive way to bevel ultrafine glass miropipettes. Sci¬
ence 201:469-470.

Pomeranz, B.. P.D. Wall, and W.V. Weber (1968) Cord cells responding to
fine myelinated aiTerents from viscera, muscle and skin. J. Physiol.
(Lond.) 799:511-532.

Ruch T.C. (1946) Visceral sensation and referred pain. In J.F. Fulton <ed):
Howell's Textbooit of Physiology. 15th edition. Philadelphia: Saunders,
pp 385-401.

Selzer. M.. and W.A. Spencer (1969) Convergence of visceral and cutaneous
afferent pathways in the lumbar cord. Brain Res. 74. 331-348.

Ygge. J., and G. Grant (1983) The organisation of the thoracic spinal nerve
projection in the rat dorsal horn demonstrated with transgangiionic
transport of horseradish peroxidase. J. Comp. Neurol. 276:1-9.

580



188 TINS - May 1VS5

More than just gut feelings about visceral sensation
New and detailed information is currently being obtained on the mechanisms of
visceral sensation. Precise correlations have been made between the nature and
intensity of visceral stimulation and the type ofsensory receptor activated by these
stimuli'2. Non-specific sensory receptors have been described in the colon and
bladder whereas specific visceral nociceptors have been found in other internal
organs. The mode of termination of visceral afferent fibres within the spinal cord
follows a consistent and regular pattern3'7 with main areas ofprojection in laminae
I and V of the dorsal horn. Extensive viscerosomatic convergence in the thoracic
spinal cord has been described as the basis for referred visceral pain from the gall¬
bladder and the heart*-'2. Research on the neurochemistry of visceral afferents'3'17
has thrown new light on the role of neuropeptides in the regulation of visceral
function by suggesting that some peptides contained in visceral afferents can be
released peripherally by a mechanism akin to the cutaneous axon refex'7. These
new observations challenge some of the traditional views on visceral and cutaneous
sensation.

Clinical, neurophvsiological and beha¬
vioural observations suggest that most
visceral sensory signals are transmitted
to the CNS via sympathetic nerves
whereas parasympathetic visceral af¬
ferents are concerned mainly with non-
sensory aspects of visceral function8-18.
In addition, visceral sensation is usually
regarded as synonymous with visceral
pain, i.e. discomfort, unpleasant sen¬
sory experiences and pain are the
sensations most commonly evoked
from viscera18. Many visceral sensa¬
tions are 'referred', that is, felt in a

somatic region different from the viscus
of origin. A typical example of referred
visceral sensation is 'angina pectoris'
where cardiac ischaemia evokes an

intense pain felt in the chest and along
the left arm. The framework for the

interpretation of referred visceral pain
is the 'Convergence—Projection'
theory of Ruch18, based on proposals
made at the turn of the century by
Henry Head and James Mackenzie.
This theory suggests that referred
visceral sensation is due to the conver¬

gence of visceral afferent fibres onto

spinal cord neurones that are also
driven by somatic inputs. These ceils
project to higher sensory areas via
pathways such as the spino-thalamic
tract and, thus, activation of visceral
afferents would excite somatic sensory
pathways and, in so doing, evoke a
sensory experience that was referred to
the origin of the somatic drive.

A long standing question that has
received considerable attention in re¬

cent years is whether noxious events in
internal organs are signalled, as in the
skin, by specific nociceptors or whether
they are signalled by a population of
non-specific receptors that respond to a
wide range of stimulus intensities.
Recent work on the properties of
visceral receptors in the colon of the cat
give support to the latter possibility1-2.
Mechanoreceptors in the colon and
bladder respond with an increased
tonic discharge when these viscera are
distended and react in a graded manner
to low (presumably innocuous) and
high (presumably noxious) intensities
of stimulation. Thus, the same visceral
receptors may be involved in auto¬
nomic reflex activity (non-sensory) and
in the signalling of visceral nociceptive

Fig. 1. Reconstruction from three (left) and from seven (right) SO \xm transverse serial sections of the protections of somatic (led) and visceral (right) afferent
Cibres to the TV segment of the spinal cord of the cat. HRP was applied to the ventral ramus t intercostal nerve) of the TV spmai nerve (left) ana to the splancnnic
nerve (right). .Vote the absence of a visceral afferent protection to the Substantia Gelattnosa. whose ventral boraer is inaicated bv the dottea line. (Modified
from Rcf. 7).
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information. These recent observa¬
tions point to an 'intensity' mechanism
for the encoding of visceral nociceptive
messages19. However it is not yet clear
whether this is a general property of all
visceral receptors or whether there are
differences in the sensory innervation
of individual viscera, particularly since
internal organs such as the testes;%the
heart and the gall bladder appear to
have specific 'visceral nociceptors'
(Ref. 8).
- A recent and important advance in
the field of visceral sensation has been
the detailed and comprehensive exam¬
ination of the mode of termination of
visceral afferent fibres within the spinal
cord. In several animal species3-6
transganglionic transport of HRP
through a variety of visceral afferent
nerves, has demonstrated a consistent
pattern of termination of visceral
afferent fibres within the grey matter of
the sacral, lumbar and thoracic spinal
cord. This data, as well as complemen¬
tary observations from other laborator-
ies7-20-21, clearly show that the fine A6
and C afferent fibres from viscera
terminate in laminae I and V of the
dorsal horn, sparing the intermediate
laminae (see Fig. 1). In contrast,
somatic afferent fibres terminate in

large numbers within the boundaries of
lamina II. Thus the substantia gelatin-
osa (lamina II) which is the target for
most cutaneous C-fibre afferents. does
not receive a major direct projection
from fine visceral afferents nor from
fine muscle afferents22-23. In addition,

electrophysiological studies have
shown an absence of viscero-somatic

convergence onto neurones located in
laminae II, III and IV (Ref. 8). These
observations call into question the
generally-accepted belief that most
afferent C fibres terminate in laminae
II (Ref.# 24). The putative role of
substantia gelatinosa neurones as
modulators of all sensory information24
needs to be re-examined to account for
the lack of non-cutaneous inputs to the
neurones in this region of the cord.

The 'Convergence-Projection' theory
of referred visceral pain has received
considerable experimental support.
Earlier studies described the presence
of viscero-somatic convergence in the
dorsal horn of the thoracic, lumbar and
sacral cord. Recent work on viscero¬

somatic neurones in the thoracic spinal
cord* has clearly shown that: (1) these
neurones arc abundant in areas of

projection of visceral atferents; (2)
sonic of them project through path¬
ways such as the spino-thalamie ;ind

spino-reticular tracts; (3) their visceral
drives are generally nociceptive; and
(4) almost all of them can be driven by
noxious somatic stimulation, most

commonly from deep somatic struc¬
tures such as - muscle, tendons or

ligaments. Comprehensive studies on
the spinal mechanisms of cardiac pain
have provided a clear picture of the
neurophysiology basis of angina by
showing that most of the clinical
manifestations of cardiac pain can be
interpreted along the lines of the
'Convergence-Projection' theory9-12.
In addition, they have provided exper¬
imental evidence for a lack of dis¬
crimination between sensations evoked
from the heart and from the gall
bladder10 by showing that many neur¬
ones excited by cardiac nociceptive
stimuli in the thoracic spinal cord can
also be driven by noxious stimulation of
the gall-bladder.- Furthermore, exam¬
ination of the role of vagal afferent
fibres in the modulation of cardiac
sensation has revealed that vagal
stimulation can inhibit the transmission
of viscero-somatic information through
the spino-thalamic tract neurons9.

All these recent studies indicate that
visceral sensation is the result of
extensive convergence of visceral in¬
puts onto somatosensory pathways, a
convergence that sometimes involves
long supraspinal loops25. These exten¬
sive central actions of visceral afferents
are somewhat surprising, particularly
as HRP studies have shown that the

proportion of visceral afferents reach¬
ing the spinal cord through the splanch¬
nic nerves is less than 10% of the total
afferent inflow to this region of the
cord26. It would appear that the
organization of visceral sensation (and
especially of visceral pain) is akin to a
trip-wire alarm system: little scope for
sensory* discrimination but a great
potential for a massive effector res¬
ponse (diffuse pain, muscle spasms and
visceral reflexes).

A considerable amount of immuno¬
chemical evidence has now been ob¬
tained for the occurrence of a variety of
biologically active peptides within
afferent neurones. In particular, stud¬
ies in which immunohistochemistry has
been combined with retrograde trans¬
port of fluorescent markers have
demonstrated that substance P and
vasoactive intestinal polypeptide (VIP)
are present in sub-populations of
gastrointestinal and uro-genital vis¬
ceral afferents1414. Recently, the appli¬
cation ol recombinant |)NA techni¬
ques has revealed the presence ot

polypeptide precursors to certain pep¬
tides which have been subsequently
identified in afferent neurones using
conventional techniques. Thus, some
afferent neurones have been shown to

contain co-existing peptides derived
from a single gene, i.e. substance P and
substance K (Ref. 27), or from multiple
genes, as in the case of substance P and
calcitonin gene-related peptide
(CGRP)28. Studies are now in progress
to analyse the relationship between the
functional properties of visceral sen¬
sory fibres and their neurochemical
contents.

Quantitative studies of peptide
transport in visceral afferent fibres
have clearly shown that the amount of
peptide transported towards the peri¬
pheral end greatly exceeds the amount
transported centrally29. This poses the
fundamental question of whether a
peptide contained in a visceral afferent
fibre can play its main functional role at
the peripheral rather than at the central
end of the fibre. A comparison can be
drawn with the cutaneous axon reflex,
where skin afferents are believed to

release substance P at their peripheral
terminals30. At present there is little
evidence for a similar arrangement in
viscera, but it should be noted that
several functional studies implicate the
release of substance P, from the
peripheral terminals of visceral affer¬
ents, in the production of vasodilata¬
tion in the small intestine16, in the
contraction of gastrointestinal smooth
muscle15-17 and in the genesis of a non-
cholinergic slow EPSP in prevertebral
ganglia31. Therefore, it is conceivable
that visceral afferents might have a
spectrum of functional roles due to
their actions at different levels: central

(sensory/reflex) and/or peripheral
(efferent/trophic?).

There are, of course, many questions
about visceral sensation that remain

unsolved and many others for which
there is not even an adequate experi¬
mental model. But some headway has
been made and some of the traditional

arguments about the sensitivity of
viscera have been resolved or will be
resolved in the immediate future.
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A technique has been developed for recording single unit afferent activity from mesenteric nerves in
isolated segments of rat distal ileum in vitro. The preparation consists of a 3-cm segment of ileum,
containing a single neurovascular bundle, held horizontally in an organ bath. One end of the segment is
attached to a tension transducer to record changes in longitudinal tension of the gut muscle and the other
is connected to a pressure transducer to record changes in intra-luminal pressure. Electromyographic
activity of the smooth muscle is recorded using glass-insulated tungsten microelectrodes inserted in the
wall of the gut. Afferent nerve activity is recorded with a monopolar platinum wire electrode from
filaments of the mesenteric nerves that run between the artery and vein supplying the segment. This
preparation permits the detailed analysis of the electrical activity of intestinal afferent nerve fibres
correlated with mechanical and chemical events occurring naturally in the gut or imposed experimentally
on it.

Introduction

Much of our knowledge about the electrophysiology of visceral sensory receptors
has been gained from whole animal' experiments using 'single fibre' recording
techniques. These techniques were first introduced by Paintal (1953) and Iggo
(1955) and consist of dissecting small filaments from a large nerve trunk until a
single afferent unit can be discriminated. These in vivo techniques have been used
extensively and have provided a great deal of information on the kinds of natural
stimulation that evoke afferent activity in visceral nerves (see reviews by Cervero
and Morrison. 1986; Leek. 1977; Morrison. 1977). However, pharmacological stud¬
ies of visceral sensory receptors conducted in vivo, can be hard to interpret since the

Correspondence-. K.A. Sharkey. Department of Physiology. University of Bristol. The Medical School.
University Walk. Bristol. BS8 1TD. U.K.

0165-0270/86/S03.50 <0 1986 Elsevier Science Publishers B.V. (Biomedical Divisionl

585



iru

compounds administered may have general effects resulting in changes in the
environment of the viscus under study. Moreover, the general condition of the
animal has a great deal of influence on the physiological state of visceral structures.
In order to overcome the problems associated with in vivo preparations and to
provide a relatively simple and highly controllable preparation we have developed
an in vitro method for recording visceral afferent activity. Our preparation enables
recording to be made from the mesenteric nerves of an isolated segment of rat
ileum: however, the method could be easily adapted for use with other hollow
viscera from a range of species. An in vitro method for recording afferent nerve

discharges from the rat small intestine was outlined in abstract form by Clothier et
al. (1975).

General Methods

Recordings of afferent activity are made from isolated segments of rat distal
ileum. Adult male animals (200-350 g) are stunned by a blow on the head and
killed by cervical dislocation. The abdomen is opened and the distal ileum removed
and placed in Tyrode's solution of the following composition (mM): NaCl 136.9,
KC1, 2.7, CaCl2 1.8, MgCl2 1.0. NaHP04 0.4, NaHC03 11.9; glucose 5.6, pH 7.4,
gassed with 95% oxygen/5% carbon dioxide and maintained at 37°C. The lumen is
washed through with the same solution and a suitable segment of ileum is identified.
Each segment used for recording consists of a piece of ileum about 30 mm long
containing a single straight neurovascular bundle. Such segments are generally
found 5-10 cm from the ileocaecal junction. The segment is dissected from the
surrounding tissue, transferred to the organ bath and left for 30 min before
recordings are started. Recordings are made in the bath described below.

Organ bath

The organ bath (Fig. 1) consists of a milled perspex block with internal dimen¬
sions 78 mm X 58 mm and a depth of 23 mm. The volume of the bath with the
dissection platform in place is 45 cm3. Incorporated into the bath is a heating coil
consisting of tungsten resistance wire coiled inside a thin-walled glass tube, which
was inserted into the base of the bath and sealed with Sylgard (Dow Coming,
Belgium). The heater is controlled by the output from a homeothermic blanket
controller (CFP Instruments, Bioscience, U.K.) and is regulated by a thermistor
probe inserted just above the coil through a hole in the wall of the bath. The bath is
filled by means of an inlet port and the liquid level is controlled with a vertically
adjustable outlet attached to a suction pump. The aboral end of the segment is
penetrated by a short length of glass cannula (5 mm external diameter) passed
through a hole in the wall of the bath that is sealed with a rubber 'O' ring. The oral
end is then ligated with silk (3-0 gauge) and the suture is passed through a 21-gauge
needle inserted into a neoprene washer screwed on to the side of the bath. The
suture is attached to a tension transducer (Dynamometer UFI. 2oz. Ormed. U.K.)

586



151

f
Infra-luminal
perfusion

perfusion

Fig. 1. A: a diagrammatic sketch of the experimental arrangement. Recordings of afferent nerve activity
are made from fine filaments of the mesenteric nerves, whilst simultaneously recording tension in the
longitudinal muscle, intra-luminal pressure and EMG activity. Changes in intra-luminal pressure can he
imposed and drugs can be applied to the serosal and mucosal surfaces of the preparation. B: a schematic
diagram of the organ bath and dissection platform, showing the arrangement of the ileal segment. A full
description can be found in the text.
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that records longitudinal muscle contractions. The glass cannula has 3 female luer
fittings that are connected to (i) a pressure transducer (EM 750, Elcomatic, U.K.),
(ii) a fluid reservoir filled with Tyrode's solution (to impose changes in intra-luminal
pressure) and (iii) a fine Portex cannula (outside diameter 1.02 mm) for intra-lumi¬
nal injections. The bath is screwed onto a square section brass rod on which the
tension transducer is also mounted, so that the segment of ileum is horizontally
aligned with the tension transducer.

Nerve dissection platform

The dissection platform is a rectangular perspex block with internal dimensions
41 mm X 43 mm and a depth of 8 mm. It is mounted onto the side of the bath with
an L-shaped perspex bracket, and its height within the organ bath can be adjusted
by means of screws from the bracket, into the dissection platform (Fig. IB). The
platform can be moved along the side of the organ bath and is secured by screws
from the bracket which hold it to the side of the bath. In the centre of the platform
is a 1 mm wide slit through which the neurovascular bundle of the segment is
passed. The slit is sealed with vacuum grease (Edwards) and dental impression
material (Reprosil, Caulk & Co.. U.S.A.) and the whole platform is filled with liquid
paraffin at 37°C. The mesenteric nerves are dissected on a piece of black perspex
inserted into the base of the platform. The nerves are dissected using fine watch¬
makers forceps and iris scissors under a dissecting microscope (Olympus, Tokyo) at
X20 to X 40 magnification under fibre optic illumination (Lux 150s, Fort, France).
The dissection starts by removing the fat surrounding the neurovascular bundle to
expose the arteriole and vein that supply the segment (see Fig. 2). In most
preparations two nerve fascicles are found running between the artery and vein and
1-3 mm lengths of these nerves are gently peeled away from fat and connective
tissue for recording. Recordings are made from fine filaments dissected from the
mesenteric nerves until a single unit is discriminated.

Recordings

Recordings of afferent activity are made using a monopolar platinum wire
electrode (0.2 mm diameter) in a perspex holder mounted on a micromanipulator.
An indifferent electrode is made from a silver chloride pellet, which is inserted into
the bath and connected to the headstage amplifier. Signals are recorded through a
low noise amplifier (X 10. modified from a design by Harris and Matthews. 1978) to
a preamplifier (Neurolog, NL104) and filters (NL125) and are then simultaneously
displayed on an oscilloscope and recorded on magnetic tape for off-line analysis.
Spike shapes are examined by passing the amplified signal through an analog delay
unit (NL740) while using the undelayed spike to trigger the oscilloscope sweep.
Conduction velocities of the units are determined by electrical stimulation of the
segment with a bipolar ball-tipped silver electrode placed on the wall of the ileum in
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the receptive field of the unit. Most units have thresholds of less than 10 V using
stimulating pulses of 0.1 ms duration delivered at 0.3 Hz.

Pressure and tension signals are recorded through custom built bridge amplifiers.

Fig. 2. Photomicrographs of semi-thin (1.0 frm) sections through a neurovascular bundle. A: two
mesenteric nerve fascicles (N) between an arteriole (A) and vein (V). Scale bar: 100 jam. B: a transverse
section through a mesenteric nerve. Note that there are a number of Schwann cell nuclei (S) present in the
section and that the nerve is only composed of ummyelinated fibres. Scale bar: 10 |im.
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displayed and stored on magnetic tape. The segment is maintained with a resting
tension of about 0.5 g and a resting intra-luminal pressure of 0-2 mmHg.

Electromyographic (EMG) activity is recorded using glass-insulated tungsten
microelectrodes (tip diameter of about 20 /am) inserted on the wall of the segment.
EMG signals are recorded through a headstage (NL100) and preamplifier (NL104),
filtered (NL125), displayed on an oscilloscope and stored on magnetic tape. In¬
tegrated EMG activity is obtained by passing the signal through an EMG integrator
(NL 703) before displaying.

Drug Application

Drugs have been applied to the preparation in 3 ways; (i) directly to the receptive
field of a unit using a syringe or pipette, (ii) by intra-luminal injection, and (iii) by
injection into the arteriole supplying the segment of ileum. The arteriole is cannu-
lated using a fine polyethylene cannula pulled down to a suitable diameter. The
cannula is passed into the cut end of the arteriole and tied in place with a fine silk
suture. The venule is cannulated in the same way and the venous outflow is brought
out of the dissecting pool and into waste.

Histology

In order to study the structure of the mesenteric nerves, semi-thin sections were
examined. A rat was fixed by perfusion through the ascending aorta with 11 of 4%
glutaraldehyde (Taab) in 0.1 M phosphate buffer (pH 7.4) at room temperature.
Neurovascular bundles from the distal ileum were dissected and immersed in the
same fixative for 1 h. After washing in 0.1 M sodium cacodylate (pH 7.2) overnight
the tissue was postfixed in 1% osmium tetroxide in sodium cacodylate buffer,
washed, dehydrated and embedded in Araldite. Semi-thin (0.5-1.0 fim) sections
were cut on an ultramicrotome (Reichert Instruments. Austria) and stained with
methylene blue. Sections were examined using a Leitz Laborlux microscope and
photographed using Ilford FP4 (125 ASA) film. An orange filter was used when
taking pliotographs to improve the contrast of the image.

As illustrated in Fig. 2, the mesenteric nerves run between the artery and vein
and consist of two fascicles, about 50 /im in diameter, containing only unmyelinated
fibres.

Comment and Discussion

Using this technique, single afferent units have been identified which respond to
mechanical and chemical stimulation of the gut. Only units with background
activity have been examined. A unit is classified as single if it has a uniform spike
shape that remains consistent throughout the course of an experiment. A typical
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Fig. 3. An example of the results obtained using the preparation described in this paper. The left hand
panel shows the response of a single unit to probing the gut wall with a fine glass rod. and the shape of
individual action potentials (10 superimposed spikes). The right hand panel shows the response of the gut
and of the unit to 10 /ig bradykinin applied to the receptive field of the unit (lop) and to a 10 mmHg
increase in intra-luminal pressure (bottom); the resting pressure was 0-2 mmHg and the resting tension
was about 0.5 g. The unit rapidly adapted to the increase in intra-luminal pressure. Also illustrated
(middle) is an EMG and intra-luminal pressure recording from a separate preparation.

example of such a unit is shown in Fig. 3. This unit responded to probing of the gut
wall with a fine glass rod and had a single punctate receptive field in the centre of
the upper surface of the segment and a conduction velocity of approximately 1 m/s.
The unit had a rapidly adapting response to an increase in intraluminal pressure of
10 mmHg and also responded to bradykinin (10 /xg); which produced little change
in tension in the preparation (note that the rate of background activity had
increased during the course of the experiment). Also illustrated in Fig. 3 is an EMG
and intra-luminal pressure record from a separate preparation.

The apparatus and method described above has been successfully used to record
afferent activity from isolated segments of rat distal ileum, whilst simultaneously
recording tension in the longitudinal muscle, intra-luminal pressure and EMG-
activity. Single afferent units have been identified and these respond to chemical
and mechanical stimulation of the gut. The mesenteric nerves at the level we record
from contain 4 types of fibres: (i) postganglionic sympathetic, (ii) preganglionic
parasympathetic, (iii) visceral primary afferent and (iv) a type of fibre originating
from cell bodies in the wall of the ileum that project to the prevertebral ganglia
(Schofield. 1968). Work is now in progress to characterize further the properties of
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sensory receptors in the ileum and to establish the type of afferent fibre to which
they belong.

The method described above is relatively simple to set up and is mechanically
very stable. Recordings can be made about one hour after removal of the tissue
from the animal. In most cases recordings can be continued until the nerves are

completely split (3-6 h). The preparation normally remains viable for the period of
the recording, although occasionally afferent activity is still present when the
preparation has deteriorated to a low resting tension and does not respond to
application of acetylcholine. We believe that this method offers a reliable and
versatile alternative to in vivo techniques for recording afferent nerve activity from
hollow viscera.
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Effects of Reversible Spinalization
on the Visceral Input to Viscerosomatic
Neurons in the Lower Thoracic Spinal Cord
of the Cat
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SUMMARY AND CONCLUSIONS

1. Single-unit electrical activity has been
recorded frotn 122 viscerosomatic neurons in
the T9 and TM segments of the cat's spinal
cord. These neurons were excited by electrical
and/or natural stimulation of visceral and so¬

matic afferent fibers.
2. The majority of viscerosomatic neurons

(72%) received somatic nociceptive inputs, ei¬
ther exclusively or together with low-threshold
somatic inputs. Many of these neurons were
excited most strongly by intense mechanical
stimulation of subcutaneous tissues, particu¬
larly by pinching or squeezing muscle.

3. Twelve viscerosomatic neurons were ex¬

cited by distensions of the biliary system at
levels of biliary pressure > 25 mmHg. These
intensities of biliary stimulation evoked tran¬
sient increases in blood pressure, which suggest
that the visceral stimuli were of nociceptive
nature.

4. The effects of reversible spinalization by
cold block were tested on 98 viscerosomatic
neurons. Three subgroups of viscerosomatic
neurons were distinguished depending on
whether their responses to visceral afferent
stimulation were increased, decreased, or un¬

changed in the spinal state.
5. Forty percent of all neurons tested in¬

creased the intensity of their responses to vis¬
ceral stimulation in the spinal state. In addi¬
tion, many of these neurons developed or
increased their background activity and in¬
creased their somatic responses in the spinal
state. It is concluded that these neurons were

subjected to tonic descending inhibition of
both somatic and visceral afferent inputs.
More than 40% of the neurons in this group
were located in or close to lamina V of the
dorsal horn.

6. In 44% of all neurons tested the response
to visceral stimulation was reduced or abol¬
ished by spinalization. The background activ¬
ity was not affected in the same manner and
sometimes even increased during spinaliza¬
tion. The responses to somatic stimuli were

fully tested in 11 neurons of this group and
were found to be decreased, but not abolished,
in nine neurons, unchanged in one cell, and
increased in another one. Many of the neurons
in this group were located in the ventral horn
(laminae VII and VIII).

7. Sixteen percent of all viscerosomatic
neurons tested showed no change in their re¬
sponses to visceral stimulation during spin¬
alization.

8. It is concluded that the visceral input to
viscerosomatic neurons in the lower thoracic
spinal cord is under considerable descending
control, which includes excitation as well as

tonic inhibition of visceral afferent informa¬
tion. This may represent part of the neuronal
arrangement responsible for the widespread
effects of visceral nociceptive stimulation.

INTRODUCTION

A volley of impulses arriving in the spinal
cord via fine visceral afferent fibers in sym¬
pathetic nerves evokes an unpleasant visceral
sensation and triggers widespread somatic and
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visceral motor activity (4, 19, 39, 40, 41). The
sensory experience is diffuse, ill localized, and
often referred to as a somatic structure (38);
the ensuing reflexes take the form of enhanced
visceral motility, increased internal secretion,
and prolonged muscle spasm (34). These are
characteristic features of the central actions of
a visceral nociceptive input to the spinal cord
and suggest a highly divergent organization of
the visceral afferent projection to the spinal
cord. In previous reports from our laboratory
(7, 8, 17) we have shown that a substantial
proportion (40-60%) of the neurons recorded
in the lower thoracic segments of the spinal
cord receive convergent somatic and visceral
drives, that the somatic inputs to these neurons
are most commonly nociceptive, that the vis¬
ceral inputs to the cells are always nociceptive,
and that a proportion of these viscerosomatic
neurons have axons that project to supraspinal
regions via somatosensory pathways. Similar
and complementary observations have been
made in other laboratories using different ex¬
perimental approaches, other animal species,
and/or other regions of the spinal cord (3, 24,
25, 26, 28-31, 37). These observations have
provided considerable experimental support
for the notion that the central organization of
visceral afferent inputs involves a substantial
degree of visceral convergence onto nocicep¬
tive somatosensory pathways (38).

Identification of visceral primary afferent
fibers and their dorsal root ganglion cells by
anterograde transport of horseradish peroxi¬
dase has clearly shown that these afferents
make up only 10% or less of the total afferent
inflow to the thoracic spinal cord (12). Equally,
the spinal cord projection of visceral afferent
fibers is not widespread and appears to be re¬
stricted to regions in laminae I and V of the
dorsal horn (10, 11, 13). Therefore, mecha¬
nisms within the central nervous system must
be responsible for the divergent sensory-motor
effects of visceral afferent volleys.

In previous electrophysiological studies we
found evidence of excitatory and inhibitory
supraspinal influences on the visceral input to
viscerosomatic neurons in the thoracic spinal
cord (8). It is also known that visceral, like
somatic, sensations can be powerfully inhib¬
ited by the activation of supraspinal regions
(1, 27). Therefore, we decided to examine in
detail some of the supraspinal mechanisms of
descending control that might be responsible

for the central divergence of the visceral input
and/or for the inhibition of visceral sensation
evoked by supraspinal stimulation. In partic¬
ular, we have studied the effects of reversible
spinalization on the visceral responses ofspinal
cord viscerosomatic neurons and therefore the
existence and magnitude of tonic descending
actions on the visceral input to the cord. Some
preliminary results have been previously pub¬
lished (15).'

METHODS

Experiments were conducted on 29 adult cats of
either sex with body weights between 2.5 and 4.0
kg. All cats were anesthetised with a-chloralose (60
mg/kg iv) after induction with halothane (2.5% in
0.33 02 and 0.66 N20). Supplementary doses of a-
chloralose (30 mg/kg iv) were given periodically to
maintain an adequate level of anesthesia. The an¬
imals were paralyzed with gallamine triethiodide
and ventilated with a positive pressure pump. The
general methods for the monitoring and mainte¬
nance of the physiological state of the animals have
been described previously in detail (8, 17). The
lower thoracic spinal cord was exposed by a lami¬
nectomy from T6 or T7-T|3. In some animals, a
second laminectomy was performed in the cervical
region to expose segments C|-C4. The animals were
mounted in a rigid frame, and pools were made
with skin flaps over the exposed areas of the spinal
cord that were filled with warm paraffin oil at 38°C.
Recording stability was improved by clamping the
vertebral column, by infiltration of 2% agar around
the spinal cord, and by a bilateral pneumothorax.

Recording techniques
Extracellular single-unit recordings were made

through glass microelectrodes filled with 4 M NaCl
(impedance measured at 1 kHz was 10-30 MS2).
Recordings were made from neurons in the right
side of the gray matter of the segments T9 or T,,.
An ipsilateral dorsal rootlet was stimulated electri¬
cally through ball-tipped silver-wire electrodes when
searching for neurons. Stimulation parameters were
adjusted to excite all A-fibers in the rootlet (7, 8).
Recordings were displayed on an oscilloscope and
analyzed "on" and "off-line" using a microcom¬
puter (9).

Stimulation ofafferent fibers
Somatic afferent fibers were activated by natural

stimulation of their receptive fields or by electrical
stimulation through intradermal electrodes. Visceral
afferent fibers were activated by electrical stimula¬
tion of the ipsilateral splanchnic nerve or by natural
stimulation of gall bladder afferent fibers. In 26 an¬
imals, the right greater splanchnic nerve was pre¬
pared for electrical stimulation as described previ-
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ously (7, 8). In the other three cats, the gall bladder
was cannulated to allow stimulation of the biliary
system by controlled distensions. Details of this
technique have been published previously (6).
Cold block of the spinal cord

Reversible spinalization of the animals was
achieved by circulating cold fluid (1-2°C) through
a thermode placed over the C3 or the T7 segments
of the cord (32). We have previously shown that
the efficacy of the cold block can be easily assessed
by monitoring changes in blood pressure during
spinalization (16). Therefore, in the present exper¬
iments, the animal was considered to be spinalized
if the blood pressure dropped during the application
of the cold block to the level of a spinal animal
(60-70 mmHg mean blood pressure).

Histological methods
The position of the recording microelectrode was

marked by ionophoretic deposition of Pontamine
sky blue in the last track of the experiments (14).
Marks were made in this track at 1-mm intervals.
The cord was then removed and fixed in 10% form¬
aldehyde. The recording sites of the neurons were
then calculated from these marks recovered in 80-
fim sections. The error of locating recording sites
with this method has been shown to be within ±70
^m (36).

Statistical analysis
The responses of viscerosomatic neurons to

stimulation of their cutaneous and visceral inputs
were quantified by counting the number of action

pinch

2s

2s
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spikes/s
2 0 r
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50
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FIG. 1. Viscerosomatic neuron in the thoracic spinal cord, which was excited by distension of the biliary system.
A: response of the neuron to pinching (continuous line) of the somatic receptive field shown in B. This cell was excited
only by high intensities of somatic stimulation, particularly of muscle. C: response of the neuron (upper trace) to a
slow increase in biliary pressure (lower trace). D: location of the recording site of the neuron in lamina V. E: ratemeter
records (upper trace) of responses of the neuron to increases in biliary pressure (lower trace). The neuron was only
excited by biliary pressures > 25 mmHg.
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fig. 2. Viscerosomatic neuron that received tonic descending inhibition. A: somatic receptive field of the neuron.
The cell was excited by probing of deep subcutaneous tissues. B: location of the recording site of the neuron in lamina
VII. C: dot-raster display of the responses of the neuron to supramaximal electrical stimulation of the splanchnic
nerve (SPLN) before, during, and after reversible spinalization. The first 20 stimuli were delivered in the intact state.
stimuli 21-40 were delivered 5 min after application of the cold block, and stimuli 41-60 were delivered 5 min after
rewarming the cord. D: peristimulus time histograms of the responses to stimulation of the splanchnic nerve shown
in C. Each histogram was constructed from 20 responses. Note the decrease in latency of the response to splanchnic
nerve stimulation in the spinal state, probably due to the enhanced excitability of the neuron.

potentials evoked by electrical stimulation of the
splanchnic nerve and of the somatic receptive field.
An average value of these responses was calculated
over 20-25 consecutive stimuli. Statistically signif¬
icant changes induced by spinalization were esti¬
mated by a Student's t test between the value in the
intact and in the spinal states. Increases and de¬
creases in the average number of spikes per stimulus
were considered to be significant at P < 0.05.

RESULTS

Sample ofneurons
In the experiments reported here, single-unit

electrical activity was recorded from 122 vis¬
cerosomatic neurons in the T9 and T,, seg¬
ments of the spinal cord. This sample includes
single-unit recordings taken within or close to
the gray matter of these segments. Neurons
were classified as "viscerosomatic" if, in ad¬
dition to being excited by natural and electrical
stimulation of the skin and subcutaneous tis¬

sues of the lower thorax and abdomen, they
could also be driven by electrical stimulation
of the ipsilateral splanchnic nerve or by dis¬
tension of the gall bladder (7, 17). Details of
the criteria for sampling and classification of
neurons have been published previously
(7, 8. 17).

Visceral inputs
Twelve of the neurons included in our sam¬

ple were excited by distensions of the biliary
system. These neurons were only excited at
levels of biliary pressures greater than —25
mmHg (Fig. 1). These intensities of biliary
stimulation usually evoked a transient increase
in systemic blood pressure. As the presence of
this pseudaffective reflex indicates the noci¬
ceptive nature of the visceral stimulus (6), this
observation suggests that all the units tested
for biliary inputs were driven by noxious in¬
tensities of visceral stimulation.
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fig. 3. Viscerosomatic neuron in the thoracic spinal cord with suprasegmental descending excitation. A: somatic
receptive field of the neuron, which was excited by probing of deep subcutaneous tissues. B: location of the recording
site of the neuron in lamina VIII. C: dot-raster display of the responses of the neuron to supramaximal electrical
stimulation of the splanchnic nerve (SPLN) before, during, and after reversible spinalization. The first 27 stimuli were
delivered in the intact state, stimuli 28-55 were delivered 5 min after application of the cold block, and stimuli 56-
80 were delivered 5 mm after rewarming the cord. Z>: peristimulus time histograms of the responses to stimulation
of the splanchnic nerve shown in C. Each histogram was constructed from 25 responses.

The remaining 110 viscerosomatic neurons
were not tested for the effects ofbiliary disten¬
sion but were all excited by supramaximal
electrical stimulation of the splanchnic nerve
(e.g., Figs. 2, 3, and 4).

Effects ofspinalization on
viscerosomatic neurons

Ninety-eight viscerosomatic neurons were
tested for tonic descending influences by re¬
versible spinalization. The responses of these
neurons to visceral stimulation were recorded
in the intact and spinalized states, and statis¬
tically significant changes in these responses
were assessed as explained in the METHODS
section. These neurons could be classified into
three subgroups, depending on whether their
responses to visceral afferent stimulation were
increased, decreased, or unchanged in the
spinal state.

NEURONS UNDER TONIC DESCENDING INHI¬

BITION. Thirty-nine out of the 98 neurons
tested (40%) increased the intensity of their
responses to visceral stimulation during spin¬
alization. An example of this type of neuron
is shown in Fig. 2. The response of the neuron
to electrical stimulation of the splanchnic
nerve was substantially increased by spinali¬
zation, indicating that it was under the influ¬
ence of tonic descending inhibition in the in¬
tact animal. In addition, about half of the
neurons in this group developed background
activity or increased their existing levels of
background activity in the spinal state. The
responses of these neurons to stimulation of
their somatic receptive fields were fully ana¬
lyzed in 10 neurons and in all cases were also
found to be increased in the spinal state.

Since the maximum visceral response of this
type of neuron occurred in the spinal state.
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fig. 4. Viscerosomatic neuron in the thoracic spinal cord with suprasegmental descending excitation. A: somatic
receptive field of the neuron, which was excited by touch and pinch. B: location of the recording site of the neuron
in lamina VIII. C: dot-raster display of the responses of the neuron to supramaximal electrical stimulation of the
splanchnic nerve (SPLN) before, during, and after reversible spinalization. The first 25 stimuli were delivered in the
intact state, stimuli 26-68 were delivered 5 min after application of the cold block, and stimuli 69-94 were delivered
5 min after rewarming the cord. D: penstimulus time histograms of the responses to stimulation of the splanchnic
nerve shown in C. Each histogram was constructed from 25 responses.

we took this as 100% and measured the per¬

centage reduction from this level in the intact
animal as an indication of the extent of tonic
descending inhibition received by the neuron.
The reduction in the number of spikes per
stimulus was 4.5 ± 4.4 (mean ± SD, rt = 33),
and the percentage reduction Was 31.6 ±
21.0% (mean ± SD, n = 33).

NEURONS WHOSE VISCERAL INPUT WAS RE¬

DUCED by SPINALIZATION. In 43 of the 98
viscerosomatic neurons tested (44%), the re¬
sponse to visceral stimulation was either re¬
duced (37 cells) or completely abolished (6
cells) by spinalization. Examples of this type
of neuron are illustrated in Figs. 3 and 4. The
response of the cell in Fig. 3 to electrical stim¬
ulation of the splanchnic nerve was completely
abolished by spinalization but returned to

normal when the cold block was removed. The
cell illustrated in Fig. 4 showed a considerable
reduction in the magnitude of its visceral re¬
sponse during cold block but the response was
not completely abolished.

Reductions and abolitions of the visceral
input to viscerosomatic neurons were observed
with the cold block placed in the cervical re¬

gion and with the block at the T7 segment,
which suggests that the pathway for descending
excitation of these neurons is not merely su¬
prasegmental. but includes supraspinal regions
as well.

The responses of viscerosomatic neurons of
this group to somatic stimuli were fully ana¬
lyzed in 11 neurons and were found to be re¬
duced. but not abolished, in nine cells, un¬

changed in one neuron, and increased in an¬
other one. Reductions in the responses to
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fig. 5. Viscerosomatic neuron that was excited by dis¬

tension of the biliary system and received tonic descending
inhibition. This is the same cell as illustrated in Fig. I.
The ratemeter records show responses of the neuron to
increases in biliary pressure (Bil.P.) before, during, and
after reversible spinalization by cold block. Calibration
marks are the same for all panels.

somatic stimuli were frequently of smaller
magnitude than the reductions in the visceral
responses, and in one case a neuron of this
group completely lost its visceral response
while maintaining a reduced somatic excita¬
tion.

Since the maximum visceral response of this
second type of neuron occurred in the intact
state, we took this as the 100% response and
measured the reduction in the spinal animal
as an indication of the proportion of descend¬
ing excitation. The reduction in the number
of spikes per stimulus was 3.3 ± 3.0 (mean ±
SD. n = 38), and the percentage reduction was
53.6 ± 32.0% (mean ± SD. n = 38).
NEURONS WHOSE RESPONSE TO VISCERAL

STIMULATION WAS UNCHANGED BY SPINALI¬

ZATION. Sixteen viscerosomatic neurons

(16% of those tested) showed no change in
their responses to visceral stimulation during
spinalization. The responses of six of these
neurons to somatic stimulation were fully
tested in the intact and spinal states and were
found to be unchanged in four neurons, de¬
creased in one neuron, and increased in an¬
other one.

Natural stimulation ofthe biliary system
We wanted to determine whether a more

natural visceral input to thoracic spinal neu¬
rons was subjected to excitatory and inhibitory
descending controls similar to those observed
on the responses evoked by gross electrical
stimulation of the splanchnic nerve. To this
end, the gall bladder was cannulated in three
animals to enable the pressure in the biliary
system to be changed under experimental
control. Fewer cells with an identified visceral

input were recorded in these experiments than
in those using electrical stimulation of the
splanchnic nerve. This was probably due to
the fact that only one-sixth of all visceroso¬
matic cells in the T9 segment are driven by
biliary afferent inputs (7).

Seven neurons that were excited by biliary
distension were tested for descending influ¬
ences by reversible spinalization. The type of
response elicited by an increase in biliary pres¬
sure varied between neurons, from a strong
phasic response with little sign of a prolonged
tail (e.g., Figs. 1 and 5) to a less pronounced
initial discharge followed by a prolonged in¬
crease in firing rate that far outlasted the du¬
ration of the stimulus (e.g., Fig. 6). However,
the behavior of a neuron under cold block
could not be predicted from the shape of its
response to biliary stimulation in the intact
state.

Three of the cells tested (43%) showed an
increased response to biliary stimulation in the
spinal state (Fig. 5). This was accompanied by
a general increase in the excitability of the
neurons, as judged by their enhanced back¬
ground activity. All had well-characterized so¬
matic receptive fields: one neuron was mul-
tireceptive and two were nocireceptive. Two
of the neurons were located in lamina V. the
other in lamina VII.

Another three out of the seven cells tested

(43%) showed a reduction in their response to
biliarv stimulation when the animals were
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fig. 6. Viscerosomatic neuron that was excited by distension of the biliary system and received suprasegmental
descending excitation. The ratemeter records show responses of the neuron to increases in biliary pressure (Bil.P.) in
the intact animal and after spinalization by cold block. The lower panels show the somatic receptive field of the neuron,
which was excited by pinching of subcutaneous muscle, and the location of the recording site in the lamina VII/VIII
border. Calibration marks are the same in all panels.

spinalized (Fig. 6). However, the level ofback¬
ground activity of these neurons did not
change in the spinal state (Fig. 6). The somatic
receptive field of one of these was character¬
ized and this was nocireceptive. All of these
neurons were located in lamina VII.

The remaining neuron, which was tested by
cold block, showed no change in its response
in the spinal state. This cell was located in
lamina V and had a mechanoreceptive so¬
matic receptive field.
Somatic inputs

The somatic receptive fields of 78 neurons
were fully characterized, and the neurons were
classified according to the type of somatic in¬
put they received (Fig. 7). The majority of the
neurons (72%) received nociceptive somatic-
inputs either exclusively (class 3 or "nocire¬
ceptive." 18%) or together with low-threshold
inputs (class 2 or "multireceptive," 54%).
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fig. 7. Somatic receptive field properties of viscero¬
somatic neurons in the thoracic spinal cord. The histo¬
grams show the total sample of neurons and the 3
subgroups distinguished by reversible spinalization by cold
block, i.e.. neurons whose response to visceral stimulation
were increased, decreased, or unchanged by reversible
spinalization. Class 1. mechanoreceptive: class 2. multi-
receptive: class 3. nocireceptive. Figures in brackets show
the numbers of neurons in each column.
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increased reduced unchanged

fig. 8. Locations of the recording sites of viscerosomatic neurons whose responses to visceral stimulation were

increased, reduced, or unchanged by reversible spinalization. The locations are plotted on a standard transverse section
of the T, i gray matter.

Many of these neurons were excited most
strongly by intense mechanical stimulation of
subcutaneous tissues, particularly by pinching
or squeezing muscle. The remaining 28% re¬
ceived exclusively low-threshold somatic in¬
puts (class 1, "mechanoreceptive").

Figure 7 also shows the somatic receptive
field properties of subpopulations of viscero¬
somatic neurons divided into three groups ac¬
cording to the effect of spinalization on their
visceral responses. No striking differences were
observed in the proportions of mechano-,
multi-, and nocireceptive (classes 1, 2. and 3)
neurons in these three subpopulations or in
the kind and intensity of the somatic responses
in the intact and spinal states.

Locations of neurons
The locations of the recording sites of 98

viscerosomatic neurons have been plotted in
Fig. 8. These sites were located in all laminae
of the spinal cord known to contain viscero¬
somatic convergent neurons, but the overall
distribution varied depending on whether the
visceral responses of the neurons were in¬
creased or decreased during spinalization.

More than 40% (17/39) of the neurons
whose visceral response increased in the spinal
state were located in the dorsal horn, partic¬
ularly in or close to lamina V. Of those in the
ventral horn, only 9 (23% of the total sample)
were located in lamina VIII (Fig. 8).

In contrast to the first type of neuron, the
recording sites of most (36/43) of the neurons
whose visceral response decreased in the spinal
state were located in the ventral horn: 14 in

lamina VII and 22 (half the total) in lamina
VIII (Fig. 8).

The locations of the recording sites of the
neurons whose visceral response was un¬
changed in the spinal state did not appear to
be concentrated in any particular part of the
gray matter.

DISCUSSION

The results presented in this paper show that
the visceral input to viscerosomatic neurons
in the lower thoracic spinal cord of the cat is
under considerable descending control from
supraspinal regions. Our results indicate that
the supraspinal control includes descending
excitation as well as descending inhibition of
the visceral afferent message and that the vis¬
ceral input to some viscerosomatic neurons
may be mediated or reinforced by supraspinal
loops.
Sample of viscerosomatic neurons

The general properties of the sample of vis¬
cerosomatic neurons collected in the present
study do not differ from those of visceroso¬
matic neurons recorded in previous studies of
the thoracic spinal cord (7, 8, 17). Visceroso¬
matic neurons are abundant in the gray matter
of the cord, including ventral horn regions,
but sparing laminae II. Ill, and IV of the dorsal
horn (7, 8, 17). Their cutaneous receptive fields
tend to be larger than those of somatic cells
(17) and in most instances, but not always,
include nociceptive inputs from the skin or.
more typically, from subcutaneous structures
such as muscle, joints, or ligaments (17, 18).
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On the basis of these general properties it is
difficult to subdivide viscerosomatic neurons

into further categories and, yet, even though
their location in the cord and their receptive
field properties appear uniform, they exhibit
considerable differences in the organization
and tonic descending control of their visceral
drives.

Reversible spinalization
Over 80% of the viscerosomatic neurons

tested with reversible spinalization showed
changes in their visceral inputs when descend¬
ing influences were removed. The nature of
these descending influences was inhibitory in
about half of these neurons and excitatory in
the other half.

It is difficult to assess whether the applica¬
tion of a cold thermode to the dorsal surface
of the cord produces a complete spinalization.
In fact, it is unlikely that conduction through
the more ventral tracts of the cord is totally
blocked. Our experience, supported by exten¬
sive use of this technique and by the recording
of electrical activity across the block (16), is
that conduction through the dorsal half of the
cord is totally abolished within a few minutes
of the application of the cold thermode, but
that conduction through the most ventral
tracts is impaired but may not be completely
interrupted. That some conduction of im¬
pulses may still be possible during the appli¬
cation of a cold block has to be taken into
account when interpreting the effects of such
a procedure on spinal cord neurones.

Spinalization with cold block produced a
drop in systemic blood pressure, but it is un¬
likely that this decrease was directly respon¬
sible for the changes observed in the somatic
and visceral responses of the neurons. In¬
creased, unchanged, or decreased responses
were very frequently recorded in neurons from
the same animal, often within a short interval
of each other, and in all cases the blood pres¬
sure decrease was of comparable magnitude
and duration.

Tonic descending inhibition
About half of the viscerosomatic neurons

subjected to tonic descending influences
showed a general increase in excitability in the
spinal state. This included enhanced responses
to natural or electrical stimulation of visceral
afferent fibers, as well as increases in back¬
ground activity. All of 10 units of this group

fully tested for somatic and visceral responses
showed an increase in their responses to so¬
matic stimuli. This type of tonic descending
inhibition of spinal cord neurons is well doc¬
umented from observations on dorsal horn
neurons in the lumbosacral enlargement of the
cord (20),- and it has been shown to be partic¬
ularly well developed in neurons located in or
close to lamina V of the dorsal horn (20, 32).
Our results extend the documentation on tonic
descending inhibition to include the thoracic
spinal cord and the visceral input of viscero¬
somatic convergent neurons. It is of interest
to note that this form of inhibition was not

selective for the visceral input to the neurons
but was part of a general control of all periph¬
eral inputs. Also, neurons with tonic descend¬
ing inhibition in the thoracic segments studied
were located not only in lamina V but also in
other regions of the gray matter, including the
ventral horn. We believe that this is a conse¬

quence of regional variations in the organi¬
zation of the spinal cord, as it has been shown
that the ventral horn of thoracic segments
contains many neurons that project through
spinal cord ascending pathways (5).

Our observations of tonic descending in¬
hibition of the neuronal responses evoked by
distension of the biliary system provide the
first experimental evidence for a descending
inhibitory control of visceral nociceptive vol¬
leys. The type of visceral stimulation used in
the present study has been previously shown
to evoke the pseudaffective reactions that ac¬
company visceral pain (6). Therefore, the
neuronal responses evoked by such stimula¬
tion can be considered to be of a nociceptive
nature. Visceral nociception can be modulated
by descending inhibitory pathways (1,8, 27),
so it is conceivable that viscerosomatic neu¬

rons under descending inhibitory control are
part of the neuronal system responsible for the
signaling and transmission of visceral noci¬
ceptive information.

Descending excitation
In an earlier study from this laboratory, it

was observed that the visceral input to a few
viscerosomatic neurons was reduced during
reversible spinalization (8). This observation
prompted the present study in which this phe¬
nomenon was studied in more detail using
both natural and electrical stimulation of vis¬
ceral afferent fibers. We have observed that a
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considerable proportion (43%) of visceroso¬
matic neurons have their visceral responses
reduced or abolished in the spinal state. Unlike
descending inhibition, not all inputs to vis¬
cerosomatic neurons of this type are affected
in the same manner. Visceral responses are
decreased or abolished but the somatic re¬

sponses may be reduced to a smaller extent—
but not abolished—unchanged, or even in¬
creased. Also the general excitability of the
neurons, as assessed by the level ofbackground
activity, was sometimes increased during ap¬
plication of the cold block. These results can
be obtained by placing the blocking thermode
at either thoracic or upper cervical levels. Most
of the viscerosomatic neurons in this group
are located in the ventral horn, an area of the
gray matter that does not receive a direct pro¬
jection of visceral afferent fibers (10, 11, 33).
We therefore conclude that the visceral input
to these neurons is reinforced by a neuronal
link that involves supraspinal regions. The su¬
praspinal contribution to the visceral drives of
these neurons seems to be substantial judging
by the reductions in their visceral responses
during the spinal state, and in some cases it
appears to be part of a system of general de¬
scending excitation of viscerosomatic neurons.

Functional role ofdescending excitation
The widespread excitatory actions of vis¬

ceral afferent volleys to the spinal cord, in¬
cluding the involvement of descending exci¬
tation, indicate that visceral nociceptive in¬
formation is capable of triggering considerable
central effects. Such widespread excitation af-
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SUMMARY AND CONCLUSIONS

1. Single-unit electrical activity has been
recorded from 95 viscerosomatic neurons in
the T9 and TM segments of the cat's spinal
cord. These neurons were excited by electrical
and/or natural stimulation of visceral and so¬
matic afferent fibers. The excitatory and in¬
hibitory effects on these neurons of volleys in
somatic and visceral afferent fibers and of
electrical and chemical stimulation of the nu¬

cleus raphe magnus (NRM) and adjacent areas
of the reticular formation (Ret. F.) have been
studied.

2. Electrical stimulation of the splanchnic
nerve produced, after the initial excitation of
the neurons, a period of inhibition lasting for
up to 1 s. This inhibition reduced the respon¬
siveness of the neurons to all inputs, somatic
and visceral, and was still present after spin-
alization of the animals with cold block, which
indicates a segmental organization of the in¬
hibition.

3. Electrical stimulation of afferent fibers
within the somatic receptive field of the neu¬
rons produced, after the initial excitation, a

period of inhibition similar to that induced by
visceral afferent volleys. During this period of
inhibition all inputs to the neurons were re¬
duced. Reversible spinalization of the animals
with cold block did not abolish this inhibition.

4. On the basis of the effects of reversible
spinalization on the visceral input to viscer¬
osomatic neurons, two types of neurons were
distinguished: 1) neurons whose visceral re¬

sponses increased in the spinal state (neurons
under tonic descending inhibition) and 2)
neurons whose visceral responses were de¬

creased or abolished in the spinal state (neu¬
rons subject to descending excitation).

5. Neurons under tonic descending inhi¬
bition were inhibited by electrical stimulation
of locations within the NRM and Ret. F. This
inhibition lasted for <100 ms and could be
evoked at intensities of stimulation of 100 p.A
or less.

6. Neurons under descending excitation
were also inhibited by electrical stimulation in
the NRM and Ret. F. but, in addition, the
inhibition was preceded by an excitation in
75% of these neurons.

7. Chemical stimulation with DL-homo-
cysteic acid (DLH) of locations within the
NRM and Ret. F. was used to activate ceil
bodies, but not axons, located in these brain
stem sites. The only effect observed following
injections of DLH into the NRM and Ret. F.
was inhibition of viscerosomatic neurons in¬
cluding those with descending excitation as
well as those with descending inhibition.

8. It is concluded that viscerosomatic neu¬

rons in the lower thoracic spinal cord are under
segmental inhibitory control triggered by so¬
matic and visceral afferent volleys and under
suprasegmental inhibitory control, which in¬
cludes a relay in the NRM and Ret. F. In ad¬
dition, some of these neurons can be excited
from supraspinal sites, but the cell bodies of
the neurons responsible for this effect are sit¬
uated outside the brain stem locations inves¬
tigated in the present study.

INTRODUCTION

Transmission ofsensory information through
the spinal cord involves the relay of incoming

0022-3077/86 SI.50 Copyright © 1986 The American Physiological Society 14! 1
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afferent messages to second-order neurons of
ascending sensory pathways and the segmental
and suprasegmental modulation of such a re¬
lay. There is now a considerable amount of
evidence indicating that this spinal relay pro¬
vides a major opportunity for sensory mod¬
ulation. The mechanisms of sensory interac¬
tion can be purely segmental, that is, involving
a neuronal network contained within the seg¬
ment that receives the afferent volley or may
involve supraspinal loops and descending
modulatory pathways (see Refs. 2, 15, 24, 37
and 38 for recent reviews).

Although there is a good deal of information
on the segmental and suprasegmental control
of somatic sensory transmission through the
spinal cord, far less is known about spinal and
supraspinal modulation of visceral sensory
messages. A few studies have reported seg¬
mental interactions in the thoracic spinal cord
between somatic and visceral afferent volleys
(33, 35). There have also been some reports
on the descending inhibition of spinal cord
viscerosomatic neurons, including spinotha¬
lamic and spinoreticular neurons, evoked by
the stimulation of brain stem areas (1,6, 14).

In a previous report from this laboratory we
described the effects of reversible spinalization
on the visceral responses of viscerosomatic
neurons of the thoracic spinal cord (36). We
found that the somatic and visceral responses
of about half of these neurons were under tonic
descending inhibition from supraspinal re¬
gions but that the descending effects on the
other half were excitatory rather than inhibi¬
tory. We interpreted the descending excitation
of viscerosomatic neurons as a component of
the widespread excitatory effects of visceral
nociceptive stimulation. This interpretation is
in line with the views expressed in previous
reports from this and other laboratories on de¬
scending excitation of spinal sensory neurons
(13, 18, 21), which regarded this effect as a
substrate for the enhanced excitability that ac¬
companies the perception of pain.

In this study, we have extended our obser¬
vations on spinal and supraspinal modulation
of visceral sensory inputs. Particular attention
has been paid to two issues: 1) the segmental
interactions between the somatic and visceral
responses of viscerosomatic neurons and 2)
the roles of the nucleus raphe magnus (NRM)
and adjacent areas of the reticular formation
(Ret. F.) in the origin and relay of descending

excitation and inhibition of spinal visceroso¬
matic neurons. The second issue has been an¬

alyzed in some detail by using both electrical
and chemical stimulation of these brain stem
areas in an attempt to discriminate between
the effects being due to excitation of fiber tracts
or of cell bodies. Preliminary results have been
published in abstract form (9, 10).

METHODS

Experiments were conducted on 23 adult cats of
either sex with body weights between 2.5 and 4.0
kg. All cats were anesthetized with chloralose (60
mg/kg iv) after induction with halothane (2.5% in
0.33 O2-0.66 N20). Supplementary doses of chlo¬
ralose (30 mg/kg iv) were given to maintain an ad¬
equate level of anesthesia. The animals were

paralyzed with gallamine and ventilated with a pos¬
itive-pressure pump. The general methods for the
monitoring and maintenance of the physiological
state of the animals have been described previously
in detail (5, 6, 12). The lower thoracic spinal cord
was exposed by a laminectomy from T6 or T7 to
T13. In some animals, a second laminectomy was
performed in the cervical region to expose the seg¬
ments C|-C4. The animals were mounted in a rigid
frame, and pools were made with skin flaps over
the exposed areas of the spinal cord. Recording sta¬
bility was improved by clamping the vertebral col¬
umn, by infiltration of 2% agar around the spinal
cord and by a bilateral pneumothorax. All spinal
cord pools were covered with warm paraffin oil
at 38°C.

Recording techniques
Extracellular single-unit recordings were made

through glass microelectrodes filled with 4 M NaCl
(impedance measured at 1 kHz was 10-30 MO).
Recordings were made from neurons in the right
side of the gray matter of the segments T9 or T,,.
An ipsilateral dorsal rootlet was stimulated electri¬
cally through ball-tipped silver-wire electrodes when
searching for neurons. Recordings were displayed
on an oscilloscope and analyzed "on" and "off-line"
using a microcomputer (7).

Stimulation ofafferent fibers
Somatic afferent fibers were activated by natural

stimulation of their receptive fields or by electrical
stimulation through intradermal electrodes. Visceral
afferent fibers were activated by electrical stimula¬
tion of the ipsilateral splanchnic nerve or by natural
stimulation of gall bladder afferent fibers. In 20 an¬
imals. the right, greater splanchnic nerve was pre¬
pared for electrical stimulation as described previ¬
ously (5, 6). In the other three cats, the gall bladder
was cannulated to allow stimulation of the biliary
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system by controlled distension. Details of this
technique have been published previously (5).
Cold block of the spinal cord

Reversible spinalization of the animals was
achieved by circulating cold fluid through a ther-
mode placed over the C3 or the T7 segments of the
cord (22). We have previously published details of
this method (11, 36).
Stimulation ofbrain stem nuclei

The floor of the fourth ventricle was exposed by
removing the central portion of the cerebellum, and
stimulating electrodes were placed stereotaxically
in the brain stem by reference to the obex. In 17
animals, a linear array of three bipolar concentric
electrodes (200-/im tip diameter, 500-jim tip sep¬
aration, 250-^m exposed tip) was placed in the brain
stem to stimulate electrically locations in the NRM
and adjacent Ret. F. (see Ref. 13). The central elec¬
trode of the array was placed stereotaxically in the
NRM (5.0 mm rostral to the obex, 4.5-5.0 mm
below the floor of the 4th ventricle). The other two
electrodes were therefore situated 1.5 mm lateral to

this on either side of the midline, in the right and
left Ret. F. The effects of electrical stimulation
through these electrodes were assessed by reference
to the thresholds necessary to evoke an effect, which
were frequently <100 nA. The locations of the
stimulating sites were subsequently confirmed by
making electrolytic lesions at the end of each ex¬
periment and recovering these in histological sec¬
tions of the brain stem.

In six animals, a combination of electrical and
chemical stimulation was employed. A double-bar¬
relled glass electrode was placed in either the NRM
or the Ret. F. One barrel was filled with an alloy of
indium and Wood's metal to permit monopolar
electrical stimulation, the other was filled with a 0.2
M solution of DL-homocysteic acid (DLH) for
chemical stimulation (19, 27). The barrel containing
DLH was connected to a cylinder of compressed
air (20-30 psi) through a solenoid value (Lee,
Westbrook, CT). which allowed controlled pressure

ejection of the amino acid solution. The meniscus
of the DLH solution was observed with a dissecting
microscope during pressure ejection, and the quan¬
tity ejected was calculated from the distance moved
by the meniscus and the internal diameter of the
pipette. Pontamine sky blue (2%) was dissolved in
the DLH solution so that the extent of the injections
could be assessed in subsequent histological sections
of the brain stem.

Histological methods
The position of the recording microelectrode was

marked by ionophoretic deposition of Pontamine
sky blue in the last track of each experiment (8).
Marks were made in this track at 1-mm intervals.
The cord was then removed and fixed in 10% form¬

aldehyde. The recording sites of the neurons were
then calculated from these marks recovered in 80-
jxm sections. The error of locating recording sites
with this method has been shown to be within ±70
/im (29).

The brain stem was removed and fixed in 10%
formalin. The locations of stimulating sites were
then recovered in 100-jum sections counterstained
with either cresyl violet or hematoxylin-eosin.

RESULTS

Sample of neurons

Single-unit electrical activity was recorded
from 95 viscerosomatic neurons in the T9 and
T, j segments of the spinal cord. These neurons
were driven by natural or electrical stimulation
of somatic receptive fields and by electrical
stimulation of the ipsilateral splanchnic nerve
or by gall bladder distension. The locations,
somatic receptive field properties, responses
to visceral stimulation, and effects of reversible
spinalization on somatic and visceral re¬

sponses of this sample of neurons have been
described in a previous paper (36).

Effects ofsplanchnic nerve stimulation
Electrical stimulation of the splanchnic

nerve evoked action potentials in all viscero¬
somatic neurons so tested. In 85 neurons, the
latency and/or duration of the response was
measured. The latency ranged between 5 and
30-ms (mean 14.3 ± 6.5 ms, n = 73) and the
duration ranged between 7 and 135 ms (mean
35.9 ± 24.7 ms, n = 83). In a previous paper
(36), three groups of viscerosomatic neurons
were distinguished on the basis of the effect of
reversible spinalization on their visceral input.
In the first group, the response to visceral
stimulation was increased by spinalization; in
the second group, the response was reduced
or abolished: and in the third it was un¬

changed. No significant differences were found
between these three populations of viscero¬
somatic neurons with respect to the latency or
duration of their response to electrical stim¬
ulation of the splanchnic nerve.

The excitation produced by stimulation of
the splanchnic nerve was followed by a long-
lasting (600 ms or longer) inhibition in all
neurons. This inhibition reduced the back¬
ground activity of the neurons (Fig. 1 A) and
the responses to subsequent electrical stimu¬
lation of the splanchnic nerve (Figs. IB and
2) or of the cutaneous receptive field (Fig. 3).
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fig. 1. Inhibition of viscerosomatic neurons following electrical stimulation of the splanchnic nerve or of the
cutaneous receptive field. A: dot-raster display showing inhibition of background activity after stimulation of the
splanchnic nerve (SPLN) at the arrow. The inhibition was still evident during reversible spinalization of the animal by
cold block (sweeps 26 to 75). B: the upper and middle traces show responses to stimulation of the splanchnic nerve
at the left and right arrows, respectively. In the lower trace, stimulation of the splanchnic nerve at the left arrow has
completely abolished the response to a second splanchnic stimulus. C: the upper two traces show responses to stimulation
of the SPLN and cutaneous receptive field (SOM). In the lower trace, the cutaneous stimulus has completely abolished
the response to the splanchnic nerve stimulus 80-ms later.
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FIG. 2. Graphs showing the time course of the inhi¬
bition in a viscerosomatic neuron following electrical
stimulation of the splanchnic nerve in the intact (A) and
spinal (B) state. The test stimulus was a second stimulation
of the splanchnic nerve with the same parameters as the
conditioning stimulus. Each point is the mean of 10 trials:
the vertical bars represent standard deviations.

FIG. 3. A\ inhibition of the response of a viscerosomatic
neuron to electrical stimulation of the cutaneous receptive
field following stimulation of the splanchnic nerve. B:
inhibition of the response to stimulation of the splanchnic
nerve following stimulation of the cutaneous receptive
field. Each point is the mean of 10 trials: the vertical bars
represent standard deviations.
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This inhibition was still apparent, although
slightly reduced, in four neurons tested with
reversible spinalization of the animals by cold
block at either the T7 or C3 segments (Figs. \A
and 2), showing it to be predominantly seg¬
mental in origin.

Effects ofcutaneous stimulation
Ten viscerosomatic neurons were tested by

electrical stimulation of their cutaneous re¬

ceptive fields. The initial excitation evoked by
such a stimulus was always followed by a pe¬
riod of inhibition of a similar magnitude and
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FIG. 4. Viscerosomatic neurons in the thoracic spinal cord showing tonic descending inhibition and phasic inhibition
from the brain stem. A : dot-raster display of the responses of a lamina I neuron to supramaximal electrical stimulation
of the splanchnic nerve (SPLN) before, during, and after reversible spinalization by cold block. B: peristimulus time
histograms (10 sweeps) of responses of the neuron to supramaximal electrical stimulation of the splanchnic nerve

(SPLN) before (top histogram) and during (bottom histogram) electrical stimulation of the nucleus raphe magnus
(NRM) (4 pulses of 1-ms duration at 200 nA). The inset is a transverse section of the brain stem showing the location
of the stimulating electrode as determined from an electrolytic lesion (fitted area). C: dot-raster display of the responses
of a neuron in lamina VII to supramaximal electrical stimulation of the SPLN before, during, and after reversible
spinalization by cold block. D: peristimulus time histograms (10 sweeps) of responses of the neuron to supramaximal
electrical stimulation of the SPLN before (top histogram) and during electrical stimulation (continuous train at 333
Hz and 200 g.A) of the NRM (middle histogram) and ipsilateral reticular formation (Ret. F.) (bottom histogram). The
inset is a transverse section of the brain stem showing the locations of the stimulating electrodes as determined from
electrolytic lesions (filled areas).
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duration to which followed stimulation of the
splanchnic nerve (Figs. 1C and 3). The inhi¬
bition reduced the background activity of the
cells, as well as their responses to subsequent
electrical stimulation of the cutaneous recep¬
tive field or of the splanchnic nerve. In all of
four neurons tested, this inhibition was not
abolished by spinalization.
Electrical stimulation ofbrain stem nuclei

Seventy-five neurons were tested for de¬
scending influences by reversible spinalization,
and 61 of them showed changes in their re¬
sponse to visceral stimulation in the spinal
state. Fifty-one of these were also tested for
the effects of electrical stimulation of sites in
the NRM and Ret. F.

neurons under tonic descending inhi¬

bition. Twenty-nine of the neurons tested

impulses/s ^ [ 1
Bil.R(mmHg)

I I

30s

B 1

cRe(F

FIG. 5. Viscerosomatic neuron in lamina V of the tho¬
racic spinal cord, which was excited by distension of the
biliary system and received phasic inhibition from the re¬
ticular formation (Ret. F.) This neuron also received tonic

descending inhibition. The ratemeter records show re¬

sponses of the neuron (upper traces) to increases in biliary
pressure (Bil. P.) (lower traces) before (A) and during elec¬
trical stimulation of the ipsilateral (B) and contralateral
(C) Ret. F. (continuous train at 333 Hz and 200 mA). The
inset is a transverse section of the brain stem showing the
locations of the stimulating electrodes as determined from
electrolytic lesions (filled areas). Calibration marks are
the same in all panels.

by cold block showed increased responses to
visceral stimulation in the spinal state, indi¬
cating that they were under tonic descending
inhibition in the intact animal (Fig. 4, A and
C). In addition, electrical stimulation in either
the NRM or the Ret. F. just prior to stimu¬
lation of the splanchnic nerve reduced the
magnitude of the response evoked by the vis¬
ceral stimulus (Fig. 4, B and D).

The effects of brain stem stimulation were

also tested on the responses of viscerosomatic
neurons to distention of the biliary system.
Figure 5 shows the responses of a neuron that
was excited by distention of the gall bladder
and was under tonic descending inhibition.
The response of this cell to biliary stimulation
was reduced by electrical stimulation of the
Ret. F. (ipsi- and contralateral) and of the
NRM (not illustrated).

Electrical stimulation of these brain stem

nuclei inhibited the response to visceral stim¬
ulation of all but one of the cells of this type
that were tested (16/17, 94%). This included
three cells that were excited by distention of
the biliary system, all of which were inhibited
by electrical stimulation in the NRM and Ret.
F. The stimulation thresholds for this effect
ranged from 70 to 200 /zA (110 ± 33, means ±
SD). The inhibition evoked from the brain
stem was much shorter in duration than that
following splanchnic nerve stimulation, and
lasted <100 ms (Fig. 6). In addition, 8/26 cells
(31%) in this group were initially excited from
the brain stem.

neurons whose visceral input was re¬

duced by spinalization. The response to
visceral stimulation of 32 of the 75 cells tested

by cold block was reduced or abolished by
spinalization. An example is shown in Fig. 7A.
The response of this neuron to electrical stim¬
ulation of the splanchnic nerve was almost
completely abolished in the spinal state, which
indicates the presence of descending excitation
(36). Electrical stimulation in the NRM or Ret.
F. excited most cells (19/25, 75%) tested in
this group (Fig.7fi), including two neurons that
were excited by biliary stimulation. The
thresholds ranged from 25 to 180 ^A (65 ±
38. means ± SD). Two cells could also be ex¬

cited by stimulation of the ipsilateral dorso¬
lateral fasciculus, and another two were driven
antidromicallv from the ipsilateral Ret. F.

The initial excitation produced by stimu-
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FIG. 6. The time course of the inhibition of the response evoked by splanchnic nerve volleys in a viscerosomatic
neuron by electrical stimulation in the nucleus raphe magnus (NRM) (A) and ipsilateral reticular formation (Ret. F.)
IB). Each point is the mean of 10 trials; the vertical bars represent standard deviations.

lation in the brain stem was followed by a pe¬
riod of inhibition in all but one neuron (7/8,
88%) tested (Fig. 8). This inhibition was similar
in magnitude and duration to that evoked in
neurons under tonic descending inhibition.

Excitation and inhibition of
viscerosomatic neurons

From the results presented above, it is clear
that the two classes of viscerosomatic neurons

that changed their visceral responses during
spinalization responded differently to electrical
stimulation of areas in the brain stem. Most
neurons that received supraspinal descending
excitation were initially excited by electrical
stimulation in the NRM and Ret. F., whereas
the majority of those that received tonic de¬
scending inhibition were only inhibited by

stimulation in these areas. It might be con¬
cluded from these observations that the NRM
and Ret. F. are part of the supraspinal loop
that mediates the descending excitation to the
former class of viscerosomatic neurons; how¬
ever, both classes of viscerosomatic neurons
could be inhibited by electrical stimulation in
these areas of the brain stem, regardless of
whether the inhibition was preceded by a
shorter period of excitation. This raises the
possibility that some of the effects of electrical
stimulation were due to excitation of axons

passing through the brain stem, rather than of
neuronal somata. In order to discriminate
these two possibilities, we attempted to repro¬
duce the excitations and inhibitions evoked in
spinal cord neurons by electrical stimulation
of the NRM and Ret. F., using injections of
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fig. 7. Viscerosomatic neuron in lamina VIII of the thoracic spinal cord with a supraspinal excitatory input and
phasic excitation from the brain stem. A: dot-raster display of the responses of the neuron to supramaximal electrical
stimulation of the splanchnic nerve (SPLN) before, during, and after reversible spinalization by cold block. B: pen-
stimulus time histograms (25 sweeps) of responses of the neuron to electrical stimulation of the nucleus raphe magnus
(NRM) {top) and of the ipsilateral (middle) and contralateral (bottom) Ret. F. (4 pulses of 1-ms duration at 100 pA).
The inset is a transverse section of the brain stem showing the locations of the stimulating electrodes as determined
from electrolytic lesions (filled areas).
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fig. 8. Viscerosomatic neuron in the thoracic spinal cord showing excitation followed by inhibition from the brain
stem. A: responses to electrical stimulation of the splanchnic nerve (SPLN. top trace) and nucleus raphe magnus
(NRM) (middle trace, continuous train at 333 Hz and 150 pA). The response to splanchnic stimulation was inhibited
by a preceding stimulus in the NRM (bottom trace). B: from top to bottom, response to stimulation of the SPLN.
response to electrical stimulation in the ipsilateral Ret. F. (continuous train at 333 Hz and 150 pA). inhibition of the
response to splanchnic volley following stimulation in the ipsilateral Ret. F.. response to electrical stimulation in the
contralateral Ret. F. (continuous train at 333 Hz and 150 mA), inhibition of the response to splanchnic volley following
stimulation in the contralateral Ret. F.
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fig. 9. Effect of dl-homocysteic acid (DLH) injection on viscerosomatic neurons in the thoracic spinal cord that
were excited by electrical stimulation in the brain stem. A: the response ofa lamina VIII neuron to electrical stimulation
of the splanchnic nerve (SPLN, top trace) was completely abolished following electrical stimulation in the nucleus
raphe magnus (NRM) (continuous train at 333 Hz and 150 pA, bottom trace). Electrical stimulation in the NRM
initially excited the neuron. Each trace shows 5 superimposed sweeps. B: response to electrical stimulation of the
splanchnic nerve (top trace) was reduced during injection of DLH (40 ni) into the NRM (bottom trace), but no
excitatory effect of DLH injection was apparent. Each trace shows 5 superimposed sweeps. The inset is a transverse
section of the brain stem showing the extent of the DLH injection, as determined from the Pontamine sky blue spot.
The injection extended 700 Mm rostrally and caudally from this section. C: these records show responses of a neuron
in lamina VII to electrical stimulation of the splanchnic nerve before, during, and after 2 injections of DLH (40 nl
each) into the NRM. The inset is a transverse section of the brain stem showing the extent of the DLH injections, as
determined from the Pontamine sky blue spot. The injection extended 1 mm rostrally and caudally from this section.

DLH into the brain stem. This amino acid,
like glutamate, appears to excite only cell bod¬
ies and dendrites and to have no excitatory
effect on axons (19, 27).
Chemical stimulation ofbrain stem nuclei

Fifteen viscerosomatic neurons in the spinal
cord were tested for the effects of DLH injec¬
tion into the brain stem. Seven were inhibited
by electrical stimulation in the NRM or Ret.
F. Of these, two were also inhibited by injec¬
tions of DLH (40-80 nl) into the same areas,
whereas five were unaffected by such injec¬
tions.

The remaining eight neurons were excited
by electrical stimulation in the brain stem, and
most of these showed a period of inhibition
following the excitation (Fig. 9). None of these
cells could be excited by injection of DLH into
the same areas, but in three of them the re¬

sponse evoked by stimulation of the splanch¬
nic nerve was inhibited by DLH (40-80 nl)
injected into the NRM or Ret. F. (Fig. 9).
Therefore, using chemical stimulation, we
were able to separate the two effects (excitation
and inhibition) produced on the neurons by
electrical stimulation of the brain stem nuclei.

DISCUSSION

The results presented in this paper show that
the responses of viscerosomatic neurons of the
thoracic spinal cord to stimulation of their af¬
ferent inputs can be modulated by segmental
and suprasegmental mechanisms. The former
mechanisms are expressed as a long period of
depressed excitability following the activation
of the neurons through any of their peripheral
inputs. The latter include descending inhibi¬
tory controls relaying through the NRM and
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Ret. F. as well as descending excitatory actions.
This descending excitation does not appear to
originate from the same sites as the descending
inhibition.

Viscerosomatic neurons

The sample of neurons studied in this
investigation include all viscerosomatic neu¬
rons recorded within the grey matter of the
lower thoracic spinal cord. Ventral horn neu¬
rons were included in this sample, as it is well
known that the ventral horn contains cells at

the origin of ascending sensory pathways and
receives direct descending projections from the
NRM (4, 25). As in previous studies from this
laboratory, we have not included in our sample
presumed sympathetic preganglionic neurons
and presumed somatic motoneurons identified
on the basis of previously published criteria
(5, 6, 12). Therefore, we have recorded from
a mixture of interneurons and projection neu¬
rons, whose functions include the integration
of segmental reflexes and the modulation and
transmission of viscerosomatic sensory infor¬
mation. We know that this sample includes
projection neurons, because the locations and
responses ofour neurons were similar to those
of identified spinothalamic and spinoreticular
tract neurons (1, 14) and because we were also
able to stimulate antidromically three of our
neurons from brain stem sites. The analysis of
the segmental and supraspinal modulation of
this sample of neurons is therefore relevant to
the study of the way in which the CNS inte¬
grates sensory and motor responses to visceral
stimuli.

Segmental inhibition
We have been able to show that a volley of

impulses arriving in the spinal cord via somatic
or visceral afferent fibers produces an initial
excitation of viscerosomatic neurons followed
by a period of inhibition lasting up to 1 s. Dur¬
ing this postexcitatory depression the neurons
are unresponsive to the activation of any of
their somatic and visceral inputs. Moreover,
the neuronal network responsible for this in¬
hibition appears to be contained within the
spinal cord, as spinalization of the animals
does not eliminate these inhibitory effects.

Earlier studies reported the presence of seg¬
mental inhibitory interactions between the
somatic and visceral responses of thoracic vis¬
cerosomatic neurons (33, 35). In a study by
Pomeranz et al. (33) it was reported that stim¬

ulation of visceral afferent fibers inhibited the
responses of viscerosomatic neurons to so¬
matic stimulation but that the reverse was not

true, i.e., that stimulation of somatic afferents
did not inhibit the responses of the neurons
to visceral stimulation. Although we have been
able to confirm the first part of their obser¬
vations, we have also found inhibition of vis¬
ceral responses by a preceding volley in so¬
matic afferent fibers. In fact, we could not de¬
tect any differences in the time course or
intensity of the inhibition of viscerosomatic
neurons evoked by somatic or by visceral
stimulation. This argues in favor of the effect
being part of the functional organization of
the second-order neurons rather than a differ¬
ential effect on the somatic and visceral affer¬
ent pathways to these cells.

It must be emphasized that the postexcita¬
tory depression observed in this study was
demonstrated with the use of afferent volleys
evoked by electrical stimulation of nerves. This
is a highly artificial approach designed to show
the existence of excitatory and inhibitory ef¬
fects rather than the normal mode ofoperation
of the afferent inputs. Therefore, the conclu¬
sion that can be made from our observations
is that the activation ofviscerosomatic neurons

by any of their inputs will produce a subse¬
quent reduction in the excitability of these cells
to further afferent impulses. Such an arrange¬
ment will enhance the detection of changes in
the afferent message and indicates that these
neurons are particularly well suited to detect
sudden increases in activity through any of
their peripheral drives. The very rapidly
adapting responses of some of our neurons to
biliary distension (e.g., see Fig. 5) could be due,
at least in part, to the conditioning effect of
the initial volley of impulses, which would re¬
duce the excitability of the neurons to subse¬
quent impulses.

Supraspinal inhibition
The discovery of the analgesic effects of

electrical stimulation of the brain stem has fo¬
cused the interest of sensory neurophysiolo-
gists on the effects of the activation of brain
stem descending pathways on the responses of
dorsal horn neurons. A good deal of electro¬
physiological data is now available on the de¬
scending inhibition of dorsal horn neurons
evoked by stimulation of supraspinal regions
such as the NRM and adjacent Ret. F. (see
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Refs. 3, 16, 17, 20, 23, 28, 39). The general
consensus is that this descending inhibition
represents, at least in part, the neuronal sub¬
strate for the analgesia that can be evoked by
stimulation of the same brain stem regions (30,
31, 32, 34).

Our results extend the observations on de¬
scending inhibition of spinal neurons to in¬
clude those cells driven by visceral afferent fi¬
bers. We have previously shown that all re¬
sponses of thoracic viscerosomatic neurons
can be inhibited by electrical stimulation of
descending tracts in the dorsolateral funiculus
(DLF) (6). Reports from other laboratories
have also demonstrated NRM-evoked inhi¬
bition of viscerosomatic neurons projecting
through sensory pathways (1, 14). In the pres¬
ent report we have measured the duration of
this inhibition and have shown it to be acting
on the visceral responses of viscerosomatic
neurons evoked by biliary distension and by
electrical stimulation ofvisceral afferents. The
responses of our neurons to gall bladder dis¬
tension could only be evoked at noxious levels
of visceral stimulation, as assessed by transient
increases in blood pressure (see Ref. 5 for de¬
tails). Therefore our results demonstrate that
NRM and Ret. F. stimulation can inhibit
transmission of visceral nociceptive informa¬
tion through the thoracic spinal cord. Finally,
the use of chemical stimulation of the NRM
and Ret. F. with DLH indicates that the ob¬
served inhibition originates from cell bodies
located in these brain stem sites.

Supraspinal excitation
Most of the viscerosomatic neurons whose

visceral responses were decreased in the spinal
state were excited by electrical stimulation of
the NRM and Ret. F. A small number of vis¬
cerosomatic neurons under tonic descending
inhibition were also excited by electrical stim¬
ulation of these brain stem regions. The de¬
scending excitation was, in all cases, followed
by a period of inhibition of similar duration
and magnitude to that evoked in the neurons
that were not initially excited from the brain
stem. The use ofcombined chemical and elec¬
trical stimulation allowed us to dissociate the
excitatory and inhibitory effects of brain stem
stimulation by showing that the former were
due to activation of axons of passage, whereas
the latter were, at least in part, due to the ac¬
tivation of cell bodies in the vicinity of the
stimulated locations.

Descending excitation of spinal cord neu¬
rons following electrical stimulation of the
NRM and Ret. F. has been previously reported
in studies conducted in other animal species
or in other locations of the spinal cord (13,
18,21). Such excitation, which has been shown
to operate on interneurons and on neurons

projecting through ascending somatosensory
pathways, has been interpreted as an indica¬
tion of the arousal effects of peripheral stim¬
ulation. On the other hand, a role for descend¬
ing excitation in the generation of positive
feedback loops between the brain stem and
the spinal cord had been proposed by Cervero
and Wolstencroft (13) who studied descending
excitation of lamina VIII neurons in the lum¬
bar spinal cord of the cat.

There seems to be little doubt that the su¬

praspinal control of the spinal cord includes
descending excitation of sensory neurons as
well as the better-known descending inhibi¬
tion. Our results using DLH stimulation of
the NRM and Ret. F. suggest that these ex¬
citatory effects are not mediated by neurons
whose cell bodies are located in these regions
of the brain stem. However, the fact that we
were able to evoke excitation of spinal cord
neurons with low-intensity electrical stimu¬
lation of the NRM and Ret. F. indicate that
the axons of passage responsible for the de¬
scending excitation were located close to our
stimulation sites. It is conceivable that the cell
bodies of these axons were located in more

rostral regions of the NRM and Ret. F. This
would explain the dual effects (excitation and
inhibition) observed when stimulating the
more caudal parts of these nuclei and will also
be in line with the observations that the rostral
Ret. F. mediates the excitatory control of
spinal reflexes, whereas the caudal Ret. F. is
responsible for reflex inhibition (26).
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CHAPTER 12

Somatic and visceral sensory integration in the thoracic
spinal cord

F. Cervero and J. E. H. Tattersall

Department of Physiology. University of Bristol Medical School. University Walk. Bristol BS8 1TD. U.K.

Introduction

Sympathetic and parasympathetic nerves contain
not only autonomic efferent axons but also the af¬
ferent fibres that carry visceral sensory signals. The
existence of visceral afferent fibres in the splanchnic
nerves was first recognised by Langley and Ander¬
son (1894). who estimated a ratio of efferent to af¬
ferent fibres in these nerves of approximately 10:1.
The cell bodies of these afferent fibres were believed

to be in the thoracic spinal ganglia. Subsequent his¬
tological and physiological examinations of sym¬
pathetic and parasympathetic nerves (Ranson.
1921) confirmed the existence of afferent fibres in
these nerves and the involvement of visceral affer¬
ent fibres in the signalling of visceral pain.

During the course of these early studies it became
apparent that most internal organs have a dual af¬
ferent innervation. Some visceral afferent fibres join
sympathetic nerves, such as the splanchnic nerves,
whereas other afferent fibres from the same viscera

course in parasympathetic nerves, such as the vagus
and pelvic nerves. Therefore, it was thought that
visceral afferents in sympathetic and in parasym¬
pathetic nerves carried fundamentally different
kinds of visceral afferent signals. A parallel was es¬
tablished between the dual afferent innervation of

many viscera and the dual effects that can be
evoked by the stimulation of internal organs, i.e..
unconscious reflex activity and conscious sensory

experiences. It was finally concluded that visceral

sensation (and especially visceral pain) is mediated
by afferent fibres in sympathetic nerves and that the
activation of afferent fibres running in parasym¬

pathetic nerves does not evoke visceral sensations
and is concerned only with the reflex regulation of
visceral function. This view became standard opin¬
ion in textbooks and reference monographs (Ruch.
1946) and has survived, almost untouched, until
present times.

Although most forms of visceral pain from ab¬
dominal organs are mediated by afferent fibres in
sympathetic nerves, it is possible to evoke non-

painful visceral sensations by stimulation of vagal
and pelvic afferent fibres. These non-painful sen¬

sory experiences include some of the sensations
known as "organic" or "general" sensations (such
as hunger, satiety and nausea) and some of the sen¬

sory perceptions evoked by the distension of the
urinary bladder. The pathways that mediate non-

painful sensory signals from viscera and the in¬
volvement of the vagus nerve in visceral sensation ->

are discussed at length in other chapters of this ■

book.

The notion that visceral pain from abdominal
organs can be mediated by afferent activity in sym¬

pathetic nerves is supported by experimental evi¬
dence from studies that have correlated the stimu¬

lation of abdominal viscera with the patterns of
behaviour evoked by such stimulation. Once a

relationship is established between a particular
form of visceral stimulation and a behavioural re-
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sponse it is then possible to examine the afferent
pathway for the response by repeating the test
stimulus after sectioning or blocking sympathetic
and parasympathetic nerves. Schrager and Ivy
(1928) described the patterns of behaviour elicited
in conscious dogs when the gallbladder or the cystic
duct was distended with a chronically implanted
balloon. The motor reactions interpreted as signs
of distress and the inhibition of respiration that fol¬
lowed distension of the biliary system were com¬

pletely abolished in animals which had their right
splanchnic nerves sectioned. However, other con¬
sequences of biliary distension, such as increased
salivation (nausea ?) and vomiting, persisted after
splanchnic nerve section and were only abolished
by section of the vagi nerves. Similar results were
reported by Davis et al. (1929) using conscious dogs
with chronically implanted cannulae in their biliary
systems. In their experiments, pain reactions to dis¬
tension of the gallbladder were abolished by section
of the splanchnic nerve or by lesions of the spinal
cord, but not by section of the vagi. In a study by
Cannon (1933). using cats with chronically implant¬
ed electrodes around their splanchnic and vagi
nerves, no signs of pain were observed following
electrical stimulation of the vagus nerve below the
recurrent branch. In contrast, motor behaviour in¬

dicative of pain was readily elicited by electrical
stimulation of the splanchnic nerve. More recently.
Stulrajter et al. (1978) have repeated these experi¬
ments using cats and dogs with chronically implant¬
ed balloons in the biliary systems and have con¬
firmed the earlier reports. Pain reactions produced
by stimulation of the gallbladder could only be
evoked if the splanchnic nerves of the experimental
animals were intact.

Neurophysiological studies have also given sup¬

port to the notion that afferent fibres in sympathetic
nerves mediate visceral pain. The reflexes produced
by noxious stimulation of viscera were used by
Sherrington (1906) to illustrate his argument for a
close relationship between adequate stimuli and no¬

ciceptive responses. Among the reflexes described
by Sherrington as being always associated with no¬

ciceptive reactions was the transient increase in

blood pressure elicited by noxious stimulation of
somatic or visceral structures. This blood pressure

change could be evoked in conscious as well as in
anaesthetized or decerebrate animals, and therefore
could be used as an index of nociception even when
consciousness was prevented by experimental inter¬
ference. Sherrington (1906) and Davis et al. (1932)
then showed that nociceptive reactions evoked by
noxious stimulation of the gallbladder were still
present after section of both vagi, and therefore
were mediated by afferent fibres in sympathetic
nerves. A similar conclusion was reached by Moore
and Singleton (1933) and Moore (1938). who stud¬
ied nociceptive reactions evoked in anaesthetized
cats by the injection of irritants in mesenteric ar¬
teries. They showed that the flexor reflexes elicited
in their animals by such noxious visceral stimula¬
tion were abolished by section of the splanchnic
nerves and the thoracic sympathetic chain, but not
by section of the vagi. More recently, similar con¬
clusions were reached by Cervero (1982), who stud¬
ied blood pressure increases evoked by noxious
stimulation of the ferret's biliary system, and by
Stulrajter et al. (1978). Ordwav and Longhurst
(1983) and Ammons and Foreman (1984). who an¬

alysed cardiovascular responses to noxious biliary
stimulation in the cal.

A considerable body of clinical evidence gives
additional support to the idea that abdominal vis¬
ceral pain is mediated by afferent fibres in sympa¬
thetic nerves. It has been known for some time that
stimulation of the splanchnic nerves in conscious
humans under local anaesthesia elicits severe pain
(Leriche. 1939). Clinical studies using a combina¬
tion of stimulation and blocking techniques have
repeatedly shown that abdominal pain is elicited by
stimulation of sympathetic but not of parasym¬

pathetic nerves, and is relieved by section or block¬
ade of sympathetic but not of parasympathetic
nerve trunks (White. 1943).

Thus, it is possible to conclude from the behav¬
ioural. neurophysiological and clinical evidence
that most forms of pain from abdominal viscera are
mediated by afferent fibres in sympathetic nerves
and that the parasympathetic afferent innervation
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of these organs is not immediately concerned with
visceral sensation. While this generalisation applies,
with few exceptions, to visceral pain from upper
abdominal viscera, it is important to point out that
non-painful visceral sensations or visceral pain
from other internal organs may be elicited by the
stimulation of afferent fibres in somatic or in par¬

asympathetic nerves. However, since visceral pain
from the upper abdomen is almost exclusively me¬
diated by afferent fibres in sympathetic nerves, the
analysis of viscero-somatic integration in the lower
thoracic spinal cord should provide some insight
into the mechanisms used by the nervous system to
integrate visceral sensory information at the level
of the first synaptic relay. In another chapter of this
book. Foreman and colleagues discuss the role of
the upper thoracic spinal cord in the integration of
nociceptive signals from the heart. In this chapter
we will review the processing by the lower thoracic
cord of sensory signals from abdominal viscera.

Visceral pain and referred pain

Discomfort and pain are the sensory experiences
most commonly evoked from abdominal viscera. In
contrast with the bright and well-localised pain
evoked by noxious stimulation of the skin, pain of
internal origin is often dull, aching and ill-localized.
These well-known peculiarities of visceral pain have
formed the basis for an argument on the localisa¬
tion of.visceral sensation in general, and of visceral
pain in particular. In 1888. Ross described visceral
pain as being of two sorts: "splanchnic" pain, de¬
rived directly from a viscus and felt in the same
viscus. and "somatic" pain, a form of visceral pain
felt in a part of the body away from the originating
viscus. Ross's "splanchnic" pain was later termed
"true" visceral pain, implying the direct localiza¬
tion of its source in the originating viscus. On the
other hand, the wrongly localised "somatic" pain
of Ross was subsequently renamed "referred" vis¬
ceral pain by Head (1893). who wished to emphas¬
ize the referral to the skin and other superficial
structures of sensations originating from internal
organs.

The argument on the localisation of deep and
visceral pain was thoroughly reviewed by Lewis
(1942). He concluded that visceral pain is always
poorly localised and referred to somatic structures

adjacent to or remote from the viscus of origin. To
Lewis, the imprecise localization of visceral pain is
due to the lack of a detailed central representation
of visceral structures within the central nervous sys¬
tem. Therefore, the better localised and so-called
"true" visceral pain must be due to the spread of
the visceral lesion and the activation of somatic

nerves close to the injured or diseased organ. If the
stimulation of an internal organ leads to a circum¬
scribed and well-localized sensation of pain, this is
probably due to the internal stimulus affecting ad¬
jacent structures innervated by somatic nerves (i.e.,
peritoneum, muscle, ligaments). The lack of evi¬
dence for a sensory channel specifically concerned
with the transmission of visceral sensory impulses
and the considerable amount of experimental data
on viscero-somatic convergence in the central ner¬
vous system are powerful arguments against the ex¬
istence of a specific visceral mechanism for the so-
called "true" visceral pain.

Models of viscero-somatic integration

Unpleasant sensory experiences triggered by the
activation of visceral afferent fibres are referred to

somatic structures, and hence wrongly localized. A
number of different mechanisms have been sug¬

gested in order to explain the somatic localization
of the sensory experiences evoked from viscera. All
these models take into account the clinical obser-.
vation that visceral pain is usually referred to a so-'
matic area innervated by the same spinal cord seg¬
ments that receive the input from the originating
viscus (Mackenzie. 1909). Therefore, all neuro-

physiological interpretations of visceral pain are
based on viscero-somatic integration, that is. the
convergence of inputs from viscera and from so¬
matic structures onto sensory neurones whose ac¬
tivation leads to the experience of somatic pain.

The simplest form of viscero-somatic conver¬

gence occurs in primary afferent fibres with multiple
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peripheral branches that innervate sensory recep¬
tors in skin, muscle and viscera. Several authors
have described dorsal root ganglion neurones with
dual or multiple peripheral branches, including
neurones with branches in somatic and visceral
nerves (Adrian et al.. 1931: Langford and Coggesh-
all. 1981; Bahr et al.. 1981; Pierau et al.. 1984). This

arrangement has been claimed as evidence for the
pre-spinal convergence hypothesis of referred vis¬
ceral sensation (Lewis. 1942; Pierau et al., 1984).
However. Pierau et al. (1984) have reported that
such "dichotomizing" primary afferent neurones
constitute less than 1 % of the total number of cells
in the lower thoracic dorsal root ganglia of the cat.
which shows that only a small minority of afferent
fibres have two or more peripheral branches. In ad¬
dition. there is no functional evidence that the dif¬
ferent branches of the dichotomising afferent neu¬
rones are connected to physiologically active recep¬
tor endings in skin and viscera. Therefore, pre-

spinal convergence cannot totally account for all
manifestations of referred visceral sensation. Before

general statements are made about the role of di¬
chotomising primary afferent fibres in referred pain,
it is necessary to establish the precise function of
the somatic and visceral branches of such primary
afferent neurones.

Most of the hypotheses put forward to explain
the referral of visceral pain are based on models of
viscero-somatic integration within the central ner¬
vous system. Ross (1888) and Head (1893) suggest¬
ed that the excitation of visceral nerves projecting
to the spinal cord would result in the subsequent
spread of this activation to somatic cells within the
same spinal cord segments. Mackenzie (1909) pro¬
vided a comprehensive model of viscero-somatic
convergence by suggesting that visceral impulses
arriving to the spinal cord could produce an "irrit¬
able focus" within the grey matter (Fig. 1). Such an
area of "irritation" would be responsible for the
activation of somatic sensory neurones (and hence
the referred sensation I and for the triggering of so¬
matic and visceral reflexes. All these initial attempts
to explain referred visceral pain on the basis of
viscero-somatic convergence within the spinal cord

were finally put together by Ruch (1946) in his
"convergence-projection" theory of referred pain.
According to Ruch: "some visceral afferents con¬

verge with cutaneous pain afferents to end upon the
same neuron at some point in the sensory pathway.
The first opportunity for this is in the spino¬
thalamic tract. The resulting impulses, upon reach¬
ing the brain, are interpreted as having come from

Fig. I. Mackenzie's interpretation of the mechanisms of visceral
pain and related relieves. An adequate stimulus from a viscusn

(V) is conveyed to the spinal cord by sympathetic nerves (SyNl
and stimulates spinal eord cells. If the stimulus activates a sen¬

sory pathway (SN1 projecting to the brain (Br) it results in pain
being referred to the peripheral distribution of the somatic nerve

from the skin (SK). The visceral stimulus also activates other
neurones which cause contractions of muscles (Ml. supplied by
motor nerves (MNl and visecro-visccral relieves (V"). If the vis¬

ceral stimulus is of sufficient strength it may leave an "irritable
focus' in the spinal cord (shaded ureal, resulting in cutaneous
hyperalgesia and persistent muscle spasm. Diagram from Mac¬
kenzie 1191)9)
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the skin, an interpretation which has been learned
from previous experiences in which the same tract
fiber was stimulated by cutaneous afferents".
Ruch's hypothesis has been at the centre of modern
neurophysiological studies on referred visceral sen¬
sation and has received considerable experimental
support, particularly those aspects of the theory
that predicted the existence of viscero-somatic con¬

vergence in the spinal cord. What remains to be
tackled experimentally is the second part of Ruch's
proposal: i.e., that convergent signals evoked by
visceral impulses are wrongly localized to somatic
structures because of previously learned experi¬
ences.

Visceral input to the lower thoracic spinal cord

Visceral afferent fibres reach the lower thoracic

spinal cord via the thoraco-lumbar sympathetic
chain and the "rami communicanti". These visceral
afferent fibres have their cell bodies in the thoracic

spinal ganglia and their central branches enter the
spinal cord through the dorsal roots (Fig. 2). Some
primary afferent fibres join the thoracic ventral
roots (Coggeshall. 1980). but it is not clear whether

VISCERAL

these fibres actually reach the spinal cord by this
route (Risling et al.. 1984).

All visceral afferent fibres that enter the lower

thoracic spinal cord join the sympathetic chain by
way of the splanchnic nerves (Bain et al.. 1935: Ger-
nandt and Zottermann. 1946). These nerves consist
of a larger "greater splanchnic nerve" and one or

more smaller "lesser splanchnic nerves". The pres¬
ence of visceral afferent fibres in the splanchnic
nerves has long been recognised (Langley and An¬
derson. 1894). and early estimates indicated a ratio
of efferent to afferent fibres in these nerves of about

10:1. Recently. Kuo et al. (1982) have published a

comprehensive report on the composition and fibre
spectrum of the greater splanchnic nerve of the cat.

According to these authors, the greater splanchnic
nerve contains no more than 3.000-3.500 afferent
fibres, a figure of less than 20% of the total number
of fibres in this nerve. The vast majority of these
afferents (2,000-3.000) are unmyelinated fibres (C-
fibres): 250—400 are A<5-fibres and 120-350 are

A/J-fibres. Thus, the visceral afferent input to the
lower thoracic spinal cord is entirely mediated by
a small number of visceral afferent fibres. 90% of
which are unmyelinated. This visceral input in¬
cludes all afferent fibres involved in the signalling

SOMATIC

Fig. 2. Afferent pathways to the lower thoracic spinal cord. Primary afferent fibres have their cell bodies in the dorsal root ganglia.
The visceral afferent fibres (left) reach the cord via the thoraco-lumbar sympathetic chain and the "rami communicanti". and the
somatic fibres Iright) via the dorsal and ventral rami of' the spinal nerves. Their central branches enter the cord through [he dorsal
roots. Also shown are the efferent pathways which leave the cord through the ventral roots: on the left, preganglionic sympathetic
neurones: and on the right, somatic motoncurones. Adapted from Cervero and Conncll (I9S4b).
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of visceral pain from upper abdominal viscera, i.e..
the stomach, duodenum, upper jejunum, biliary
system, liver and pancreas. These few visceral af¬
ferent fibres pass to the sympathetic chain from the
splanchnic nerves and enter the spinal cord between
the T2 and L2 segments (McSwiney and Suffolk.
1938: Hazarika et al., 1964; Mei et al.. 1970; Kuo
et al.. 1981; Torigoe et al.. 1985). Although there
are some discrepancies between different reports as
to the exact upper and lower limits of the spinal
cord entry of splanchnic afferent fibres, it is quite
clear that these afferents enter the cord through
more than ten different segments.

The majority of the splanchnic afferent fibres
project to the lower thoracic segments (T6-T11),
and therefore these segments contain the main area
of projection of visceral afferent fibres from the up¬
per abdomen. Using transganglionic transport of
horseradish peroxidase (HRP) through the splanch¬
nic nerves, it has been possible to estimate the pro¬

portion of visceral primary afferent fibres in the
lower thoracic spinal ganglia (Cervero et al.. 1984).
Fewer than 7% of all dorsal root ganglion cells in
the T8 and T9 ganglia were found to be labelled
with HRP via the ipsilateral splanchnic nerves.
Thus, even in the main area of projection of the
splanchnic nerve, the actual number of afferent
fibres that reach the spinal cord is very small. Since
many of these fibres are involved in the signalling
of visceral pain from the upper abdomen, it follows
that this form of visceral sensation is mediated by
the activation of very few visceral afferent fibres.
Such a low density of sensory innervation leaves
little scope for fine discrimination and precise lo¬
calization. and it is probably one of the reasons for
the diffuse nature of visceral pain.

Although splanchnic afferent fibres enter the tho¬
racic spinal cord over many segments, there is a
certain degree of "viscero-topic" organization in
the rostro-caudal distribution of visceral afferent
from different internal organs. The upper segments
(T3-T6) receive afferent fibres from the oesopha¬
gus. stomach and duodenum whereas the lower seg¬
ments (T6-L1) receive fibres from the pyloric region
of the stomach, the biliary system, the liver and por¬

tal vein and the kidneys (Hazarika et al.. 1964; Cir-
iello and Calaresu. 1983; Kuo et al.. 1983; Magni
and Carobi. 1983: Barja and Mathison, 1984: Iwa-
moto et al.. 1984).

The mode of termination of visceral afferent
fibres within the spinal cord is described in detail
by De Groat in another chapter of this book. Vis¬
ceral afferent fibres that enter the lower thoracic

segments of the cord project, as in the lumbar and
sacral regions, to laminae I and V of the dorsal
horn, sparing the intermediate laminae. The func¬
tional significance of this mode of termination of
visceral afferent fibres within the spinal cord will be
discussed in the following paragraphs.

Somatic input to the lower thoracic spinal cord

The thoracic spinal cord receives somatic primary
afferent fibres via the dorsal and ventral rami of the

thoracic spinal nerves (Fig. 2). The skin area inner¬
vated by afferent fibres in a single spinal nerve con¬
stitutes one dermatome. Dermatomes in the cat

were first delineated by Sherrington (1893. 1898).
using the technique of "remaining sensibility". This
involves sectioning at least two dorsal roots rostral
and two caudal to the one under study, to produce
an insensitive area on either side of the isolated der¬

matome. and then testing for sensitivity by observ¬
ing reflex responses to pinching of the skin. Der¬
matomes have since been defined using electrical
recording methods in the lumbo-sacral cord by
Kuhn (1953) and in the thoracic cord by Hekmat-
panah (1961). Dermatomes T4-L2 were found by
Hekmatpanah (1961) to be bands of skin extending,
in uniform width from the middorsal to the mid-
ventral line. There is considerable overlap between
adjacent dermatomes and the degree of this varies
according to the method used to map the derma¬
tomes (Hekmatpanah. 1961: Kirk and Denny-
Brown. 1970: Denny-Brown et al.. 1973). The re¬
sults of Denny-Brow n et al. (1973) suggest that each
point on the body is innervated by axons from at
least fix e different dorsal roots, and that the size of
a dermatome is determined by interactions between
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primary afferent fibres and dorsal horn neurones
with axons in Lissauer's tract.

The dorsal ramus of each thoracic spinal nerve
carries afferent fibres which innervate the dorsal
one-third of the corresponding dermatome and the
ventral ramus (intercostal nerve) supplies the ven¬
tral two-thirds of the dermatome (Ygge. 1984).
Studies using HRP to label somatic and visceral
nerves have shown that the vast majority (over

90%) of cell bodies in the lower thoracic dorsal root
ganglia (T7-T11) are connected with afferent fibres
in somatic nerves (Cervero et a!., 1984).

The total rostro-caudal extent of the somatic pro¬

jection to the thoracic cord through a single spinal
nerve in cats and rats is two and two-thirds seg¬
ments. including the segment of entry, the entire
segment rostral to it and two-thirds of the segment
caudal to it (Smith. 1983; Ygge and Grant. 1983;

Fig. 3. Somatic primary afferent projection to the thoracic spinal cord. A. transverse section of the 9th thoracic segment, showing the
extent of the grey matter. B. semithin transverse section of the T9 grey matter, stained with Toluidine Blue. Rexed's laminae are
indicated by the broken iines. C. diagrammatic representation of the rostro-caudal extent of the projection through the 9th thoracic
spinal nerve. The projection is ipsiiateral. and includes the entire T8 segment and two-thirds of the T10 segment. Note the lateral to
medial shift in the rostro-caudal axis of the cord. D. reconstruction from three S0-//m transverse serial sections of HRP-labelled hbres
and terminals in the T9 segment following application of HRP to the ventral ramus of the T9 spinal nerve. The projection of this
ramus is confined to the medial two-thirds of the dorsal horn. From Cervero and Connell (1984b).
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Cervero and Connell. 1984b). There is a lateral to
medial shift in the position of the somatic projec¬
tion in the rostro-caudal axis of the cord (Smith.
1983: Ygge and Grant. 1983; Cervero and Connell.
1984b): the projection through the T9 nerve reaches
more medial areas of the T10 segment in its caudal
end. and more lateral areas of the T8 segment in its
rostral end (Fig. 3C).

The pattern of termination of somatic afferent
fibres within the spinal cord is different from that
of the visceral afferent fibres. There are areas of

heavy termination in laminae I and II and more
scattered fibres and terminals in laminae III. IV and
V and in Clarke's column (Fig. 3D), probably re¬

flecting a lower density of neurones in these areas
of the grey matter (Ygge and Grant. 1983; Cervero
and Connell. 1984a.b).

Application of HRP to the dorsal and ventral
rami of a spinal nerve has revealed a somatotopic
arrangement of the somatic projection to the tho¬
racic dorsal horn (Ygge and Grant. 1983; Cervero
and Connell. 1984b). Afferents from the dorsal
one-third of the dermatome project to the lateral
one-third of the dorsal horn, whereas those from
the ventral two-thirds of the dermatome project to
the medial two-thirds of the dorsal horn (Fig. 3D).
In addition, the projection of each ramus shows the
lateral to medial shift described above in the ros¬

tro-caudal axis of the cord, at least in the rat

(Smith. 1983: Ygge and Grant. 1983). Intracellular
staining of single primary afferent fibres with HRP
has confirmed this somatotopic organisation (Cerv¬
ero and Tattersall. 1985a.b).

of the greater splanchnic nerve (Fig. 4): (a) "so¬
matic" neurones, which can be excited by stimula¬
tion of cutaneous or subcutaneous receptive fields,
but do not receive inputs from visceral afferent
fibres in the splanchnic nerve; and (b) "viscero¬
somatic" cells, which respond also to stimulation
of somatic structures, but in addition can be driven
from the splanchnic nerve or by natural stimulation
of viscera such as the gallbladder (Cervero. 1982.
1983a.b; Cervero and Tattersall. 1985a.b). No evi¬
dence has been reported for the existence of sig¬
nificant numbers of spinal cord neurones which re¬
ceive only visceral inputs.

Facilitatory and inhibitory interactions have
been demonstrated between somatic and visceral

SOMATIC j VISCERO- SOMATIC

brush ♦ pinch t brush » pinch .

Viscerosomatic integration

Convergence of visceral and somatic inputs onto
neurones in the thoracic spinal cord is well docu¬
mented (Pomeranz et al.. 1968: Gokin. 1970: Han¬
cock et al.. 1975; Foreman. 1977: Gokin et al.. 1977;
Guilbaud et al.. 1977; Foreman and Ohata. 1980;
Blair et al.. 1981: Foreman et al.. 1981). Two types
of thoracic spinal neurone can be distinguished, on
the basis of their responses to electrical stimulation

Fig. 4. Responses of a somatic (left) and a \iseero-somatic neu

rone (right) to electrical stimulation of their cutaneous receptive
fields (top traces) and of the splanchnic nerve (lower traces). The
cutaneous receptive fields of the two neurones are shown: the
somatic neurone was excited b\ brush but not by pinch, whereas
the visccro-somatic cell responded to both types of stimulation
At the bottom are shown the locations of the recording sites
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inputs onto viscero-somatic neurones in the tho¬
racic cord. Simultaneous cutaneous and visceral
stimuli evoke a larger response than either stimulus
would evoke on its own (Pomeranz et al., 1968;
Gokin et al., 1977). If a volley in the splanchnic
nerve precedes a cutaneous stimulus, then the re¬

sponse to the cutaneous input is reduced: estimates
for the duration of the inhibition vary between 150
and 400 mseconds (Pomeranz et al.. 1968; Gokin et
al., 1977; Foreman et al.. 1981). Conversely, the re¬

sponse of a cell to a splanchnic volley can be in¬
hibited by a preceding cutaneous stimulus. Gokin
et al. (1977) found variations in the degree of in¬
hibition following cutaneous or visceral stimula¬
tion. according to the location of the neurone. The
inhibition produced by a cutaneous input was

greatest in viscero-somatic neurones in the dorsal
horn, and had a duration of 600-900 mseconds: the

greatest inhibition following a splanchnic volley
was found in the neurones of lamina VIII. A con¬

ditioning volley in the splanchnic nerve inhibits the
response of a neurone to a second volley in the same
nerve. Similarly, an electrical stimulus in the cuta¬
neous receptive field of a neurone inhibits the re¬

sponse to a second cutaneous stimulus. The dura¬
tion of the inhibition is around 600 mseconds in
both cases (Cervero and Tattersall. unpublished
observations).

Although the number of visceral afferent fibres
entering the thoracic cord is small in relation to the
number of somatic afferents. a large proportion
(56-75%) of thoracic spinal neurones respond to
stimulation of the splanchnic nerve (Cervero.
1983a.b: Cervero and Tattersall. 1985a.b). This in¬
dicates extensive divergence of visceral inputs to the
thoracic cord. Most spinothalamic tract cells are
excited by activity in splanchnic AP-fibres (Han¬
cock et al.. 1975: Foreman et al.. 1981). which in
turn constitute a relatively small proportion of af¬
ferents in the nerve (Kuo et al.. 1982). Some have
also been shown to respond to C-fibre stimulation,
but no effect of visceral Aji afferent fibres upon

spinal neurones has been found (Hancock et al..
1975: Foreman et al.. 1981: Cervero. 1983a). Afi-
fibres. of w hich there are 120-350 in each splanch¬

nic nerve, are known to innervate mesenteric Paci¬
nian corpuscles (Sheehan. 1933). Kuo and De
Groat (1985) have reported a direct projection of
A/J visceral afferent fibres through the dorsal col¬
umns to the gracile nucleus, but the available evi¬
dence suggests that these large visceral fibres do not
contribute to neuronal integration at the level of
the spinal cord. If this is the case, then they are the
only primary afferent fibres which do not have a

projection to the dorsal horn. The functional sig¬
nificance of such an input to the central nervous

system remains to be analysed in more detail.
The majority of somatic neurones are located in

laminae II. III. IV and V of the dorsal horn (Fig.
5). In contrast, viscero-somatic cells are concen¬

trated in laminae I. V. VII and VIII. and are almost

completely absent from laminae II. Ill and IV (Fig.
5) (Pomeranz et al.. 1968: Gokin, 1970; Hancock et
al.. 1975: Gokin et al.. 1977; Blair et al., 1981; Cerv¬
ero. 1983a.b; Cervero and Tattersall. 1985a.b). This
follows the pattern of termination of visceral affer¬
ents, whose endings are absent from laminae 11—IV
of the dorsal horn. The absence of viscero-somatic
neurones from lamina II (the substantia gelatinosa)

SOMATIC VISCERO-SOMATIC

Fig. 5 Locations of the recording sites of 41 somatic neurones

and 55 viscero-somatic neurones. Recording sites have been su¬

perimposed on a standard section of the T11 spinal cord seg¬
ment. Lamination of the grey matter has been indicated. From
Cervero (1983b).
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is further evidence that there is no direct projection
of visceral afferent fibres, which are predominantly
unmyelinated, to this part of the dorsal horn, even
though it receives the major projection of somatic
afferent C-fibres. Gokin et al. (1977) have reported
monosynaptic or disynaptic visceral inputs onto
neurones in lamina V, whereas neurones in deeper
laminae receive inputs mediated by at least two or
three synapses. De Groat and his colleagues (see De
Groat's chapter in this volume) have demonstrated
a rostro-caudal periodicity of 300-1000 j*m in the
distribution of visceral primary afferents in the "lat¬
eral bundle", the projection which courses down
the lateral border of the dorsal horn. It has been

our impression when making electrode tracks
through the thoracic spinal cord that viscero¬
somatic cells are concentrated in clusters along the
length of the cord. If this is so. then the periodicity
of visceral afferent termination may be reflected in
the clustering of viscero-somatic neurones.

All somatic and viscero-somatic neurones can be

excited by natural stimulation of somatic receptive
fields, but the nature of the effective stimulus differs
between the two groups. The majority of somatic
cells are driven exclusively by low-intensity stimu¬
lation. such as touch or hair movement ("class 1"
or "mechanoreceptive"). In contrast, most viscero¬
somatic neurones receive nociceptive inputs, such
as pinch or noxious heat, either exclusively ("class
3" or "nocireceptive") or together with low-
threshold inputs ("class 2" or "multirecepiive").
On the basis of their recordings from neurones in
laminae IV and V. Guilbaud et al. (1977) concluded
that only cells which respond to noxious cutaneous
stimulation receive visceral inputs. However, other
studies have revealed a significant proportion of
viscero-somatic neurones which receive only non-

nociceptive cutaneous inputs (Hancock et al.. 1975:
Milne et al.. 1981; Cervero. 1983a: Cervero and

Tattersall. 1985a.b). Many of the viscero-somatic
neurones in laminae V. VII and VIII are excited
more strongly by stimulation of subcutaneous tis¬
sues. particularly muscle, than by stimulation of the
skin. This is in line w ith the clinical signs of referred
visceral sensation, which usually takes the form of

pain in subcutaneous structures, especially muscle
cramp, rather than cutaneous pain.

Neurones in the thoracic cord are not clearly seg¬
regated according to the types of cutaneous input
they receive. Nocireceptive cells, although present
in significant numbers in lamina I, are found
throughout the rest of the grey matter. Similarly,
mechanoreceptive and multireceptive neurones are

present in or around the marginal zone (Cervero,
1983a; Cervero and Tattersall. 1985a.b). This sug¬
gests that the separation of neurones according to
their cutaneous inputs is less marked than in the
lumbo-sacral cord. The exception to this is found
in the somatic cells of lamina I, which seem to be
almost exclusively of the class 3 (nocireceptive) type
(Cervero and Tattersall. unpublished observations).

The sizes of somatic receptive fields differ be¬
tween the somatic and viscero-somatic groups of
neurones. In a recent study in the cat, Cervero and
Tattersall (1985a.b) classified receptive field sizes as
small (< 4 cm:), medium (4-10 cm;) or large (> 10
cirr). 80% of all neurones had receptive fields
larger than 4 cm- in area, which is comparable with
neurones in the lumbo-sacral cord having receptive
fields on the upper hindlimb and pelvic regions.
This suggests that the level of spatial discrimination
in the thoracic area is similar to that in the upper
hindlimb. a conclusion which is consistent with the
results of psychophysical studies. Neurones with
small or medium receptive fields were equally dis¬
tributed between the somatic and viscero-somatic

groups, but 80% of those neurones with large re¬

ceptive fields had visceral inputs. 64% of all cells
had receptive fields which included three or more^
dermatomes. Most of these could be driven from
the splanchnic nerve, w hereas neurones with recep¬
tive fields which included less than three derma¬

tomes were equally divided between the somatic
and viscero-somatic groups. Thus, viscero-somatic
neurones tend to have larger receptive fields than
do somatic cells. In terms of the "convergence-
projection" theory of referred pain, it would be ex¬

pected that noxious visceral stimuli would result in
poorly localised referred sensations. Additionally,
since most neurones receiving somatic nociceptive
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inputs are viscero-somatic, it could be predicted
that noxious stimulation of somatic structures
would be less well localised than would non-

noxious stimuli.
All somatic, and most viscero-somatic. neurones

have receptive fields which include the dermatome
corresponding to the spinal cord segment in which
recordings are made (Til). A few viscero-somatic
cells (6%). however, have receptive fields which do
not include the corresponding dermatome (Cervero
and Tattersall, 1985a,b). This might result in the
referral of visceral sensation to more distant cuta¬

neous areas.

As described earlier, afferent fibres from the dor¬
sal one-third of the dermatome terminate in the lat¬
eral one-third of the dorsal horn, whereas those
from the ventral two-thirds project to the medial
two-thirds of the dorsal horn. If dorsal horn neu¬

rones in the thoracic cord are classified according
to their locations within the grey matter and to the
dorso-ventral positions of their cutaneous receptive
fields, a clear tendency can be observed for those
neurones with dorsal receptive fields to be located
in the lateral one-third of the grey matter (Cervero
and Tattersall. 1985a.b). Neurones with ventral re¬

ceptive fields, however, do not appear to be differ¬
entially distributed within the dorsal horn (Cervero
and Tattersall. 1985a.b). Thus, the somatotopic ar¬

rangement of thoracic neurones seems to be less
well-defined than that of the primary afferents. Pre¬
liminary studies using intracellular injections of
HRP have revealed extensive branching of primary
afferent collaterals in the grev matter, and large
dendritic fields of dorsal horn neurones. Further¬

more. the cell density in the thoracic grey matter
seems to be rather low. and the cross-sectional area

of the dorsal horn is considerably smaller than in
the lumbar segments (see Fig. 3). All these mor¬

phological characteristics do not seem well suited
to a clear somatotopic organisation. In view of the
relatively featureless nature of the costal region,
compared with limbs and paws for example, it is
perhaps not surprising that the somatotopic ar¬

rangement of the thoracic spinal cord is less distinct
than that in the lumbo-sacral cord.

Natural stimulation of viscera

Most of the studies on visceral inputs to the tho¬
racic spinal cord have employed electrical stimula¬
tion of visceral afferent fibres in the splanchnic
nerve. Natural stimulation of viscera can be

achieved by using techniques such as controlled dis¬
tension of the gallbladder and biliary ducts. These
techniques permit the distinction between noxious
and innocuous intensities of visceral stimulation

(Cervero, 1982, 1983a).
Cervero (1983a) examined the responses to bili¬

ary distension of neurones in the thoracic spinal
cord to biliary distension. About 30% of all viscero¬
somatic neurones were excited by changes in bil¬
iary pressure. With the exception of one recording
site in lamina III. all biliary-driven units were found
in or ventral to lamina V and none was located in

lamina I. All these neurones were excited only at
noxious levels of distension, that is, levels of biliary
pressure which evoked pseudo-affective reflexes, in¬
cluding transient changes in blood pressure.

In a study of biliary afferent fibres in the ferret.
Cervero (1982) described two types of primary af¬
ferent fibres: low threshold, which responded to in¬
nocuous stimuli, and high threshold, which re¬

quired noxious levels of biliary pressure for exci¬
tation. The low-threshold afferents clearly included
a variety of functional types of receptor, and prob¬
ably subserve local motor-secretory reflexes or sys¬
temic reflexes related to gastrointestinal function
(Cervero. 1982). It is apparent that spinal cord neu¬
rones receive inputs only from the high-threshold
biliary afferents. The observation that noxious in¬
tensities of biliary stimulation are necessary to ex-. *
cite thoracic spinal neurones (Fig. 6) is in line with'
studies showing that only noxious stimulation of
the heart is effective in exciting thoracic spinal neu¬
rones driven by cardiac afferent fibres (Foreman.
1977; Foreman and Ohata. 1980). Similarly, spi¬
nothalamic tract cells in the sacral cord of the mon¬

key can be excited by noxious stimulation of the
testicles (Milne et al.. 1981). Thus, it would appear
that for those internal organs from which clear pat¬
terns of visceral pain can be elicited, noxious in-
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Fig. 6. Responses of a viscerosomatic neurone excited by dis¬
tension of the gallbladder. A. response to pinching of the somatic
receptive held. The response was greatest if subcutaneous struc¬
tures were stimulated in addition to the skin. This cell did not

respond to brushing of the skin. B. the somatic receptive field.
C. response of the neurone (upper tracel to a steady increase in
biliary pressure (lower trace). D, location of the recording site
in lamina V. E, ratemeter record (upper trace) of responses to
various levels of biliary pressure (lower trace). The neurone was
not excited by pressures below about 25 mmHg.

tensities of stimulation are necessary to excite
viscero-somatic neurones in the spinal cord. How¬
ever. this is not the case in other viscera with more

complex patterns of innervation and, or giving rise
to a variety of sensations, for example, the urinary
bladder (McMahon and Morrison, 1982).

Supraspinal linkage of thoracic viscero-somatic neu¬
rones

Ascending pathways

A major requirement of the "convergence-

projection" theory of referred pain is that visceral
inputs to the spinal cord should excite neurones
which project through pathways that carry cuta¬
neous nociceptive information (Ruch. 1946). Tra¬
ditionally, the most important ascending pathways
for the transmission of somatic pain are thought to
be those in the ventrolateral quadrant, namely, the
spinothalamic and spinoreticular tracts (Nathan,
1977; Webster. 1977; Willis and Coggeshall. 1978).
The distribution of the cells of origin of these tracts
closely follows that of viscero-somatic neurones.

Spinothalamic tract (STT) cells are located mainly
in laminae I, V, VII and VIII of the spinal cord and
project through contralateral pathways (Carstens
and Trevino, 1978: Blair et al„ 1981). Spinoreticu¬
lar tract (SRT) neurones are concentrated in lami¬
nae VII and VIII. although there are some in the
dorsal horn (Fields et al., 1975; Maunz et al.. 1978).
They project ipsi- and contralaterallv in the cat. but
mainly ipsilaterally in primates (Fields et al.. 1975).

The great majority of STT neurones in the tho¬
racic cord receive viscero-somatic convergence, and
all receive somatic nociceptive inputs (Foreman and
Weber, 1980; Blair et al.. 1981; Foreman et al..
1981). In this respect, they are similar to STT neu¬
rones in the lumbo-sacral cord (Giesler et al.. 1981:
Milne et al.. 1981). ■

Gokin et al. (1977) recorded viscero-somatic neu¬
rones in laminae V. VII and VIII of the thoracic
cord which could be excited antidromically from
either the ipsilateral or contralateral ventrolateral
quadrant of the cord at the C2 level, and from the
reticular formation. They found also that almost all
neurones in the reticular formation responded to
stimulation of both visceral and high-threshold so¬
matic afferents (Gokin et al.. 1977; Pavlasek et al...
1977). Many of the axons recorded in the ventro¬
lateral white matter by Fields et al. (1970) received
viscero-somatic convergence. Although the identity
of the tracts to which these axons belonged was not
determined, the authors suggested that they were
probably spinoreticular.

Cervero (1983b) found that most viscero¬
somatic neurones projecting through the cervical
cord did so via a crossed ventrolateral pathway.

630



201

supporting the view that the spinothalamic and spi¬
noreticular tracts carry most of the viscerosomatic
convergent information (Fields and Winter. 1970:
Fields et al., 1970; Gokin et ah. 1977). Viscero¬
somatic neurones with axons projecting in the con¬
tralateral ventrolateral quadrant were located in
laminae I and VII. None of the postsynaptic dorsal
column neurones recorded was viscero-somatic.
Spinocervical tract neurones were found to be very
infrequent in the thoracic cord, and it is of interest
to note that spinocervical neurones in the lumbar
cord do not respond to excitation of urinary blad¬
der afTerents (Cervero and Iggo. 1978; McMahon
and Morrison. 1982). Thus, it appears that the spi¬
nothalamic and spinoreticular tracts are the main
pathways of projection for viscero-somatic neu¬
rones.

Descending control

As described earlier, visceral sensory information
is carried by ascending pathways which also trans¬
mit cutaneous nociceptive signals. It would thus be
expected that descending controls which affect
transmission of cutaneous nociceptive information
would also modify the transmission of visceral sig¬
nals. Indeed. STT and SRT neurones, which receive
visceral inputs, have been shown to be under in¬
hibitory control from the brain stem (Grillner et al..
1968: Beall et al.. 1976: McCreerv and Bloedel.
1975: Willis et al.. 1977; Ammons et al.. 1984).

Using the technique of reversible spinalisation by-
means of a cold block, two categories of viscero¬
somatic neurones in the thoracic cord can be dis¬

tinguished (Cervero et al.. 1985). The first type ex¬
hibit increased responses to splanchnic nerve stimu¬
lation in the spinal state, indicating that they receive
tonic descending inhibition in the intact animal.
These neurones can also be phasicallv inhibited by-
electrical stimulation in the nucleus raphe magnus
(NRM) and adjacent reticular formation, and by-
stimulation of the ipsilateral dorsolateral funiculus
(Cervero. 19S3b; Cervero et al.. 1985). Approxi¬
mately half of these neurones are located in the dor¬
sal horn.

The second type of neurone shows a reduction or

complete abolition of the splanchnic-evoked re¬

sponse in the spinal state. Since the background
activity and responses to cutaneous stimulation are
not affected in the same manner, and indeed are

often increased during spinalisation, this indicates
that the visceral input to these neurones is predom¬
inantly or exclusively mediated through supraspinal
pathways. The majority of these cells are located in
the ventral horn and most of them are phasically
excited by electrical stimulation in the NRM and
reticular formation (Cervero et al.. 1985). This type
of descending excitation is very similar to that de¬
scribed by Cervero and Wolstencroft (1984) on neu¬
rones in laminae VII and VIII of the lumbar spinal
cord. A parallel could be established between these
laminae VII VIII neurones of the lumbar cord and

the second type of viscero-somatic neurone. The
latter cells are also located in the ventral horn, have
excitatory visceral inputs mediated by long poly¬
synaptic pathways, can be driven by stimulation of
the NRM and reticular formation and some of

them have long axons projecting to these brain stem
areas. Like their counterparts in the lumbar cord,
they could be elements in a long spinal-bulbo-
spinal loop, which in this case can mediate excita¬
tion to thoracic spinal cord neurones after visceral
stimulation. Stimulation of viscera is known to ac¬

tivate neurones in the NRM and reticular forma¬

tion (Lumb. this volume), thus closing a spinal-
bulbo-spinal loop and providing an anatomical and
functional substrate for the type of general response
that can include motor and autonomic reflexes as

well as a diffuse visceral sensation. This kind of re¬

sponse is typical of the reaction of the central ner¬
vous system to a noxious visceral stimulus.

Conclusions

The lower thoracic spinal cord receives the bulk of
the visceral sensory input mediated by the sympa¬
thetic splanchnic nerves. These afferent fibres trans¬
mit nociceptive signals from many abdominal vis¬
cera to the spinal cord, where visceral and somatic

631



202

sensory information are jointly processed. All the
available experimental evidence supports the main
postulates of the "convergence-projection" theory
of referred visceral pain (Ruch. 1946). In spite of
extensive electrophysiological investigations of the
thoracic spinal cord, no pathway has been found
carrying exclusively visceral sensory information.
This indicates that "true" visceral pain is not due
to the activation of specific visceral sensory chan¬
nels but, more likely, is the consequence of the
spread of the visceral lesion to regions innervated
by somatic nerves, whose stimulation leads to re¬
stricted and well-localised experiences of deep pain.
Therefore, excitation of visceral sensory receptors
always evokes sensory experiences that are ill-
localized, poorly discriminated and referred to so¬
matic structures.

Viscero-somatic convergent neurones in the tho¬
racic spinal cord fulfil all the requirements of the
"convergence-projection" theory: (i) they are dri¬
ven by convergent somatic and visceral inputs, (ii)
their somatic inputs include afferent drives from
deep somatic structures such as muscle, ligaments
and tendons, (iii) most have inputs from cutaneous
nociceptors, (iv) their visceral drives are active only
at noxious intensities of visceral stimulation, and
(v) some of them have axons projecting to the thal¬
amus and to the reticular formation via crossed
ventro-lateral pathways.

Recent studies of the thoracic spinal cord have
provided considerable experimental support for
traditional models of viscero-somatic convergence,
but have also revealed new neurophvsiological
mechanisms that could explain some of the clinical
characteristics of referred visceral sensation. Vis¬
ceral pain from upper abdominal viscera is mediat¬
ed by the very few visceral afferent fibres contained
in the splanchnic nerves. These primary afferents
excite second-order neurones in the spinal cord,
which in turn generate extensive divergence within
the spinal cord and brain stem, sometimes involving
long supraspinal loops. Such a divergent input can
activate many different systems, motor and auto¬
nomic as well as sensory, and thus trigger the gen¬
eral reactions that are characteristic of visceral no¬

ciception: a diffuse and ill-localized pain referred to
somatic areas, viscero-visceral reflexes that alter au¬

tonomic control of viscera and viscero-somatic re¬

flexes that result in prolonged muscle spasms.
We conclude that the organization of viscero¬

somatic convergence in the thoracic spinal cord can
be compared to that of a trip-wire alarm mechan¬
ism. Such a system requires a few peripheral sensors

capable of triggering extensive sensorv-motor re¬
actions when excited by visceral nociceptive stimu¬
lation. The low density of visceral sensory inner¬
vation and the extensive divergence of the visceral
input within the central nervous system are prob¬
ably responsible for the diffuse localization and
poor discrimination of the sensations evoked by
visceral nociceptive stimulation.
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The innervation of internal organs is mediated almost entirely by fine nerve fibres. The
efferent component of this innervation is made up ofaxons of pre- and postganglionic neu¬
rones of the sympathetic and parasympathetic systems. All of these axons are either thin
myelinated (B) or unmyelinated (C) fibres. The afferent side of visceral innervation is also
mediated by small myelinated (A6) and unmyelinated (C) fibres. Only a small number of
thick myelinated afferent fibres (Ap) are present in visceral nerves and are believed to be
connected with mesenteric pacinian corpuscles. The analysis of visceral sensory systems
can therefore be regarded as a convenient way of studying the role of fine afferent fibres in
the processing of sensory information.

In this article the functions of fine afferent fibres from viscera will be reviewed in the con¬

text of their contribution to visceral sensation and visceral pain. Further information on

some of the points discussed in this paper can be obtained from other recent reviews of the
neurophysiological mechanisms ofvisceral pain (Cervero 1983,1985; Cervero and Tattersall
1986; Foreman 1986).

Fine Afferent Fibres and Visceral Sensation

It has long been known that most afferents in visceral nerves are either unmyelinated or
small myelinated fibres. Earlier estimates of80°/oormore ofall visceral afferent fibres being
unmyelinated have been confirmed by modern electron-microscopic studies of visceral
nerves which show ratios of 10 :1 in favour ofunmyelinated fibres (Kuoetal. 1982). It is also
well known that most of the myelinated afferent fibres in visceral nerves are of fine diameter
and that many of them become unmyelinated as they approach their peripheral target
organs (Iggo 1958). Similarly, the efferent innervation of viscera is also mediated, to a large
extent, by unmyelinated efferent fibres of the autonomic nervous system.

Large numbers of unmyelinated afferent fibres are also present in somatic nerves, but in
most of these nerve trunks they are accompanied by many thick myelinated afferent fibres
connected to a variety of cutaneous sensory receptors, the vast majority of which are sensi¬
tive mechanoreceptors. Therefore, the very large preponderance of afferent C fibres in
visceral nerves and the almost complete absence of large myelinated afferents in these
nerves are the most distinctive features of the peripheral organization of visceral sensory

systems. Correlations between the kind and range of sensory experiences evoked from
viscera and the CNS mechanisms involved in the processing of visceral afferent signals can

provide valuable insights into the sensory role of fine afferent fibres.
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Visceral Sensation and Visceral Pain

Most internal organs have a dual afferent innervation. Some visceral afferent fibres join
sympathetic nerves, such as the splanchnic nerves, whereas other afferent fibres from the
same viscera course in parasympathetic nerves, such as the vagus and pelvic nerves. Clini¬
cal, behavioural and neurophysiological studies have demonstrated that most forms of
visceral sensation (and especially visceral pain) are mediated by visceral afferent fibres
running in sympathetic nerves. Afferent fibres in parasympathetic nerves do not seem to be
concerned, in most cases, with visceral sensations but rather with the reflex regulation of
visceral function [see Cervero and Tattersall (1986) for a full discussion]. This generalization
applies, with few exceptions, to pain from upper abdominal viscera, but it is important to
point out that non-painful visceral sensations or visceral pain from thoracic or pelvic organs

may be elicited by the stimulation of afferent fibres in somatic or parasympathetic nerves.

Although visceral sensation is commonly equated with visceral pain, there are some
distinct sensory experiences from internal organs that are clearly non-painful. In some

cases, non-painful visceral sensations are expressed as sensory awareness of internal organs,
most commonly in the form of feelings of distension (e.g. gastric distension after a heavy
meal, bladder distension prior to micturition or rectal distension prior to defecation). It is
interesting to note that these sensory experiences are usually the lower end of a graded sen¬
sation leading to pain. Thus, the pain of, for example, gastric, urinary or rectal distension is
only quantitatively different from the non-painful sensations evoked by mild distension of
these viscera [see for instance the report by Nathan (1981)]. From a neurophysiological point
of view, it is tempting to establish a parallel between these graded sensory experiences and
the behaviour of mechanosensitive afferent fibres from the same viscera (Janig and Morri¬
son 1986) which are believed to react to innocuous and noxious levels of distension by
progressive increases in the frequency of their responses (i.e. an "intensity-encoding"
mechanism). In contrast, viscera from which pain is the only sensory experience that can be
evoked, such as the heart or the biliary system, appear to be innervated by specific nocicep¬
tors similar to those found in somatic tissues (Cervero 1985; but see Malliani 1982).

Visceral Afferent Projection to the Spinal Cord

Visceral pain from upper abdominal viscera is mediated almost exclusively by afferent
fibres in sympathetic nerves that reach the lower thoracic spinal cord via the sympathetic
chain and the "rami communicantes'I All visceral afferent fibres that enter the lower tho¬

racic spinal cord join the sympathetic chain by way of the splanchnic nerves. These visceral
afferent fibres have their cell bodies in the thoracic spinal ganglia and their central branches
enter the spinal cord through the dorsal roots. According to Kuo et al. (1982), the greater
splanchnic nerve of the cat contains no more than 3000-3500 afferent fibres, less than 20%
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of the total number of fibres in this nerve. The vast majority of these afferents (2000-3000)
are unmyelinated; 250-400 are A6 fibres and 120-350 are Ap fibres. Thus, the visceral
afferent input to the spinal cord, including all afferent fibres that signal pain from upper
abdominal viscera, is entirely mediated by a small number of afferents, 90% of which are

unmyelinated.
Using transganglionic transport of horseradish peroxidase (HRP) through the splanch¬

nic nerves, it has been possible to estimate the proportions of visceral primary afferent
fibres in the lower thoracic spinal ganglia (Cervero et al. 1984). Fewer than 7 % of all dorsal
root ganglion cells in the T8 and T9 ganglia were found labelled with HRP via the ipsilateral
splanchnic nerves. Thus, even in the main area of projection of the splanchnic nerve, the
actual number of afferent fibres that reach the spinal cord is very small. It therefore follows
that visceral pain is mediated by the activation of very few visceral afferent fibres. This
leaves little scope for fine discrimination and offers a possible explanation for the diffuse
nature of visceral pain.

Fig. 1. Reconstruction from three (left) and from seven (right) 80pm transverse serial sections of the
projections of somatic (left) and visceral (right) afferent fibres to the T9 segment of the spinal cord.
HRP was applied to the intercostal nerve of the T9 segment (left) and to the splanchnic nerve (right).
Note the absence of a visceral afferent projection to the substantia gelatinosa, whose ventral border is
indicated by the dotted line. (Modified from Cervero and Connell 1984)

The pattern of termination of visceral afferent fibres within the spinal cord has been
examined in a variety of animal species (cats, monkeys and rats) and in sacral, lumbar and
thoracic regions of the cord (for references see de Groat 1986). It is clear from all these HRP
studies that visceral afferent fibres display a consistent pattern of termination throughout
the spinal cord, with areas of projection in laminae I and V but sparing the intermediate
dorsal horn (Fig. 1). The density of the visceral projection to the dorsal hom is substantially
lower than that of the somatic projection (Cervero and Conneil 1984), showing that the few
visceral afferents which reach the spinal cord do not branch extensively within the cord. The

2
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substantia gelatinosa (lamina II) does not receive a direct visceral projection, which calls
into question the generally accepted belief that most afferent C fibres terminate in the
substantia gelatinosa of the dorsal horn and suggests that this region of the cord deals only
with the processing of cutaneous sensory information.

Viscerosomatic Convergence in the Spinal Cord

Visceral pain is often dull, aching and ill-localized. A characteristic feature of most forms
of visceral pain is the referral of the sensation to the skin and other superficial structures
innervated by the same spinal cord segments that receive the input from the originating
viscus. Therefore, neurophysiological interpretations of visceral pain are based on the con¬

vergence of inputs from somatic and visceral structures onto sensory neurones whose activ¬
ation leads to the experience of somatic pain (Ruch 1946).

There is considerable experimental support for the occurrence of viscero-somatic con¬

vergence onto spinal cord neurones (Cervero and Tattersall 1986). Two types of spinal cord
neurone can be distinguished according to the presence or absence ofan excitatory visceral
input. Some neurones can be excited by stimulation of cutaneous and subcutaneous
afferent fibres but do not receive excitatory inputs from visceral afferent fibres (somatic
neurones). Other cells respond to visceral as well as to somatic stimulation (viscero-somatic
neurones). Figure 2 shows representative examples of both types of neurone.

Somatic neurones are mainly located in laminae II, III and IV of the dorsal horn whereas
viscero-somatic neurones are located in laminae I and V of the dorsal hom and in the ventral

horn. This agrees with the anatomical data on the mode of termination of somatic and
visceral fibres in the spinal cord and provides further evidence for a lack of involvement of
the substantia gelatinosa (lamina II) in the processing of visceral sensory information.

The majority of somatic neurones are mechanoreceptive, i.e. activated only by low-
threshold mechanoreceptors, whereas most viscero-somatic cells are driven by nociceptors
either specifically (nocireceptive) or in addition to their low threshold inputs (multirecep-
tive). Many of the viscero-somatic neurones in laminae V VII and VIII are strongly excited
by stimulation of subcutaneous tissues, particularly muscle. This offers an explanation for
the clinically relevant observation that visceral pain, when referred to a somatic location,
more often takes the form of muscle cramp than of cutaneous pain. As for the nature of the
visceral input to viscero-somatic neurones, it has been reported that noxious intensities of
visceral stimulation are required in order to activate these neurones.

Visceral sensory information reaches supraspinal structures via the projections of some
viscero-somatic neurones whose axons join the spino-thalamic and spino-reticular tracts
(Foreman 1986). In spite of the low numbers of visceral afferents entering the thoracic
spinal cord, a large proportion of thoracic neurones are viscero-somatic. which indicates
extensive divergence of the visceral input to the CNS. Also. 80 % of viscero-somatic neuro¬

nes have medium-sized or large receptive fields, suggesting that the spatial discrimination
of referred visceral sensations is poorer than that of somatic sensations from the same area

of skin.
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All these functional properties of viscero-somatic neurones support the main postulates
of the "convergence-projection" theory of referred visceral pain (Ruch 1946) and strongly
indicate a divergent and diffuse central organization of the visceral input to the spinal cord
involving viscero-somatic convergence onto neurones with somatic nociceptive drives from
large receptive fields.

Fig. 2. Responses ofa somatic neurone (left) and a viscero-somatic neurone (right) to electrical stimula¬
tion of their cutaneous receptive fields (top traces) and of the splanchnic nerve (SPLN; lower traces).
The cutaneous receptive fields of both neurones and the locations of the recording sites are also
shown. (From Cervero and Tattersall 1986)
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Spinal and Supraspinal Integration of Visceral
Sensory Information

Facilitatory and inhibitory interactions have been demonstrated between somatic and
visceral inputs onto viscero-somatic neurones (Tattersall et al. 1986b). The response of these
neurones to somatic and visceral volleys can be powerfully inhibited by a preceding visceral
or somatic stimulus. This inhibition can last up to 1 s and is not affected by spinalization,
indicating a spinal organization of the network responsible for the inhibition. It is con¬

ceivable that such segmental inhibition could play a role in the enhancement of contrast
between the different inputs to viscero-somatic neurones and in the detection of sudden
changes in activity through any of their peripheral drives.
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Fig. 3 A-D. Viscero-somatic neurone in the thoracic spinal cord showing tonic descending inhibition.
The cell was excited by probing of deep, subcutaneous tissues (A) and was located in lamina VII (B). C
A dot-raster display of the responses of the neurone to electrical stimulation of the ipsilateral splanch¬
nic nerve (SPLN) before, during and after reversible spinalization. D The same data presented in histo¬
gram form, bin width 2 ms. (From Tattersall et al. 1986a)
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Fig. 4 A, B. Viscero-somatic neurone of the thoracic spinal cord with a supraspinal excitatory input and
phasic excitation from the brain stem. A A dot-raster display of the responses of the neurone to electri¬
cal stimulation of the splanchnic nerve (SPLN) before, during and after reversible spinalization. B Peri-
stimulus time histograms (25 sweeps, bin width 2 ms) of the responses of the neurone to electrical
stimulation of the nucleus raphe magnus (NRM) and the ipsilateral and contralateral reticular forma¬
tion (Ret.E). The inset shows the locations of the stimulating electrodes. (From Tattersall et al. 1986b)

Viscero-somatic neurones in the spinal cord are also subjected to substantial descending
control from supraspinal areas. This involves descending inhibition of peripheral inputs as
well as descending excitation of some of the neurones. The latter phenomenon is probably
responsible for the considerable divergence of the visceral input, which results in many

spinal cord cells being able to respond to the activation of the few visceral afferents that
reach the thoracic spinal cord.

Using the technique of reversible spinalization with a cold block, it has been possible to
distinguish two kinds of tonic descending effects on viscero-somatic neurones (Tattersall et
al. 1986a). About half of the neurones increased the intensity of their responses to visceral
and to somatic stimulation in the spinal state and developed or increased their background
activity (Fig. 3). This indicates that these cells were under tonic descending inhibition of
both somatic and visceral afferent inputs. Many of these neurones were located in or close
to lamina V of the dorsal horn.

The other half of the viscero-somatic neurones studied showed reduced or abolished
visceral responses in the spinal state (Fig. 4). Therefore, the visceral input to these neurones
seems to be mediated or reinforced by a neuronal link that involves supraspinal regions.
Many neurones in this group were located in the ventral horn.
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Neurones under tonic descending inhibition can also be inhibited by phasic stimulation
of brain stem locations such as the nucleus raphe magnus (NRM) and adjacent areas of the
reticular formation (Ret.F). This inhibition can also be evoked by selective chemical stimu¬
lation with DL-homocysteic acid of cell bodies located in these brain stem areas. In contrast,
viscero-somatic neurones under descending excitation respond with an excitation followed
by a period of inhibition to electrical stimulation of the NRM and Ret.E (Fig. 4), but can

only be inhibited by selective chemical stimulation of cell bodies in these regions. There¬
fore, these cells are under descending inhibition mediated by axons with cell bodies in the
NRM and Ret.F and under descending excitation mediated by axons which pass through
these locations but whose cell bodies are located elsewhere, probably in more rostral areas

of the brain stem (Tattersall et al. 1986b).

Summary and Conclusions

Visceral pain from upper abdominal viscera is mediated by the activation ofa few visceral
afferent fibres, the vast majority of which are unmyelinated. The spinal cord projections of
these visceral afferent fibres converge onto neurones driven by inputs from the skin and
from deep somatic structures such as muscle, tendons and ligaments. These neurones can

only be excited by noxious levels ofvisceral stimulation and some of them have axons that
project to supraspinal levels via spino-reticular and spino-thalamic pathways. All these
observations may offer a neurophysiological explanation for the referral of visceral pain to
somatic structures.

In addition, the visceral input to the spinal cord generates extensive divergence within
the CNS, sometimes involving long supraspinal loops. This divergent input can activate
many different systems which will trigger the general reactions characteristic of visceral
pain: a diffuse and ill-localized pain referred to somatic regions, visceral reflexes and altered
autonomic control of viscera and an increase in somatic reflexes resulting in prolonged
muscle spasms.

The organization ofvisceral sensory systems can be compared to that ofa trip-wire alarm
mechanism, i.e. a few peripheral sensors whose activation results in generalized responses.
Therefore, the sensory functions of fine afferent fibres seem to be closely linked to the
mechanisms of arousal and alertness in which the experience of an aversive sensation is
only a component of the total response of the system to its peripheral activation.
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Introduction

Previous studies have shown that primary afferent fibres innervating viscera terminate in
laminae I and V of the thoracic spinal cord (Cervero and Connell 1984; De Groat 1986). It
has also been reported that neurones which receive convergent somatic and visceral inputs
("viscerosomatic neurones") are found in laminae I and V of the dorsal horn and also in the
ventral horn, but are almost completely absent from laminae II, III and IV (see Cervero and
Tattersall 1986). The existence of a distinct group of neurones in lamina I which relay their
specific nociceptive drives to supraspinal regions (Cervero et al. 1976,1979b; Willis 1985)
suggests that this area of the spinal cord could play an important role in the processing of
somatic and visceral nociceptive information.

In the present study, we have examined in some detail the extent ofviscerosomatic con¬

vergence onto neurones in laminae I, II and III of the thoracic cord. We have also studied
the cutaneous receptive field properties of neurones in these laminae, with particular
emphasis on the comparison of receptive field properties between somatic and visceroso¬
matic neurones in lamina I.

Methods

Experiments were performed on 14 cats which were anaesthetised with chloralose (60
mg/kg IV) and paralysed with gallamine. Extracellular single-unit recordings were made
from a total of85 neurones in the right side of the grey matter of the 11th thoracic segment of
the spinal cord. An ipsilateral dorsal rootlet was stimulated electrically while searching for
neurones. All of the recorded neurones had cutaneous receptive fields.

Somatic afferent fibres were activated by natural stimulation of their receptive fields or

by electrical stimulation through intradermal electrodes. Visceral afferent fibres were acti¬
vated by electrical stimulation of the ipsilateral greater splanchnic nerve, as described pre¬

viously (Cervero 1983a,b).
The locations of the recording sites of neurones were determined from iontophoretically

deposited spots of pontamine sky blue, as described previously (Molony 1978; Cervero et al.
1979a).

Results

Recordings were made from 85 neurones in laminae I—III of the thoracic spinal cord.
These were classified into two types according to their responses to somatic and visceral sti¬
mulation: (i) somatic neurones, driven only by somatic inputs, and (ii) viscerosomatic neu¬

rones, driven by both somatic and visceral inputs.
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Locations of Recording Sites

Figure 1 shows the locations of the recording sites of 60 somatic and 25 viscerosomatic
neurones. The somatic neurones were distributed throughout the three laminae studied, in
contrast to the viscerosomatic cells, all of which were recorded in lamina I or in the imme¬
diately adjacent white matter.

SOMATIC

500pm

VISCEROSOMATIC

•

500pm

A'::.'

Fig. 1. Locations of the recording sites of 60 somatic neurones (left) and 25 viscerosomatic cells (right).
The locations have been pooled on standard transverse sections of the lower thoracic spinal cord. The
inset shows a transverse section of the entire grey matter
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Fig. 2. Cutaneous receptive field properties of neurones in laminae I, II and III. Neurones were classi¬
fied as mechanoreceptive (MECH), multireceptive (MULTI) or nocireceptive (NOCI). The figures
above the bars indicate numbers of neurones in each sample
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Cutaneous Receptive Field Properties

The cutaneous receptive fields were fully.characterised for 65 of the neurones in our

sample, and these were classified according to the types of natural stimuli (hair movement,
touch or pinch) which were effective in exciting the neurones. All receptive fields were ipsi-
lateral to the recording site. The results are shown in Fig. 2.

The majority (58 %) of neurones in lamina I were nocireceptive. In contrast, only 11% of
cells were nocireceptive in lamina II and only 7 % in lamina III. Most lamina II neurones

(61%) were mechanoreceptive, while in lamina III there were approximately equal propor¬
tions of mechanoreceptive (50%) and multireceptive (43%) neurones.

Cutaneous Receptive Field Sizes

The areas of the cutaneous receptive fields of 65 neurones were measured. These were

arbitrarily divided into small (< 4 cm2), medium (4-10 cm2) or large O 10 cm2). The results
are shown in Fig. 3.

The distribution of receptive field sizes was similar in all three laminae. The majority of
neurones had small receptive fields, a smaller number had medium-sized fields, and very
few had large receptive fields.
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Fig. 3. Cutaneous receptive field sizes of neurones in laminae I, II and III. Receptive fields were classi¬
fied as small (S), medium (M) or large (L). The figures above the bars indicate numbers of neurones in
each sample
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Cutaneous Receptive Fields of Lamina I Neurones

The cutaneous receptive fields of somatic and viscerosomatic neurones in lamina I are

compared in Fig. 4. All somatic lamina I neurones in our sample received specific cutaneous
inputs: the majority (76 %) were nocireceptive and the remainder were mechanoreceptive.
In contrast, half of the viscerosomatic neurones were multireceptive, 37% were nocirecep¬
tive and 13 % were mechanoreceptive.

The sizes of the cutaneous receptive fields also differed between the two groups of neu¬
rones. Nearly all (88 %) of the lamina I somatic cells had small receptive fields, whereas a

large proportion of viscerosomatic neurones had medium (50%) or large (11%) receptive
fields.

% of neurones
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mech multi noci
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S M L

LAMINA I

Fig. 4. Cutaneous receptive field properties (left) and sizes (right) of neurones in lamina I. Open bars
represent somatic neurones, filled bars show viscerosomatic cells. The figures above the bars indicate
numbers of neurones in each sample
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Discussion

Studies using transganglionic transport of horseradish peroxidase (HRP) through visce¬
ral nerves have demonstrated a consistent pattern of termination of visceral afferent fibres
in the spinal cord (Cervero and Connell 1984; De Groat 1986). The only dorsal horn areas
which receive visceral afferent projections are lamina I and lamina V (see Cervero and Tat-
tersall 1986).

Previous studies have already demonstrated convergence of cutaneous, muscle and vis¬
ceral afferent inputs onto lamina I neurones, including those which project in the spinotha¬
lamic tract (Cervero 1983a,b; Craig and KnifTki 1985; Willis 1985). In the present study, we
have confirmed the existence of extensive viscerosomatic convergence onto neurones in
lamina I. Our results also confirm previous reports that laminae II and III receive little or no

visceral input. The presence ofsubstantial numbers ofviscerosomatic neurones in lamina I.
together with our finding that most of these neurones receive somatic nociceptive inputs -

either exclusively or in combination with low-threshold mechanoreceptive inputs - pro¬
vides support for the "convergence-projection theory" of referred visceral pain (Ruch 1946).
The cutaneous receptive field properties of viscerosomatic neurones in lamina I were simi¬
lar to those of viscerosomatic neurones in the rest of the spinal cord (Cervero and Tattersall
1985).

A further finding in our study was that viscerosomatic neurones in lamina I tended to
have larger cutaneous receptive fields than did somatic cells in this lamina. This difference
between somatic and viscerosomatic neurones has been found previously in other laminae
(Cervero and Tattersall 1985), and presumably means that the somatic representation of the
viscerosomatic neurones is less precise than that of somatic neurones, a feature which may

help to explain the relatively diffuse nature of visceral pain.
All of the somatic lamina I neurones in our sample, which comprised about half of the

total number of cells recorded in this lamina, received specific cutaneous inputs, and the
vast majority of these were nocireceptive. It would appear, therefore, that lamina I in the
thoracic cord contains a significant population of neurones which relay purely somatic noci¬
ceptive information.

We conclude from this study that lamina I is an important area for the processing and
relaying ofconvergent inputs from somatic and visceral afferent fibres, and that it neverthe¬
less preserves a specific nociceptive somatic relay.

Acknowledgements. We would like to thank Mr. Steven Allen for technical assistance. This
work was supported by the Medical Research Council.
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Introduction

Electrophysiological studies of afferent fibres in mesenteric nerves have demonstrated
the occurrence of intestinal receptors that respond to chemical and mechanical stimuli (for
reviews see Leek 1977; Janig and Morrison 1986). However, the effects of drugs on these
receptors have not been studied in great detail. One reason for this lack of information is
that pharmacological studies conducted in vivo can be hard to interpret, since the com¬

pounds administered may have systemic effects reflected in the environment of the viscus
under study. This problem can be overcome by recording intestinal motility as well as affe¬
rent nerve activity (see for example Cottrell and Iggo 1984). Recently we have developed an
in vitro preparation of rat distal ileum with its associated mesenteric nerves which permits
the recording ofafferent impulses, tension in the longitudinal muscle, intraluminal pressure
and electromyographic activity of the smooth muscle (Sharkey and Cervero 1986). Using
this preparation we have studied the responses of intestinal receptors to mechanical and
chemical stimulation of the gut.

Methods

A detailed description of the in vitro technique, including the organ bath and recording
methods, has been previously published (for details see Sharkey and Cervero 1986 and Fig.
1). In the present study recordings were made from afferent fibres dissected from the
mesenteric nerves about 20 mm from the gut wall. All afferent units had background ac¬

tivity under resting conditions (0.5 g longitudinal tension and 0-2 mmHg intraluminal pres¬
sure). Units were tested formechanosensitivity by light stroking (along the longitudinal axis
of the segment) and probing of the mucosa and serosa with a fine glass rod and by intralumi¬
nal distension (0-15 mmHg). Chemosensitivity was tested by application of 10 pi of a solu¬
tion of bradykinin (10 pg) or acetylcholine (ACh; 100 pg) to the receptive field or on to the
serosal surface of the segment. The spike shape of all single units was examined with an

analog delay using the undelayed spike to trigger the oscilloscope sweep (Fig. 4 B).
The fibre composition often mesenteric nerves from the rat distal ileum was examined

in two animals fixed by perfusion with 5°/o glutaraldehyde in 0.1 M phosphate buffer (pH
7.4) at room temperature. Mesenteric neurovascular bundles were dissected, pinned out
onto cork and immersed in the same fixative overnight at 4 °C. The neurovascular bundles
were then washed, post-fixed in osmium, stained in uranyl acetate, dehydrated in acetone
and embedded in Epon. Thin sections were then stained with lead citrate and examined
under an electron microscope.
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t
Intra-luminai
perfusion

perfusion

Fig. 1 A. Diagrammatic illustration of the experimental arrangement. Recordings of afferent nerve ac¬
tivity are made from fine filaments of the mesenteric nerves whilst simultaneously recording tension
in the longitudinal muscle, intraluminal pressure and electromyographic activity. Changes in intra¬
luminal pressure can be imposed and drugs can be applied to the serosal and mucosal surfaces. B
Schematic diagram of the organ bath and dissection platform, showing the position of the ileal seg¬
ment. Full details can be found in Sharkey and Cervero (1986) from which publication this figure was
taken
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Results

Single-unit activity was recorded from 56 afferent fibres (from 30 rats), all of which
showed some background activity. The conduction velocities of 48 of these fibres were
measured (Fig. 2) and were found to range from 0.3 to 1.6 m/s (mean 0.7 m/s). This range of
conduction velocities indicates that all of these fibres were unmyelinated. Electron-micro¬
scopic examination of the mesenteric nerves confirmed that these nerves do not contain
myelinated axons (see Fig. 3). Transverse sections through the neurovascular bundles
consistently showed two nerve fascicles running between an arteriole and a venule. Each
fascicle was 30-50 p.m in diameter and contained between 600 and 1000 unmyelinated
fibres.

The responses of intestinal afferent units to mechanical and chemical stimulation of the
gut are summarized in Table 1. Most units (84 °/o) responded to both mechanical and chemi¬
cal stimuli. A small proportion (14%) responded only to mechanical stimuli and one unit
responded only to bradykinin. An example of a unit responding to intraluminal distension
is shown in Fig. 4. About half of the units tested responded to distension in a rapidly ad¬
apting manner and the other half were slowly adapting. Receptive fields were found on the
serosal and mucosal surfaces of the intestine when examined by probing with a glass rod.
They tended to be single mechanosensitive spots and those on the surface of the intestine
were often associated with the course of a blood vessel.

INTESTINAL AFFERENT FIBRES

Conduction velocities

n = 48 fibres

10

0
0.0 1.0 2.0

CI Tl/s

Fig. Z. Conduction velocities of 48 intestinal afferent fibres from rat mesenteric nerves
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Table 1. Response of 56 intestinal afferent fibres to mechanical and chemical stimulation of the
intestine. Values in parentheses are percentages

Serosal Distension Mucosal Serosal ACh Bradykinin
probing stroking stroking

Mechanosensitive: 8 (100) 7 (87.5) 1 (12.5) 1 (12.5)
n = 8

Chemosensitive: - - +

n = 1

Mechanochemosens.: 42 (89.4) 39 (83.0) 10 (21.3) 12 (25.5) 35 (74.5) 30 (63.8)
n = 47

Fig. 3. Electron micrograph of a transverse section of a nerve fascicle from a mesenteric neurovascular
bundle. Note the absence of myelinated fibres. Scale bar 10
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Fig. 4 A. Response of a single afferent unit to intraluminal distension of the intestine. B Ten super¬

imposed action potentials from the same unit. The unitary nature of the recording was assessed by
passing the signal through an analog delay, using the undelayed spike to trigger the oscilloscope

Using a newly developed in vitro preparation we recorded single-unit afferent activity in
mesenteric nerves of the rat distal ileum. We were able to measure changes in motility and
afferent activity in a single preparation for up to 6 h and identified afferent units, all ofwhich
had background activity, that responded to chemical and mechanical stimulation of the gut.
The presence of background activity was found in mesenteric nerves in in vivo preparations
(see Jiinig and Morrison 1986).

The mesenteric nerves from which activity was recorded consisted of two nerve fascicles
containing 1500-2000 unmyelinated fibres, although it seems likely that some of these
fibres will become myelinated more centrally. Mesenteric nerves at this level contain four
types of fibres: (1) postganglionic sympathetic, (2) preganglionic parasympathetic. (3) vis¬
ceral primary afferent and (4) a type of afferent with its cell body in the wall of the gut and
projection to the abdominal prevertebral ganglia (Schofield 1968: Dalsgaard and Elfvin
1982). We are at present attempting to correlate afferent activity with the type of afferent
fibre found in rat mesenteric nerves.

Mechanosensitive afferent endings in the intestine have been reported to respond to
probing, distension and contraction of the gut wall and tension on the mesenteric attach-

Discussion
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ments (Morrison 1977; Jiinigand Morrison 1986). The same stimuli evoked afferent activity
in our preparations. The receptive fields of the units in our study usually consisted of single
mechanosensitive spots which were distributed on the serosal and mucosal surfaces ofthe
segment. These results agree with those of in vivo studies of mechanosensitive intestinal
afferent endings (Janig and Morrison 1986). Afferent activity could be evoked in most
mechanosensitive endings by intraluminal distension and by probing the serosal surface of
the segment. Blumberg et al. (1983) reported that of the cat colonic afferent units with
resting activity that they recorded from . only about half responded to mechanical probing,
although virtually all responded to distension. The range of distension pressures used to
activate afiferents in the present study (0-15 mmHg) is low compared with those used by
others in in vivo studies on larger animals (Morrison 1977; Jiinig and Morrison 19S6). This
may be due to technical differences in our preparation or to species differences.

Both ACh and bradykinin caused excitation of the majority ofafferent units tested in the
present study. Longhurst et al. (1984) reported that most of the C fibres in the cat sympathe¬
tic paravertebral chain they recorded from were excited by bradykinin. although these
fibres were apparently mechanically insensitive. In contrast, virtually all our fibres that
responded to ACh and bradykinin were found to be mechanosensitive. a finding that is in
line with previous in vivo studies (Cottrell and Iggo 1984; Janig and Morrison 1986). In some
cases we were able to see an increase in firing of a unit in response to ACh or bradykinin
with no observable changes in tension or pressure of the segment, or well before any in¬
creases in tension took place. Although we cannot completely exclude the possibility of
small, undetected movements in the preparation, this indicates a direct action of these
drugs on afferent receptors in the wall of the ileum, in addition to their indirect actions
through smooth muscle contractions.

Acknowledgements. This work was supported by a grant from the Wellcome Trust. We are
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Carter for electron microscopy and Perry Robbins for photography.
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In the skin, temperature sensation plays an important role in dis¬
criminating between gas, liquid and solid. To elucidate the role of
temperature sensation in idiopathic faecal incontinence we studied the
minimum detectable temperature change in the lower, middle and upper
zones of the anal canal and rectum in 33 normal subjects, and 20 patients
with idiopathic faecal incontinence. A water perfused thermode was used
to vary anorectal temperature from 37°C down to 32-5'C and up to
4T5°C. The temperature change was reported by the patient as the
thermode temperature varied from 37"C to each extreme and on return to
base line. The anal canal in the control group was highly sensitive to
temperature change, the lower rectum was significantly less sensitive
(P<0-0001). At each level in the anal canal and lower rectum the
incontinent group were significantly less sensitive than their controls
(P<0005). The mid-rectum had no appreciable sensation in either
group. We consider that this sensory deficit may be an important factor in
idiopathic faecal incontinence.
Keywords: Anorectal temperature sensation, incontinence

There is considerable evidence that the motor nerves to the

pelvic floor are affected by a neuropathic process in idiopathic
faecai incontinence1 :i. Roe et al.22 reported sensory
impairment in the anal canal of incontinent patients using
mucosal electrosensiuvity to test anal sensory thresholds.
Whereas this technique probably quantifies tactile sensory
awareness, temperature sensation in the skin elsewhere in the
body piavs an important role in the distinction between gas.
liquid and solid and is involved in the appreciation of
'wetness'"23. The anorectum also makes these distinctions
allowing flatus to be passed whilst retaining faecal material in
the normal subject. To elucidate the role of temperature
receptors in the anal canal, we developed a new technique to
study anorectal temperature sensation. In this paper we present
the results of a comparison between normal control subjects and
pauents with idiopathic faecai incontinence.

Patients atid methods

Studies were carried out in 20 women, median age 59-5 sears irange 54-
SOl with idiopathic faecai incontinence. All the subjects had undergone

+ Present address: John Radchlfe Hospital. Oxford. i'K

the necessary clmicai investigations and had long-standing symptoms
of incontinence. For comparison we also studied 33 normal control
subjects. 17 women and 16 men. median ajze 46-5 years (range 18-83)
admitted to hospital with conditions unrelated to the colon, rectum and
anal canal. They ail had normal bowel function.

Ethical conditions

Informed consent was obtained from each individual. The study was
approved by the Bristol and Weston Heaith Authority.

Design of study
A detailed historv using a standard questionnaire was obtained from
each patient witn special reference to anorectal symptoms and relevant
obstetric history A full clinical examination was performed on each
patient including digital examination of the anorectum and
proctoscopy. In the incontinent patients sigmoidoscopy was also
performed. No howei preparation was used. Functional sphincter
length was then measured by a standard station pull-through technique
using a precaiibrateu water-lilled microbailoon catheter connected to an
external transducer iStatham P23Gb. Spectromed. Coventry. UK I and
the pressure recorded on a multichannel pen recorder (Hewlett-Packard
"75SA. Massachusetts. L'SAi.

23 x' ObOSI I ">S3 .*) t" 19X7 Hutterworih ^ Co (Publishers! Lid
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Thermal sensitivity
A specially constructed thermode was used to vary anorectal
temperature. It consisted of a hollow brass bullet-shaped probe. 1 cm in
length and diameter, through which water of different temperatures was
circulated IFigure I a and b). It was connected to three thermostatically
controlled water baths and two taps allowed the water being pumped
through the thermode to be changed from one bath to another. The
temperature of the baths was set such that with the probe in the
anorectum its temperature could be maintained at 37°C and then either
rapidly reduced to 32-5:C or increased to 41-55C. These temperatures
were chosen to provide a definite cold or hot stimulus without causing
discomfort to the patient. The temperature at the mucosa-thermode
interface was measured by a small thermocouple embedded in a groove
on its surface. The temperature was continuously recorded on a Dantec
chart recorder (Dantec system 2100. Copenhagen. Denmark). The anal
canal was subdivided into three zones—lower, middle and upper—by
dividing the manometncally measured high pressure zone into three
parts. The thcrmode was inserted initially into the lower zone with its
temperature at 37°C. After a short delay to allow the patient to become
accustomed to the presence of the thermode, he or she was asked to
indicate immediately if from that moment onwards a change in
temperature was felt. The temperature of the thermode was then
reduced to 32-5°C and an event marker on the chart recorder used by
the investigator to denote the point at which the patient noticed a
change. The procedure was repeated for the temperature shift from
32 5°C to 37°C and again for the two shifts from 37°C to 41-5SC and
41-5SC to 37,C. Four temperature shifts were therefore imposed on the
anorectum (Figure 2). For each a measurement of the minimum
detectable temperature change (MDTC) was recorded. The procedure
was earned out in the lower, middle and upper anal canal. In addition
the 1 cm zone of lower rectum just craniad to the anal canal and the mid-
rectum. 10cm from the anal verge were also studied.

Statistical analysis
The data were first analysed by a Kruskal-Wallis one-way analysis of
variance. Individual sets of results were compared by the Mann-

Whitney U test. To determine whether patient sex had any effect on
temperature sensation a Kruskal-Wallis test was carried out on the
control group, at each level in the anorectum. with each stimulus for
men and women. Similarly the effect of age was studied using the same
test on four age bands in the control group. (The age groups were
designed to put approximately equal numbers in each group and were ti)
under 32 years, (li) 33-43. (iii) 44-57 and (iv) 58 and over.

Results

Clinical details

The control group had no anorectal symptoms. The patient
group was incontinent to solid stool in 75 per cent of cases, the
remainder being incontinent to a loose stool only. In addition to
their presenting complaint of incontinence, 55 per cent
complained of urgency, 45 per cent of incomplete rectal
emptying, 20 per cent of prolonged straining at stool and
15 per cent of pruritus ani. The obstetric details of the female
controls and incontinent group are given in Table 1.

Thermal sensitivity
Controls. In the lower zone of the anal canal of controls the

average of the median MDTC was 0-8°C. The lowest median
value was 06:C for the normal to hot temperature change (37—
41-5®C) (Figure 3). Forty-two per cent of all temperature trials

Figure 2 Example of thermode temperature change from a control
patient. Arrows indicate the point at which a temperature change was
perceived

S 4
t>
a
E

Figure I The thermode. illustrating the thermocouple on us surface (a)
and (b) its internal design

37-32.5 32.5-37 37-41.5 41.5-37

Temperature shift (*C)

Figure 3 Temperature sensation in the lower anal canal median MDTC
values less than TC in controls with significant sensory impairment in
incontinent patients. •. Controls: C. idiopathic faecal incontinence: .VS.
no sensation

Table 1 Obstetric data of female controls and incontinent group

Averaee Lone Perineal
Multiparous parity labour tears Forceps Hysterectomy

Female controls («= 17) 94" , 2-3 :o"„ o» 6°;, 23
Incontinent group (n = 20) 90"., 2-5 6 45% 30\ 33
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T
-T-

±
-v-

32.5-37 37-41.5 41.5-37

Temperature shift (*C)

Figure 4 Temperature sensation in mid-zone of anal canal. Results from
both groups similar to lower zone. •. Controls: O. idiopathic faecal
incontinence: NS. no sensation

•_ NS
&
s
•5 5

37-32.5 32.5-37 37-41.5 41.5-37

Temperature shift (*C)

Figure 5 Temperature sensation in upper anal canal. The incontinent
patients had very poor sensation at this level. • . Controls: O, idiopathic
faecal incontinence: NS, no sensation

in this zone were felt at temperature changes of 05°C or less. In
the middle of the anal canal the results were very similar; the
average median MDTC was 09°C, the lowest median was
08=C for the normal to cold temperature change (37-32-5°C)
(Figure 4). There was no statistical difference between the
middle and lower zones for the four temperature changes. In the
upper zone, in contrast to the lower and mid-zones of the anal
canal, the most sensitive stimulus was a temperature change
from each extreme to normal (32-5^37°C, median MDTC 103C;
41-5-37~C. median MDTC 1T°*C (Figure 5). For these two
temperature changes the entire anal canal was equally sensitive,
there being no statistical differences between any zone. There
was however a significant reduction in thermal sensitivity in the
upper anal zone for the normal to cold and normal to hot
temperature changes |P< 0-005 and Pc 0-0001 respectively).

In the lower rectum very few sensory nerve endings have
been reported*4, but the control group retained a definite
though much reduced sensitivity to thermal stimuli, the median
MDTC ranging from 3-4'C to 4 0°C (Figure 6). The difference
between this zone and the upper anal canal was highly
significant (P<0-0001 for all four temperature changes). In the
mid-rectum, sensation was negligible. Seventy-five percent of
temperature trials were not felt at all. and one-third of the
remaining trials were interpreted incorrectly (Figure 7). These
results show that the normal anal canal is highly sensitive to
thermai stimuli, particularly in the lower and mid-zones but the
lower rectum is relatively insensitive. This trend of reduced
sensitivity was continued in the mid-rectum with very few-
correct responses in this zone.

Incontinent patients. Compared with the control group the
incontinent patients were significantly less sensitive to thermal
stimuli at each level in the anal canal and lower rectum (Figures
5h5). No temperature trials were felt at all in the mid-rectum in
the incontinent group (Figure 7). There was no statistical
difference between control and incontinent patients in this zone.
The most profound differences were in the middle and upper
zones of the anal canal (P < 0-0001 for each temperature change
in both zones) (Figures 3-7).

Age/sex effects
Analysis of the data indicated that neither age or sex had any
effect on thermal sensitivity.

Discussion

Denervation and reinnervation of the external anal sphincter is
well recognized in anorectal incontinence1"21. Increased fibre
density on single fibre electromyography has been attributed to
stretch injury and obstetric trauma4,5. Conventional
electromyography using prolongation of motor unit potential
duration has been used to quantitate reinnervation of the
external anal sphincter10,12 and puborectalis13 in idiopathic
faecal incontinence. Muscle biopsies of the external sphincter
and puborectalis show fibre grouping and compensatory
hypertrophy in keeping with chronic partial denervation1,2.

37-32.5 32.5-37 37-41.5 41.5-37

Temperature ihift |"C)

Figure 6 Temperature sensation in lower rectum. This zone was much
less sensitive than the anal canal: controls remain more sensitive than
incontinent. •. Controls: O. idiopathic faecal incontinence: x . incorrect
sensation: NS, no sensation

•_ NS

S.

37-32.5 32.5-37 37-41.5 41.5-37

Temperature tfiift(*C)

Figure 7 Temperature sensation in mid-rectum. Both groups had
neanuible sensation at this level. •. Controls: O. idiopathic faecal
incontinence: x . incorrect sensation: NS. no sensation
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Nerve conduction studies employing pudendal nerve and spinal
cord stimulation have reported slowed conduction velocity
consistent with motor nerve damage19,2°. The pudendal nerve is
a mixed nerve. The pelvic nerves S34 arising above the pelvic
floor are also reported to be mixed nerves*5 although it is
unclear what these direct branches contribute to normal
anorectal sensation. It is to be expected that if the motor arc is
impaired then a sensory deficit should be present in neurogenic
anorectal incontinence. Indeed studies from this laboratory
have demonstrated impaired mucosal electrosensitivity in
patients with faecal incontinence22.

Duthie and Gairns stained sections of the anal canal and
lower rectum and studied the distribution and type of nerve
endings25. In the material from ten human subjects they
demonstrated a profusion of free nerve endings extending from
the anal margin to the craniad anal canal as far as the top of the
columns above the dentate line. In the rectal mucosa these nerve

endings were observed to cease abruptly and in the ten patients
studied only one organized ending was found. These authors
proceeded to measure sensation quantitatively using horse hair
to mimic light touch, pinprick to induce pain and a metal rod at
either 4°C or 35°C to test temperature sensibility. Touch and
pain stimuli were perceived in the anal canal up to 05-1-5 cm
above the dentate line. Moreover, although poorly localized,
painful stimuli were more vividly felt in the region of the dentate
line than on the perianal skin. Likewise cold and heat were
appreciated in the anal canal but for technical reasons the
proximal extent of this sensation could not be determined. In
their experiments none of the patients experienced rectal
sensory awareness. Whereas the appreciation of these stimuli
was largely subjective, an attempt was made by Roe et al.22 to
quantitate anal sensation objectively using square wave stimuli
from a constant current generator delivered via a special probe
to the anal canal. In this report the patient indicated the
moment a constant sensation was felt in the anal canal. While a

higher voltage stimulus would lead to pain, it is possible that the
low voltage stimulus which was not noxious mimicked light
touch.

Although light touch may be an important sensation, there is
recent evidence that the discrimination between gas, liquid and
solid by skin nerve endings may be dependent on normal
temperature receptors23. This results from an appreciation of
the thermal mass of the material palpated. Thus for example one
can discriminate between plastic which feels relatively warm and
metal which feels cold, yet both are at the same temperature. It is
probable that the skin of the anal canal can sense the thermal
mass of any medium it comes into contact with in the same way.
The anorectum in normal subjects is able to discriminate
between gas. liquid and solid. When one of these distends the
rectum, the internal anal sphincter relaxes whilst the external
anal sphincter contracts. Since the former contributes
80 per cent of resting and canal pressure, the net result is a fall in
pressure with consequent opening of the anal canal. Duthie
termed this sequence the sampling reflex26 in which differential
relaxation of the upper anal canal allows contact of rectal
contents with the specialized sensory epithelium in the mid zone
of the anal canal in the region of the dentate line.

In this study we developed a new technique to assess
temperature awareness in the anorectum. We have shown that
the anal canal is able to appreciate very small changes in
temperature, and this is comparable to the most sensitive areas
of skin in the rest of the body, namely the fingertips, the lips and
the forehead27. No effect of age has been demonstrated in
studies of thermal sensitivity in these latter two areas although a
slight deterioration with increasing age has been found in the
fingertip. The anal canal resembles the lip and forehead in that
wecouid not demonstrate an increase in sensory thresholds with
age. The lower and middle parts of the anal canal were
significantly more sensitive to changes in anal temperature, less
than l C. compared with the upper zones. Such a degree of
sensory perception supports the concept of the sampling reflex
described by Duthie and Bennett26. In studies of the recto-anal

514

inhibitory reflex, following distention of the rectum by a balloon
inflated with 20ml of air, pressures in the upper and middle
zones of the anal canal dropped28. It reinforces the role of
contact of rectal contents with this specialized epithelium in the
middle zone of the anal canal and its role in the sampling reflex.

The thresholds of thermal sensitivity were markedly impaired
in patients with faecal incontinence. This impairment is
compatible with damage to the sensory or afferent arc of the
nerves to the anal canal. We suggest that reduced temperature
awareness has a role in the pathogenesis of anorectal
incontinence which may be mediated via a defective sampling
response. Further studies are required to determine the relative
importance of tactile and temperature sensation in the sensory
arm of the contmence mechanism.
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SUMMARY

1. Single-unit electrical activity has been recorded from fifty-five neurones whose
recording sites were located in or immediately adjacent to the marginal zone
(lamina I) of the lower thoracic spinal cord (T8-T12) of anaesthetized or decerebrate
cats. Their responses to stimulation of somatic and visceral afferent fibres and the
sizes of their cutaneous receptive fields have been analysed and compared with the
responses and receptive fields of neurones recorded throughout the spinal grey
matter.

2. Neurones were classified according to their responses to innocuous stimulation
of their somatic receptive fields (i.e. brushing and stroking) or to noxious stimulation
(i.e. pinching, squeezing and/or heating above 45 °C). 52% of all the neurones
recorded in lamina I were driven exclusively by noxious stimulation of the skin
(nocireceptive); 33% were driven by both noxious and innocuous stimulation of the
skin (multireceptive) and 15% were driven exclusively by innocuous stimulation of
the skin (mechanoreceptive).

3. Visceral afferent inputs to these neurones were tested by supramaximal
electrical stimulation of the ipsilateral splanchnic nerve (15 V, 0-2 ms. 0-3 Hz). Two
types of neurone were distinguished according to their responses to visceral stimu¬
lation : (i) somatic neurones, driven only by stimulation of somatic afferent fibres and
(ii) viscero-somatic neurones, driven by stimulation of somatic and visceral afferent
fibres. Of the neurones recorded in lamina I. 33% were somatic and 67 % were

viscero-somatic. This proportion was very similar to the percentages of somatic and
viscero-somatic neurones recorded throughout the grey matter (37 and 63%.
respectively).

4. Viscero-somatic neurones in lamina I had somatic receptive field properties
similar to those of viscero-somatic neurones of the entire spinal cord. Half of them
were multireceptive. 39 % were nocireceptive and 11 % were mechanoreceptive.
However, somatic neurones in lamina I had receptive field properties different from
those of somatic neurones from other laminae: no multireceptive somatic neurones
were recorded in lamina I: the vast majority (78 %) were nocireceptive and 22 % were

mechanoreceptive.
5. The majority of somatic and viscero-somatic neurones in lamina I had small
* Present address: Chemical Defence Establishment (Biology Division). Porton Down. Salisbury.

669



384 F. CERVERO AND J. E. H. TATTERSALL

somatic receptive fields but, even in this group of cells, viscero-somatic neurones had
larger receptive fields than somatic cells.

6. Ascending axonal projections in both dorsolateral funiculi and in the contra¬
lateral ventrolateral quadrant were tested in eighteen lamina I neurones. Only one
neurone was found to project to the cervical cord. This was a viscero-somatic neurone
antidromicallv activated from the contralateral ventrolateral quadrant. The
estimated conduction velocity of its axon was 15 m s-1.

7. These results demonstrate substantial, but not absolute, viscero-somatic con¬

vergence on to lamina I neurones of the thoracic spinal cord. It is suggested that this
may play a role in the spinal integration of visceral pain. In addition, a specific
somatic nociceptive relay is preserved in lamina I even though this area receives mam-
visceral afferent fibres.

INTRODUCTION

The most superficial layers of the spinal dorsal horn (the marginal zone or lamina
I and the substantia gelatinosa or lamina II) have received considerable attention
in recent years as the areas of relay and integration of the sensory input to the spinal
cord mediated by fine afferent fibres (Cervero & Iggo, 1980; Dubner & Bennett. 1983:
Willis, 1985). The particular relevance of these laminae in the processing of
nociceptive information was highlighted by the discovery of neurones in the marginal
zone specifically excited by somatic nociceptors (Christensen & Perl, 1970). Subse¬
quent investigations have demonstrated the existence of a distinct group of lamina
I neurones that relay their somatic nociceptive drives to the thalamus and other
supraspinal regions and are subjected to central inhibitory influences (Cervero. Iggo
& Ogawa. 1976: Cervero. Iggo & Molony, 19796; Willis. 1985).

Many of these nocireceptive neurones of the superficial dorsal horn have also been
found to have non-cutaneous inputs such as those activated by noxious stimulation
of muscles and viscera (Cervero. 1983a; Craig & Kniffki, 1985). Anatomical studies
have shown that fine afferent fibres from muscle and viscera project to the marginal
zone but not to the substantia gelatinosa or to the dorsal horn laminae immediately
ventral to it (Cervero & Connell. 1984; De Groat. 1986). This suggests that lamina
I neurones could play a prominent role in the processing of somatic and visceral
nociceptive information.

The activation of the nociceptor-specific neurones of the marginal zone by visceral
inputs is of particular interest in the interpretation of the mechanisms of referred
visceral pain. i.e. the referral to Somatic structures of a painful sensation evoked
by visceral stimulation. Such referral is commonly interpreted as being due to the
convergence of visceral nociceptive inputs onto neurones driven by noxious somatic
stimulation and projecting through somatosensory pathways (Ruch. 1946).
Nocireceptive neurones in lamina I fulfil many of the requirements for a prime role
in the spinal organization of referred visceral pain.

The present study was undertaken to examine the extent of viscero-somatic
convergence in the marginal zone of the lower thoracic segments of the spinal cord.
This region of the cord receives most of the visceral nociceptive afferent fibres from
the upper abdomen as it is known that section or blockade of the visceral afferent
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input to the thoracic cord results in visceral analgesia from the upper abdomen (see
Cervero & Tattersall, 1986, for a recent review). In addition, we have studied the
somatic receptive fields of lamina I neurones and the kinds of somatic stimulation
that activate these cells, as very little information was previously available on the
functional properties of superficial dorsal horn neurones of the thoracic spinal cord.
Our approach was to compare the proportions of viscero-somatic neurones in the
marginal zone and in the rest of the spinal cord and to study the functional properties
of somatic receptive fields of superficial and deep neurones.

METHODS

Experiments were conducted on thirty adult cats of either sex with body weights between 16
and 4-2 kg. Twenty-four cats were anaesthetized with chloralose (60 mg kg-1 i.v.) after induction
with either halothane (2-5 % in one-third 02 and two-thirds N20) or ketamine (20 mg kg-1 i.m.).
Supplementary doses of chloralose were given to maintain an adequate level of anaesthesia. The
other six cats were decerebrated by removing the forebrain rostral to the mid-collieular level under
halothane anaesthesia (dose as before) which was discontinued after all surgical procedures to
the animals had been completed. In all experiments, recordings of neuronal activity began not less
than 6 h after the last administration of the short-acting induction anaesthetic. All animals were
paralysed with gallamine and ventilated with a positive-pressure pump. The general methods for
the monitoring and maintenance of the physiological state of the animals have been described
previously in detail (Cervero, 1983a, b: Cervero & Tattersall. 1985). The lower thoracic spinal cord
was exposed by a laminectomy from T6 or T7 to T13. In some animals, a second laminectomy was
performed in the cervical region to expose the segments CI to C4. The animals were mounted in
a rigid frame and pools were made with skin flaps over the exposed areas of the spinal cord.
Recording stability was improved by clamping the vertebral column, bv infiltration of 2 °'0 agar
around the spinal cord and by a bilateral pneumothorax. All spinal cord pools were covered with
warm paraffin oil at 38 °C.

Recording techniques
Extracellular single-unit recordings were made through glass micro-electrodes filled with

4 m-NaCl (impedance measured at 1 kHz was 10-40 Mfl). Recordings were made from neurones in
the right side of the grey matter of the segments T8 to T12. An ipsilateral dorsal rootlet was
stimulated electrically (1-3 V, 04 ms. 1 Hz) through ball-tipped silver-wire electrodes when
searching for neurones. Recordings were displayed on an oscilloscope and analysed 'on-line' and
'off-line' using a microcomputer (Cervero, 1985).

Stimulation of afferent fibres
Somatic afferent fibres were activated by natural stimulation of their receptive fields or by

electrical stimulation through intradermal electrodes (10-20 V. 0 2 ms. 0-3 Hz). Natural stimulation
included innocuous stimuli (i.e. brushing and stroking) as well as noxious (pinching, squeezing,
heating above 45 °C and in a few cases application of ice). Visceral afferent fibres were activated
by supramaximal electrical stimulation of the ipsilateral splanchnic nerve (15-20 V. 0-2 ms. 0-3 Hz).
The right greater splanchnic nerve was dissected and prepared for electrical stimulation as described
previously (Cervero. 1983a. b).
Stimulation of ascending pathways

Ascending somatosensory tracts were stimulated antidromicallv in fourteen experiments in
order to identify neurones with axons in these pathways. Two sets of ball-tipped silver electrodes
were placed on the ipsilateral dorsolateral funiculus at CI and C3 and a concentric bipolar
stainless-steel electrode (200 /an tip diameter. 500 /an tip separation) was placed in the contralateral
ventrolateral quadrant at C2 level. In all these experiments the dorsal columns were cut at C4.
Parameters of stimulation were adjusted to 100-200 /; A. 0-2 ms and 1 Hz. Criteria for antidromic
activation included the observation of collisions with orthodromically evoked spikes. Conduction
distances were estimated as the minimum distance between stimulating and recording electrodes.

13 phy 388
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Histological methods
The position of the recording micro-electrode was marked by ionophoretic deposition of

Pontamine Sky Blue in the last track of each experiment (Cervero, Iggo & Molonv. 1979a). Several
marks were made in this track at 1 mm intervals in order to provide a scale that would be subjected
to the same amount of shrinkage as the rest of the tissue. The cord was then removed and fixed
in 10% formaldehyde. The recording sites of the neurones were then calculated from these marks
recovered in 80 fim transverse sections. This method has been extensively tested by marking some
recording sites with Pontamine Sky Blue spots and estimating their location by reference to the
scale marks. In one study, the error of locating recording sites with this method was shown to be
not greater than 70 fim (Molony, 1978). The method has also been tested in this laboratory and
the estimated locations were always found to be not more than 70 fim away from the marked spot.
This error is comparable to the size of the lesion produced by passing current through a tungsten
micro-electrode (e.g. see Craig & Kniffki (1985)).

The locations of stimulating sites in the cervical spinal cord were marked by passing 200 fiA
d.c. current through the ventrolateral quadrant electrode for 10-20 s. Locations were recovered
in 100 /im transverse sections of the cord counter-stained with either cresvl violet or

haematoxylin-eosin.

Comparative studies
One of the objectives of this investigation was to compare the properties of a sample of lamina

I neurones with those of somatic and viseero-somatic neurones located in other spinal laminae. The
latter neurones were taken from previously published data from this laboratory obtained in
experiments with no particular recording bias. i.e. experiments in which somatic and viscero¬
somatic neurones were recorded from all spinal cord laminae including lamina I. The general
properties of these sets of neurones have been described in detail in previous publications (Cervero.
1983a. 6; Cervero & Tattersall. 1985: Tattersall. Cervero & Lumb. 1986). Xo differences in the
receptive field properties described in this paper were observed between those neurones recorded
in chloralose-anaesthetized cats and those recorded in decerebrate animals.

RESULTS

Sample of lamina I neurones
The results reported in this paper are based on a sample of fifty-five neurones

recorded in or close to the marginal zone (lamina I) of the lower thoracic spinal cord
(T8-T12). Thirty-three of these neurones were recorded in twenty-three experiments
in which no particular emphasis was placed in recording from the superficial dorsal
horn and. therefore, neurones were also recorded in other laminae. The remaining
twenty-two lamina I neurones were recorded in seven cats in which sampling was
restricted to the most superficial layers of the dorsal horn.

This sample includes all neurones whose recording sites, as assessed by our location
method, were in or dorsal, to the marginal zone. Excluded from the sample were all
recordings of monophasic spikes with a very steep rising phase which were judged
to originate from axons and not from cell bodies. Also excluded from the sample were
those neurones whose responses to natural stimulation of their receptive fields were
identical to the intracellularly identified inverse' neurones of the substantia
gelatinosa (Cervero et al. 1979 a) which have always been shown to be located in
lamina II.

All neurones responded to electrical stimulation of the corresponding dorsal root
and to electrical and/or natural stimulation of the skin of the corresponding
dermatome (see Methods). Visceral inputs to all neurones were tested by supra-
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maximal electrical stimulation of the ipsilateral splanchnic nerve (including greater
and lesser branches). Fig. 1 shows some properties of one of the lamina I neurones
in the sample including its responses to electrical stimulation of somatic and visceral
afferent fibres, the location of its recording site and its somatic receptive field.

Fig. 1. A representative example of a viscero-somatic neurone recorded in lamina I of the
lower thoracic cord. A, responses of this neurone to electrical stimulation of the skin
(cutaneous) and of the splanchnic nerve (splanchnic). Stimuli were delivered at the times
indicated by the arrows. B. location of the recording site of this neurone in lamina I. C,
cutaneous receptive field of this neurone from which it could be excited by hair movement
and by pinching the skin.

Viscero-wmatic convergence

Two types of neurone were distinguished according to their responses to somatic
and visceral stimulation: (i) somatic neurones, driven by somatic inputs but not by
visceral stimulation and (ii) viscero-somatic neurones, driven by both somatic and
visceral stimuli (Fig. 1).

Taking into account a sample of 303 neurones recorded from all spinal cord laminae.
37% of them were somatic and 63 % were viscero-somatic (Fig. 2). In the present
sample of lamina I neurones (n = 55) these proportions were: 33 % somatic and 67 °0
viscero-somatic (Fig. 2). Therefore, the proportion of viscero-somatic neurones in
lamina I is similar to the average proportion of this type of neurone in all spinal cord
laminae.

500 /im

50 ms

C

Hair

pinch

13-2
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Locations of recording sites
The locations of the recording sites of eighteen somatic and thirty-seven viscero¬

somatic lamina I neurones are shown in Fig. 3. No differences were observed in the
locations of these two sets of neurones. Most of the cells were recorded in the central

70 —

37

191

60 - ■ ■
50 -

40 -

112 ■
18

30 -

20 - I ■
10 - |0

s. v.s. s. V.S.

All Lamina I

Fig. 2. Propertions of somatic (s.) and viscero-somatic (v.s.) neurones recorded in all spinal
cord laminae (All) and in lamina I. Figures over the bars indicate number of neurones
in each sample.

and lateral parts of lamina I which are the wider regions of the marginal zone. Very
few neurones were recorded in the most lateral part of lamina I since recordings in
this region were made difficult by the presence of afferent fibres running dorsoven-
trally from the dorsal root entry zone to Lissauer's tract. No recordings were made
in the most medial part of lamina I which is very small area of tissue with no distinct
ventral boundaries.

Somatic receptive fields
The somatic receptive fields of fifty-four lamina I neurones were examined and the

kinds of natural stimulation of the skin that activated the neurones were noted (see
Methods). The remaining neurone in the sample was lost before the full range of tests
was completed. Receptive field properties of lamina I neurones were compared with
those of a sample of 258 spinal cord neurones recorded in all laminae. In addition,
lamina I and other spinal cord neurones were subdivided into somatic and viscero¬
somatic groups and the receptive field properties of these subgroups were also
assessed. This data is presented in graphic form in Fig. 4.

Less than half of all spinal cord neurones (45%) were driven by noxious and
innocuous forms of somatic stimulation (multireceptive). The remaining neurones
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Fig. 3. Locations of the recording sites of eighteen somatic and thirty-seven viscero¬
somatic lamina I neurones. Locations have been pooled on standard transverse sections
of the lower thoracic cord. The diagram at the centre of the Figure shows the outlines
of the whole grey matter of this region of the cord.

60

40

o
<D

S1 20

Mechano. Multi. Noci.

All

28

Mechano. Multi.

Lamina

Noci.

80

60

40

20

61

20

Mechano. Multi.

All

Noci.

s. v.s. s. v.s. s. v.s.

Mechano. Multi. Noci.

Lamina I

Fig. 4. Proportions of mechano-. multi- and nocireceptive neurones recorded in all spinal
cord laminae (All) and in lamina I. The top histograms show the total sample of neurones
and the bottom histograms display the same samples subdivided into somatic neurones
(s.) and viscero-somatic neurones (v.s.). The figures over the bars indicate number
of neurones in each sample. Note the absence of somatic multireceptive neurones in
lamina I.

675



390 F. CERVERO AND J. E. H. TATTERSALL

were divided into those responding exclusively to innocuous stimulation (mechano¬
receptive, 31%) and those responding only to noxious stimulation (nocireceptive.
24%). In contrast, the majority of lamina I neurones were nocireceptive (52 %), with
33% being multireceptive and only 15% being mechanoreceptive.

60

40

20

39

-

15
20

Small Medium Large

All

30

15

Small Medium Large

Lamina I

80

60

40

8 20

s. v.s. s. v.s. s. v.s.

Small Medium Large

All

S. V.S. S V.S. s. v.s.

Small Medium Large

Lamina I

Fig. 5. Proportions of neurones with small, medium-sized and large receptive fields in all
spinal cord laminae (All) and in lamina I. The top histograms show the total sample of
neurones and the bottom histograms display the same samples subdivided into somatic
neurones (s.) and viscero-somatic neurones (v.s.). The figures over the bars indicate
number of neurones in each sample.

Greater differences in receptive field properties were observed when the presence
or absence of a visceral input was taken into account. In the neuronal sample from
the entire spinal cord, most viscero-somatic neurones had somatic nociceptive inputs
(multireceptive = 57 % and nocireceptive = 31 %) and only a minority were mech¬
anoreceptive (12%). In contrast, most somatic neurones were mechanoreceptive
(65%), 24% were multireceptive and 11 % were nocireceptive.

Yiscero-somatic neurones of lamina I had receptive field properties similar to those
of viscero-somatic neurones of the entire spinal cord. Half of them (50 %) were

multireceptive. 39 % were nocireceptive and 11 % were mechanoreceptive. However,
somatic neurones in this superficial lamina had receptive field properties markedly
different from those of the sample taken in all spinal cord laminae. No multireceptive
neurones with exclusive somatic inputs were recorded in the lamina I region and
therefore all somatic neurones had specific cutaneous drives. The vast majority (78 %)
were nocireceptive and the rest (22%) were mechanoreceptive.
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Size of somatic receptive fields
The boundaries of somatic receptive fields were measured and neurones were

divided into three broad categories according to whether their receptive fields were
small (less than 4 cm2), medium sized (between 4 and 10 cm2) or large (more than
10 cm2). This data was obtained from fifty-four lamina I neurones and compared with
the same properties of a sample of seventy-four neurones recorded in all spinal cord
laminae. In addition, the neurones of both groups were subclassified according to the
presence or absence of a visceral input to the cells. These data are presented in graphic
form in Fig. 5.

Taking the sample of spinal cord neurones from all laminae, the majority of somatic
and viscero-somatic neurones (53%) had medium-sized receptive fields and most of
the cells that had large fields were viscero-somatic. In contrast, the majority of
somatic and viscero-somatic neurones in lamina I had small receptive fields (55%).
All lamina I neurones with large receptive fields (17 %) were viscero-somatic. Thus,
lamina I neurones tend to have smaller receptive fields than other spinal cord
neurones but, even in this group of cells, viscero-somatic neurones tend to have larger
receptive fields than somatic neurones.

Axonal projections
Eighteen lamina I neurones (three somatic and fifteen viscero-somatic) were tested

for ascending axonal projections by antidromic stimulation of tracts in both
dorsolateral funiculi and in the contralateral ventrolateral quadrant at cervical levels.
Only one of the tested neurones was antidromically driven from the cervical cord.
This cell was a viscero-somatic neurone activated from the contralateral ventrolateral

quadrant. The estimated conduction velocity of its axon was 15 m s_1.
In a sample of eighty-eight spinal cord neurones from all laminae, ten (11 %) were

found to have axonal projections in the dorsolateral funiculi or contralateral
ventrolateral quadrant. This is a higher proportion than that found for lamina I
neurones (one out of eighteen. 6%) but this sample is not large enough to allow
quantitative estimates of the proportion of projecting neurones from lamina I.

DISCUSSION

Four main observations have been made in the present study: (i) neurones in the
marginal zone of the thoracic dorsal horn receive extensive viscero-somatic
convergence, (ii) such convergence occurs more frequently onto neurones with a
somatic nociceptive input, (iii) there is a small but distinct population of specific
nociceptor-driven cells in lamina I without visceral inputs and (iv) receptive field sizes
of all neurones in the marginal zone tend to be smaller than in other dorsal horn
laminae.

An important point of interpretation of our data concerns the kind of neurone in
the marginal zone from which recordings were made. We are certain that we recorded
from post-synaptic elements for three reasons. First, the units responded with
multiple spike discharges to single-shock electrical stimulation of afferent fibres.
Secondly, all units had receptive fields considerably larger than the receptive fields
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of single afferent fibres of the same modality (e.g. Fig. 1C). Thirdly, many cells
responded to several modalities of stimulation including, in some cases, noxious and
innocuous somatic stimuli as well as electrical stimulation of visceral afferent fibres.
We are also confident that our recordings were taken in the vicinity of cell bodies
and proximal dendrites because of the spike shapes (wide and biphasic spikes with
inflexions in the rising phase), the short recording distances (usually less than
30-50 jum). the occasional intracellular penetrations showing post-svnaptic potentials
and the responses to somatic stimuli similar to those of intracellularlv labelled lamina
I neurones from other regions of the cord (e.g. Light. Trevino & Perl. 1979: Bennett,
Abdelmoumene, Hayashi & Dubner, 1980; Molonv, Steedman, Cervero & Iggo,
1981).

There is not enough anatomical data from the cat's thoracic cord to determine
the likely cellular elements from which recordings were made. A recent morphological
study (J. E. H. Tattersall & M. Rethely, in preparation) shows that the highest
apparent cell density in this region of the cord occurs in the marginal zone. Several
cell types coexist in this lamina including flat elongated cells similar to Waldever's
Marginalle Zellen (Waldeyer. 1888; Lima & Coimbra, 1983. 1986) and smaller
elements identical to those found in the outer substantia gelatinosa (Ramon y Cajal.
1909). It is also known that neurones at the origin of some ascending sensory
pathways are located in this part of the thoracic dorsal horn (Willis, 1985) and we
have some electrophysiological evidence for this. It is therefore most likely that our
recordings were made from a heterogeneous population of neurones including
marginal cells and other cell types present in lamina I. Because of the small size of
the marginal zone and the fact that our recordings were largely extracellular, it is
also conceivable that a few of the neurones included in the sample may have had their
cell bodies in the outer substantia gelatinosa. However, our identification criteria
excludes those neurones whose recording sites were found to be in the substantia
gelatinosa. thus narrowing the sample to the most superficially located neurones.

Viscerosomatic convergence

There is some evidence that a very small minority of primary afferent neurones
may have peripheral branches in somatic and in visceral nerves (Pierau. Fellmer &
Taylor. 1984). However, there is no functional evidence for the presence of active
sensory receptors at the end of these branches. Therefore, the extensive viscero¬
somatic convergence observed in the thoracic spinal cord must be mainly based on

post-synaptic convergence of somatic and visceral primary afferents onto second-
order neurones.

Transganglionic transport of horseradish peroxidase (HRP) through a variety of
visceral nerves has demonstrated a consistent pattern of termination of visceral
afferent fibres in the spinal cord (De Groat. 1986). The marginal zone (lamina I) and
the ventral part of the nucleus proprius (lamina V) are the only dorsal horn areas
that receive projections from visceral afferent fibres. A similar pattern of termination
lias been described for fine afferent fibres from muscle (Abrahams. Richmond &
Keane. 1984: Xyberg & Blomqvist. 1984: Abrahams & Swett. 1986) and for small
myelinated afferents connected to cutaneous mechano-nociceptors (Light & Perl.
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1979). In addition, lamina I receives a dense projection from cutaneous AS and C
afferent fibres (Cervero & Iggo. 1980).

These features of the afferent input to the marginal zone strongly suggest a

prominent role of its neurones in the processing of somatic and visceral nociceptive
inputs. Previous investigations have demonstrated convergence of cutaneous, muscle
and visceral inputs onto lamina I neurones (Cervero. 1983a, b; Craig & Kniffki, 1985)
including those at the origin of the spinothalamic tract (Craig & Kniffki. 1985; Willis.
1985). In our study we have confirmed the presence of substantial viscero-somatic
convergence and have failed to find any cell driven exclusively by visceral afferent
fibres. This supports the 'convergence-projection' theory of referred visceral pain
(Ruch, 1946) which proposes that the referred sensation is due to visceral convergence
onto somatosensory pathways in the spinal cord. Further support to this interpre¬
tation is given by our observation that most viscero-somatic neurones in lamina I
have a somatic nociceptive drive either exclusively or, in some cases, in addition to
a low-threshold mechanoreceptive input.

It is also interesting to note that viscero-somatic neurones in lamina I had generally
larger cutaneous receptive fields than somatic neurones in the same region, even
though as a whole lamina I neurones tended to have smaller fields than other dorsal
horn neurones. This means that the somatic representation of those neurones

presumably involved in the signalling of visceral pain is less precise than that of
purely somatic neurones, which offers an explanation for the diffuse character of most
visceral sensations.

Somatic neurones in lamina I

In spite of the relatively small size of the marginal zone and the presence in this
area of visceral afferent projections, about a third of the neurones in our sample could
not be driven by electrical stimulation of visceral afferent fibres. Moreover, this
significant minority of lamina I neurones had receptive field properties different from
those of viscero-somatic neurones of the same region.

It has already been mentioned that somatic neurones tended to have smaller
receptive fields than viscero-somatic cells. Also, all the somatic neurones that we
recorded in lamina I had specific cutaneous inputs either from low-threshold
mechanoreceptors or, in the vast majority of cases, from cutaneous nociceptors. We
did not test these neurones systematically for convergence from muscle afferent fibres
and therefore we do not know whether these cells had somatic inputs other than from
the skin. However, the bulk of the muscle input to the thoracic cord comes from the
intercostal muscles which were available for mechanical stimulation in our experi¬
ments. We often encountered viscero-somatic lamina I neurones that responded to
muscle squeezing or pinching. In contrast, the receptive fields of most somatic
neurones appeared to be restricted to cutaneous structures. It would appear that the
marginal zone of the thoracic dorsal horn contains a small group of neurones that
receive a specific cutaneous input which, in most cases, comes from nociceptors.

Recordings from neurones in lamina I ofother regions of the cord, particularly from
lumbosacral segments, have sometimes shown multireceptive cells responding to
several forms of cutaneous stimulation (the so-called ' wide dynamic range' neurones,
see Willis. 1985). Very few of these studies have tested the responses of the neurones
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to non-cutaneous inputs and therefore it is conceivable that raultireceptive neurones
in lamina I represent a form of convergence that may include non-cutaneous drives
such as those from muscle or viscera. A recent study of muscle inputs to spinothalamic
tract neurones in lamina I of the lumbosacral cord of the cat gives support to this
interpretation (Craig & Kniffki. 1985).

In the trigeminal nucleus and in the lumbosacral cord some lamina I neurones are
driven by sensitive thermoreceptors (Christensen & Perl, 1970; Dubner & Bennett.
1983; Craig & Kniffki. 1985). We did not test thoroughly for this type of input but
we never observed responses in the non-noxious range when receptive fields were
heated or cooled. The extent and magnitude of the thermosensitive input to the
thoracic spinal cord remains to be studied in detail.

It can be concluded, from our observations and from the results of previous studies,
that the marginal zone is an important area of relay and processing of the afferent
input to the spinal cord mediated by fine afferent fibres from somatic and visceral
organs. The visceral input to this lamina converges onto neurones that have somatic
nociceptive inputs and relatively larger receptive fields. In addition, this region
contains a group of somatic neurones whose inputs are restricted to a single modality
of cutaneous receptor. In the majority of cases this input originates from cutaneous
nociceptors.

The financial support of the MRC and the expert technical assistance of Kay Grant. Norma
Latham. Andrew Amos and Steve Allen are gratefully acknowledged.
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EVIDENCE FOR A VISCERAL AFFERENT ORIGIN
OF SUBSTANCE P-LIKE IMMUNOREACTIVITY

IN LAMINA V OF THE RAT THORACIC SPINAL CORD

K. A. Sharkey,* J. A. SoBRiNot and F. Cervero
Department of Physiology, University of Bristol, Medical School, University Walk, Bristol BS8 1TD.

U.K.

Abstract—A visceral afferent origin of substance P-like immunoreactivity in lamina V of the lower thoracic
spinal cord of the rat was investigated. In transverse sections from normal animals there was a moderately
dense substance P-immunoreactive innervation of lamina V. In some sections there was a dorsoventrallv
orientated fibre bundle from the superficial dorsal horn entering lamina V. In parasagittal sections,
substance P-immunoreactivity in lamina V was found arranged in clusters, with a periodicity in the
rostrocaudal axis of 200-600 /im. In some cases these were seen to be continuous with a dorsoventrally
orientated fibre bundle from the superficial dorsal horn. After section of the splanchnic nerve there was
a consistent reduction in the density of the substance P-like immunoreactivity in lamina V, with fewer
clusters on the operated side. Adult rats treated neonatally with capsaicin showed a substantial reduction
of substance P-immunoreactivity in laminae I and II and the virtual abolition of staining in lamina V.

These results provide evidence of a visceral origin for some of the substance P-like immunoreactivity
in lamina V of the rat thoracic spinal cord. In addition, they confirm that most of the substance
P-immunoreactivity in the dorsal horn is of primary afferent origin.

Substance P-like immunoreactivity is distributed
throughout the gray matter of the mammalian
spinal cord. Immunoreactive fibres and terminals are

particularly abundant in the superficial dorsal horn
(laminae I and II). A lower density of innervation has
also been described in lamina V, the intermediolateral
cell column (IML), around the central canal (lamina
X) and in the ventral horn (laminae VII-IX).1-2'
Substance P-like immunoreactivity in the spinal
cord originates from three sources. The major one
is primary afferent, that is, the central branches of
dorsal root ganglion cells. Hence, deafferentation
causes a reduction in substance P-like immuno¬

reactivity in the dorsal hom when measured by
bioassay,32 radioimmunoassay13-27-35 and immuno-
histochemistry.14-33-34 The remaining substance P-
immunoreactivitv is derived from either intrinsic
cell bodies in the spinal cord or the terminals of
descending supraspinal tracts.9-"-12-34 The origin of
substance P-immunoreactivity in.laminae I, II, IML
and the ventral horn has been established. Substance

P-immunoreactivity in laminae I and II is mostly
(50-80%) of primary afferent origin,2-10-13 14-27-33-35 the
rest probably originating from intrinsic cell bodies12-34
and that in IML and ventral horn is derived from

supraspinal sources.9" However, the origin of sub¬
stance P-like immunoreactivity in lamina V is less
certain, though dorsal rhizotomy in cats has been

*To whom correspondence should be addressed.
+Or. ieave from: Departamento de Fisiologia. Facultad de

Medicina. Universidad Complutense. Madrid. Spam.
Abbreiianons: IML. intermediolateral cell column. PBS.

phosphate-buffered saline.

reported to reduce substance P-immunoreactivity in
lamina V, as well as in laminae I and II.'4-33

It is known that the pattern of termination of
visceral afferent fibres in the spinal cord is distinct
from that of somatic afferent fibres. Using horse¬
radish peroxidase tracing techniques it has been
demonstrated that visceral afferents from the greater

splanchnic,3-15,26 hypogastric,25 renal.516 inferior
cardiac17 and pelvic22 nerves terminate in laminae I
and V of the dorsal horn, sparing the intermediate
laminae. In contrast, somatic afferents terminate in
laminae I-V, with the highest density in the super¬
ficial laminae (I and II).3 Therefore, lamina V appears
to contain the central terminals of both visceral and
somatic afferent fibres.

In this paper we examine the possibility that some
or all of the substance P-like immunoreactivity in
lamina V of the lower thoracic spinal cord of the rat
is of visceral afferent origin, as has recently been sug¬

gested for substance P-immunoreactivity in lamina V
of the sacral spinal cord of the cat.14 A preliminary
account of this work has been published.30

experimental procedures

Animals

Experiments were performed on 16 adult male Wistar rats
(300-550 g). Three groups of rats were used as follows:

(a) Normal animals (n = 3). This group was made up of
three normal Wistar rats.

(b) Ipsilateral splanchnic nerve section (n = 6). Six rats
were anaesthetized with sodium pentobarbitone (60mg/kg.
i.p.. Sagatal. May and Baker Ltd.). Under aseptic con¬
ditions a left side laparotomy was performed and the left
splanchnic nerve was identified where it joins the coeliac.
superior mesenteric ganglion. The nerve was ligated and cut.
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the animal was then sutured and allowed to recover. Rats
were killed 10 days after surgery.

(c) Neonatal capsaicin treatment (n = 7). Four rats were
injected subcutaneously with capsaicin (50 mg./kg) and
three others with the same volume of vehicle (10% ethanol.
10% Tween 80, 80% physiological saline) 48 h after birth.
Injections were made under halothane anaesthesia (1% in j
O, and j N,0). After recovery the pups were returned to
their mother. No further procedures were carried out until
the rats were used as adults.

Tissue preparation
Rats were anaesthetized with sodium pentobarbitone (60

mg/kg,.i.p.) and perfused at. a constant pressure (100-120
mmHG) through the ascending aorta with 100-200 ml of
Tyrode's solution of the following composition (mM):
NaCl, 136.9; KC1. 2.7; CaCl2, 1.8; MgCl,, 1.0; NaHCO,,
11.9; NaH.PO,, 0.4; glucose, 5.6; gassed with 95% Oj/5%
CO,, immediately followed by 1 litre of 4% paraformalde¬
hyde at 4°C (pH 7.4). A laminectomy was performed and
the T9-T11 dorsal roots were identified and traced to their

spinal entry zone. The corresponding spinal cord segments
were dissected and immersed in the same fixative for 2 h at

4'C. They were then washed in 0.1 M phosphate buffer
containing 20% sucrose for at least 12 h at 4°C. Transverse
or parasagittal frozen sections (10 Jim) were cut on a cryostat
(Bright Instruments), thaw mounted onto chrome-alum
gelatine-coated slides and processed for immunohisto-
chemistry.

Immunohistochemistry
Sections were processed for indirect immunofluorescence

as follows: the sections were incubated in a moist chamber
at 4°C for 48 h with a substance P antiserum at a dilution
of 1:1000 (antiserum L83, donated by Prof. G. J. Dockray).
They were washed three times for 10 min in phosphate-
buffered saline (PBS) and incubated with a fluorescein
isothiocyanate conjugated goat anti-rabbit immunoglobulin
(Miles Ltd) diluted 1:40 for 1 h at 22°C in a moist chamber.
Finally they were washed three times for lOmin in PBS
containing 0.5% Triton X100 and mounted in bicarbonate-
buffered glycerol (pH 8.6). Sections were examined using a
Leitz Laborlux microscope with a Ploemopak fluorescence
illuminator equipjied with filter system 12 (excitation wave¬
length 450-470 nm I. Photographs were taken with Ilford
FP4 (125 ASA) film. The immunohistochemical localization
using this antiserum has been previously shown to be
completely abolished by preabsorption with the original
hapten (synthetic substance P) at 10 nmol ml.29-3'-37 In radio¬
immunoassay this antiserum does not cross-react with the
related non-mammalian tachykinins kassinin. eledoisin or
phvsalaemin. However, the specificity of the antiserum in
immunohistochemical tests to other tachykinins was not
examined. Since it is possible that mammalian tachykinins
other than substance. P could contribute to the staining in
the present study the terms "substance P-immunoreactivity"
and "substance P-like immunoreactivity" will be used
throughout.

RESULTS

Substance P-like immunoreactivity was found
throughout the spinal gray matter in normal animals.

When examined in parasagittal sections the substance
P-like immunoreactivity in lamina V was found to
be arranged in clusters of denser immunoreactivity
(Fig. 1), with a rostrocaudal periodicity of 200-600
jim (Fig. 2). A similar density of clusters was found
on both sides of the spinal cord. In some cases the
cluster appeared at the end of a dorsoventrally
orientated fibre bundle running from the superficial
dorsal horn (see Fig. 1A). In most transverse sections
there was a moderately dense innervation of lamina
V, although this varied from virtually no staining to
quite a dense innervation. In many transverse sections
there were dorsoventrally orientated immunoreactive
fibres running along the mediai and lateral borders
of the dorsal horn and in some cases these entered
lamina V (Fig. 1C, D). Occasionally substance
P-immunoreactive elements in lamina V appeared
to surround blood vessels or neuronal perikarya
(Fig. 1C).

Ipsilateral splanchnic nerve section
Ten days after section of the left splanchnic nerve

there was no consistently observable difference in the
substance P innervation of the superficial dorsal
horn, IML, lamina X or the ventral horn compared
with either the contralateral side or normal animals.
However, in parasagittal sections in all animals exam¬
ined there was a consistent reduction in the density
of the substance P innervation of lamina V. This was

seen as a reduction in the number of immunoreactive
clusters and fibre bundles on the side of the lesion.
The remaining clusters appeared similar to those
from control sections (Fig. 3A). Estimates obtained
from one ammal indicated that there were about 50%
fewer clusters on the side of the lesion than on the
control side. In transverse sections there was a lower

density of staining in lamina V and an apparent
reduction in the occurrence of the immunoreactive

dorsoventrally orientated fibre bundles.

Neonatal capsaicin treatment

After neonatal capsaicin treatment there was a
substantial reduction in substance P-immunoreactive
fibres in the dorsal horn (Fig. 3B). In laminae I and
II this was seen as a large, but incomplete, loss of
substance P-immunoreactivity and in lamina V the
virtual abolition of immunoreactive fibres (Fig. 3B).
No change was seen in the IML or ventral horn.
There were no differences in the substance P-

immunoreactivity in the spinal cord of vehicle-treated
animals and normal stock rats.

Fig. 1. Substance P-immunoreactivity in parasagittal (A and B) and transverse (C and D) sections of the
thoracic spinai cord from normal rats. (A) A dorsoventrally orientated immunoreactive fibre bundle
running from the superficial dorsal horn into lamina V. (B) A cluster of immunoreactivity in lamina V.
Note also the dorsoventraily orientated fibres in this section. (C) A cluster of immunoreactive fibres
in lamina V. possibly surrounding neurons, continuous with a dorsoventrally orientated fibre bundle.
(D) Substance P-immunoreactive fibres running down the lateral border of the dorsal horn (dashed lines!
and entering lamina V. Solid while lines indicate the approximate dorsal boundary between laminae II

and III (III) and laminae IV and V (V). In (C) and (D) arrows indicate dorsal. Bar = 50 jim.

684



685



1080 K. A. Sharkey et al.

Fig. 2. Substance P-immunoreactivity in a parasagittal section from the thoracic spinal cord of a normal
rat. Illustrated are two immunoreactive clusters in lamina V, approximately 200 /im apart in a
rostrocaudal direction. Solid white lines indicate the approximate dorsal boundary between laminae II

and III (III) and laminae IV and V (V). Bar = 100^m.

DISCUSSION

In the present study we have provided evidence
of a visceral origin for some of the substance P-like
immunoreactivitv in lamina V of the thoracic spinal
cord of the rat. This observation extends previous
neuroanatomical studies in which some substance
P-immunoreactive dorsal root ganglion cells were
demonstrated to be visceral afferent neurons. 18-2o:9

Visceral afferent fibres project to lamina I of the
spinal cord, and extend along the medial and lateral
borders of the dorsal horn and terminate in lamina
y ?.5.is-i7.22.2s.26 arrangement has been demon¬
strated for a number of visceral nerves including the
greater splanchnic nerve. The splanchnic afferent
terminations in lamina V of the rat thoracic spinal
cord were recently described by Neuhuber et al..Zb
who reported that they form "'clouds" of fibres and
terminals with a rostrocaudal periodicity of 150-300
Hm. This description agrees with our findings of a

rostrocaudal periodicity of substance P-immuno¬
reactivity in lamina V and is consistent with the
notion of the substance P-immunoreactivity being
due to labelling of visceral primary afferent fibres.
The relation of these visceral afferent terminations in
lamina V of the rat spinal cord to spinal cord neurons
is not clear, although it has been reported from
electrophysiological studies that viscerosomatic
neurons in the cat thoracic spinal cord are found in
groups.4 It could be that these groups of neurons
correspond to the clustering of the visceral afferent
input.

The main feature of the pattern of substance P-like
immunoreactivitv in lamina V reported in this
study was that in parasagittal sections substance
P-immunoreactivity appeared to form clusters with a
rostrocaudal periodicity of 200-600 urn. In addition,
we observed that some of these clusters were at the
end of a dorsoventrallv orientated immunoreactive
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Fig. 3. Substance P-immunoreactivity in parasagittal sections of the thoracic spinal cord. (A) An
immunoreactive cluster from the lesioned side of a rat which had undergone splanchnic nerve section
10 days previously. There was a consistent reduction in the number of immunoreactive clusters and
dorsoventrally orientated fibres bundles on the operated side of rats with ipsilateral splanchnic nerve
section. (B) Substance P-immunoreactivity in a capsaicin-treated rat. There was a substantial reduction
in substance P-immunoreactivity in the superficial dorsal horn and the virtual abolition of immuno-
reactivity in lamina V in capsaicin-treated rats. Solid white lines indicate the approximate dorsal boundary

between lamina II and III (III) and laminae IV and V (V). Bar = 50 /im.

fibre bundle running from the superficial dorsal horn.
A similar observation has been made in the dorsal
horn of the lumbar spinal cord of the rat.24 although
it was suggested that the immunoreactive fibre
bundles terminated in laminae III and IV. Since there

is little substance P-immunoreactivity in either
lamina III or IV, it seems likely that these correspond
to the immunoreactive bundles which we describe

terminating in lamina V. Our results and those of
other immunohistochemical studies based on trans¬

verse sections show that substance P-immunoreac-

tivity in lamina V appears continuous with substance
P-immunoreactive fibres in the superficial dorsal horn
by a lateral and. to a lesser extent, medial bundle of
immunoreactive fibres running along the edge of the
dorsal horn.2-6"810141921-33-54-36 It seems reasonable
to assume that these immunoreactive fibre bundles

correspond to those seen in parasagittal sections in
the present study.

To test whether substance P-immunoreactivity
in lamina V was of visceral afferent origin the left
splanchnic nerve was cut. This caused a reduction in

detectable clusters of substance P-immunoreactive
fibres in lamina V in the ipsilateral dorsal horn. The
fact that no change was seen in lamina I is probably
due to the high density of innervation by substance
P-containing somatic afferent fibres compared to
that of visceral afferents.3 Similarly, the complete
abolition of immunoreactivity in lamina V would not
be expected due to the presence of substance P-like
immunoreactivity of somatic origin.14

Neonatal administration of capsaicin causes the
long-term depletion of substance P-immunoreactivitv
from a sub-population of primary alfcrent neurons.23
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In the present study neonatal capsaicin treatment
caused the virtual abolition of substance P-immuno-
reactive fibres from lamina V, a loss of immuno-
reactive fibre bundles and a substantial reduction in
immunoreactivity from the superficial dorsal hom.
This indicates that substance P-immunoreactivity
in these areas is of primary afferent origin. These
observations confirm previous reports of the effects of
capsaicin treatment on substance P-immunoreactivity
in the superficial dorsal horn (see Refs 23 and 28) and
extends them to include substance P-immunoreac-
tivity in lamina V. Further support for a primary
afferent origin of substance P-like immunoreactivity
in lamina V is provided by the observation that it is
reduced in cats following dorsal rhizotomy.'4 "

CONCLUSION

Our results provide evidence of a visceral origin for
some of the substance P-like immunoreactivity in
lamina V of the lower thoracic spinal cord of the rat.
In addition, we confirm that most of the substance
P-immunoreactivity in the dorsal horn of the spinal
cord is of primary afferent origin.
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It has been suggested that sampling of rectal contents by the anal canal
may play a role in the continence mechanism. To investigate this concept
we studied 18 patients with faecal incontinence and 18 age and sex
matched controls. A microtransducer catheter was positioned so that
pressures were recorded from the rectum, the junction of the upper and
middle thirds of the anal canal and the lower anal canal. Recordings were
taken at rest and while distending'the rectum with air in a balloon, and
then with air injected freely into the rectum. Sampling (equalization of the
rectal and upper anal canal pressures) was seen to occur spontaneously in
16 of the controls and only 6 of the incontinent group (P <0 02) and
induced sampling occurred at a higher rectal volume in the incontinent
group than in controls Jor freely injected air (P<0'002). Defective
anorectal sampling may be an important contributory factor in the
pathogenesis of anorectal incontinence.
Keywords: Anorectal sampling, incontinence

The anal canal has been shown to have a rich sensory
innervation1. In 1963 Duthie and Bennett2 demonstrated that
the upper anal canal relaxed sufficiently in response to rectal
distension for rectal contents to come into contact with this
sensitive epithelial lining. They considered that this 'sampling'
response could have a role in the continence mechanism by
providing accurate sensory information about the nature of
rectal contents, allowing discrimination between flatus and solid
stool.

It was the aim of this study to clarify the role of this response
in the continence mechanism. Our aim was to determine
whether it occurred spontaneously, define the minimum volume
of rectal distension that elicited the response, and see whether it
was normally present in patients with incontinence.

Patients and methods
Tests were carried out on 18 incontinent patients. 14 women and 4 men.
median age 53-5 years (range 18-86). fhey had all undergone the
relevant clinical examinations and investigations. Incontinence followed
surgery for high fistulae in two men: the remainder had idiopathic faecal
incontinence. Fourteen were incontinent to a fluid stool with only four
being incontinent to both fluid and solid stool. The controls were
patients admitted for routine surgery unrelated to the alimentary tract
and were matched for age and sex. They had no anorectal complaints.
The obstetric data of the feitiale patients from both groups is given in
Table I.

Desian or study

The studies were performed in the left lateral position. No specific
preparation was used apart from giving the patients the initial
opportunity of emptying their bowel. Digital and proctoscopic
examination of the rectum and anal canal w as first performed in all cases
to exclude occult anorectal disease. The sampling rellex was then studied
followed by tests of anorectal sensation.

Anorectal manometry

A special microtransducer manometnc system was used to minimize
disturbance of the anorectum. It consisted of three microtransducers
mounted on a flexible silastic catheter. 2 mm in diameter iGaeitec Ltd.

Skye. I'K). One microtransducer was mounted at the tip. the
second and third being 4 cm and 6cm. respectively, proximal to this.
The catheter was inserted into the rectum and a delay of a few minutes
allowed for the sphincter pressures to return to normai. A mark was
made on the skin near the anal \erge and all subsequent measurements

+ Present address: John Radclille Hospital. Headinaton. Oxford.
R. Miller is supported by a qront from the Medical Research Council

were made from this point. A careful station pull-through was then
performed, taking into account radial pressure variation, to determine
the sphincter length. The catheter was then placed with the transducers
facing laterally so that the tip was in the rectum and the middle
microtransducer recorded the pressure from the junction of the middle
and upper thirds of the anal canal. It was taped securely in position with
'elastopiast' up to the anal verge and the patient remained still
throughout the study. The lowest microtransducer usually recorded the
pressure in the lower anal canal except in the few patients in which the
sphincter was 2 cm or less in length so that the microtransducer
projected from the anal verge.

'Sampling' was defined as the point at which the rectal pressure was
equal to or greater than that in the upper anal canal. The middle
microtransducer was placed at the lowermost limit of the upper zone of
the anal canal as sensation was measured in zones \see below). This
ensured that the entire upper zone was at rectal pressure or less when
'sampling' occurred.

Pressures were recorded for 5 min at rest or until spontaneous
sampling occurred, whichever was the shorter period. The balloon used
for rectal distension was made from thin latex and measured 6cm by
5 cm when inflated by 100 ml of air. It was inflated by a catheter (external
diameter 1-5 mm) and was inserted into the rectum so that its proximal
extent was 10cm from the anal verge. After a delay of a few minutes it
was inflated by 10 mi of air at room temperature from a syringe. If
sampling did not occur within 10s it was deflated and reinflated.
increasing the volume injected by 10ml each time until sampling
occurred or 100 ml was reached. The balloon was removed and a fine
catheter (external diameter 15 mmi inserted so that the tip was midway
between the rectal and upper anal microtransducers. Air was injected
into the rectum via this catheter in 10 mi increments, again waiting 10 s
for sampling to occur. The maximum volume injected was 100ml.

Sensory tests
Fifteen of the control patients and all the incontinent patients had anal
sensation assessed in the lower, middle and upper zones by mucosal
electrosensiiivitv. A narrow catheter with two platinum electrodes I cm
apart on its surface was used. This was introduced into the anal canai
and a small current passed between the electrodes from a constant

Table 1 Details ol obstetric history in 14 female patients with
incontinence

Perineal Forceps
Averatze tears delivery Hvsterectomv

parity (°J ("„) <"„)

Control 1-5 40 13 20
Incontinent 2-2 SO 60 20

ss u 10044-< MS; .HI . NX* BiUterworth A. to i Publishers i It J
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PRESSURE
( cm water ) *0 h

Figure 1 Spontaneous sampling with no increase in rectal pressure.
Arrows indicate points at which sampling occurred

( cm/water )

UPPER
ANAL CANAL 100
( cm/water )

LOWER
ANAL CANAL 100
( cm/water )

1 mtnute

Figure 2 Spontaneous sampling associated with a rise in rectal pressure

Results

Spontaneous sampling occurred in 16 (89percentl of the
control patients. In nine patients it occurred with no discernible
increase in rectal pressure (Figure /); in the remaining seven
patients there was an associated increase in rectal pressure that
preceded the fall in anal canal pressure (Figure 2). The patient
had no conscious appreciation of this phenomenon.

In the incontinent group spontaneous sampling occurred in
six patients. This difference was significant (P<0-02. /-
test). Sampling induced by air injected freely into the rectum
is illustrated in Figure 3. It occurred at a lower volume :n
the controls (median 10mi; range 10-70ml) than in the
incontinent patients (median 40ml; range 10-> 100ml). There
was no difference when air was injected into the balloon—
control; median 20ml; range 10-70ml; incontinent: median
20 mi: range 10-70 ml. There was no significant difference
between the two groups in the rectal pressure change associated
with sampling for spontaneous or induced sampling althougn
there was a trend to a higher pressure for sampling induced by-
injection of free air in the incontinent group. The injection of free
air was often felt by the control patients but there was less
conscious appreciation of rectal distension, either with free air
or the balloon, in the incontinent group.

Both mucosal electrosensitivity and thermal sensitivity
results in the control patients were very similar to those we have
previously published3-*. Controls were highly sensitive :o
thermal stimuli at all levels of the anal canal but this
was severely impaired in the incontinent group (Table 2).
Similarly, mucosal electrosensitivity was significantly worse :n
the incontinent patients in the middle and upper zones of the
anal canal but not in the lower zone. This perhaps reflects the
mild degree of incontinence in the group as a whoie.
Differences were more pronounced in the upper anal canai.
Table 2 shows the detailed results of sensorv testing.

100

RECTAL

( cm/water )
50

current generator (Department of Medical Physics. Bristol Royal
Infirmary). The current was increased by increments of 1 mA until the
patient felt a sensation which was often described as tingling or puising.
An average of three recordings at each level was taken as the threshold
value. In addition, thermal sensitivity was assessed in all controls and 15
incontinent patients in the same zones of the anal canai. A water
perfused thermode. 1 cm lone and 1 cm in diameter was used in the same

•zones that had had mucosal eiectrosensitivity testing. The thermode
temperature was held at 37 C and then increased or decreased by 4 5 C
so as to provide a hot and cold stimulus at precise 1 cm zones of the anal
canal. The patient informed the investigator of any temperature change
felt during four temperature shifts, normal to hot. hot to normai. normal
to cold and cold to normal. From the trace of temperature change, four
values of the minimum detectable temperature change (MDTC) could
be measured and a median of these was taken to represent thermal
sensitivity at each level. These techniques have been described in detail
previously-1-1.

Ethical considerations

The study was approved b> the Ethical Committee of the Bristol and
Weston Health Authority and each patient gave their informed consent.

Statistical analysis

The /* test was used to compare the relative frequencies of
spontaneous sampling in the two groups. To compare the results of
volumes and pressures at which sampling occurred, the Mann-Whitney
L' test was used.

100 r

MID ANAL

C cm/water )
50 - ■VA'Vv /WAW

V v/*-~

U<

100

LOWER
ANAL

( cm/water )

50

0L

A/
V

♦
20ml

FREE AIR 30 seconds

Figure 3 Samniina induced by the imection of 21) nil of air treelv into :re
rectum. In this example the anat pressure was recorded from tne mid-:.'re
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Table 2 Results of sensory tests in control and incontinent patients

Zone of
anal P

Test canal Control Incontinent value*

Electro¬ Lower 4 (3-6) 5 (4-8) n.s

sensitivity Middle 3 (2 5-5) 6(5-8) 0 002

(mAI Upper 5 (4-7-5) 11 (7-19) 0-0001

Thermal Lower 0-9 10-6-11) 1-9 (1-2-2-5) * 0-001

sensitivity Middle 0-9 (0-8-13) 1-6 (1-4—2 8) 0-0001

(median Upper 1-0 (0-75-1 9) >4-5 (3-6->4-5) 0-0001
MDTC. ?C)

• Mann-Whitney L' test: MDTC. minimum detectable temperature
change

Discussion

Continence is maintained by a number of factors and while there
is broad agreement on the structures and organs involved there
are differences in opinion regarding their mechanism of action5.
The voluntary sphincters are of prime importance as they are
continuously active and reflexly contract in response to
increased intra-abdominal pressure0, thereby preventing faecal
leakage during activities such as coughing. At rest, however,
they contribute only 15-30 per cent of the anal canal pressure,
the majority of pressure being generated by the internal anal
sphincter 8. It would appear that the internal sphincter
provides a basal pressure which is augmented by the external
sphincter muscle either voluntarily or reflexly as required.
Incontinent patients usually have a reduction of both resting
and maximum 'squeeze' pressures9 although we have seen
incontinence associated with a profound impairment of either in
isolation.

The role of the puborectalis muscle and the angle it produces
between the anal canal and the rectum has been emphasized.
According to this theory continence is maintained by the
anterior rectal wall being forced down into the upper anal canal
by increases in intra-abdominal pressure10. More recently,
however, it has been demonstrated by visualizing the anorectum
videographically during a Valsava manoeuvre that this does not
occur11. Also several authors have demonstrated that the

operation of postanal repair, designed to improve continence by
recreating an acute anorectal angle, has no significant effect on
the angle and yet is successful in approximately 60 per cent of
cases while a further 15 per cent are significantly improved12-13.

Many other factors undoubtedly play a part in maintaining
normal continence. Rectal sensibility14, reverse gradients of
activity in the rectum13 and anal canal10, and in particular a
normal compliant rectum17,18, probably all make a
contribution. The role of anal sensation is less clear. Anal
relaxation induced by rectal distension was demonstrated by
Gowers19 as long ago as 1877 but Duthie and Bennett were the
first to show that in the upper anal canal this relaxation could be
sufficient to allow rectal contents to come into contact with
sensitive anal mucosa2. In 19 maie control subjects they
measured first the proximal extent of anal sensation with a fine
bristle. Using a non-perfused water-filled manometric system
rectal pressure was continuously measured and a station pull-
through anal sphincter profile performed before and during
distension of the rectum with lOOmi of air in a balloon. They
found that the rectal pressure reached the sensitive anal mucosa
in 15 of 17 patients in w hom complete data were available, such
that up to 2 cm of sensitive mucosa was exposed.

In this study anai sensation was tested objectively by our new-
methods of mucosal electrosensitivity and temperature
sensation. Electrocutaneous stimulation activates large and
smail myelinated .liferents from gut mechanoreceptors" '. While
mechanosensitivity is important there is general agreement
amongst sensory physiologists that the temperature sense plays
a fundamental role in the discrimination between gas. liquid and
soiid and in particular the sensation of 'wetness*. In normal .skin

this is a blended sensation dependent on both tactile and
thermal stimuli. Objective evidence for this is derived from
patients in whom the spinothalamic tract is cut in the treatment
of intractable pain. Following this procedure thermal sensitivity
is lost and tactile sensation is retained but they lose the sensation
of 'wetness'20. We have described previously the high degree of
thermal and mucosal electrosensitivity in the normal anal canal
and the profound reduction in patients with idiopathic faecal
incontinence which reduces their ability to discriminate the
nature of rectal contents.

The results of this study further emphasize the role of sensory
information in the continence mechanism. We suggest that in
health the anal canal regularly relaxes subconsciously allowing
the sensitive mucosa to come into contact with rectal contents

giving continuously updated information to the spinal cord.
This phenomenon was less frequently observed in the
incontinent patients who were as a result deprived of important
sensory information. Sampling also occurred at lower
thresholds for air freely injected into the rectum in controls
compared with incontinent patients and this would also tend to
blunt sensory information from the region. These patients
therefore have two factors which are likely to impair their
discriminatory ability. Firstly, they have severely reduced
sensation in the anal canal and secondly their defective sampling
response diminishes the chance of rectal contents coming into
contact with it. This would explain frank incontinent episodes of
which many patients qre completely unaware.

Distension of the rectum by air instilled within a balloon as
opposed to freely into the lumen did not reveal any differences
between the groups. The reason for this is obscure but it is
possible to speculate that the inevitably slower distension
involved in inflating the balloon stimulated a different set of
stretch receptors that were unaffected by the neuropathic
process in idiopathic faecal incontinence.

In conclusion, we have confirmed the existence of the
sampling response and shown that it occurs at much lower
volumes of rectal distension than originally thought. In
addition, incontinent patients have a dual defect in the sensory
arm of the continence mechanism which in part explains the
difficulties of these patients and has implications for their
management.
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SUMMARY

1. The afferent innervation of the distal ileum has been examined in normal rats

and in rats treated at birth with capsaicin. Electrophysiological recordings were
made using an in vitro preparation of distal ileum and its associated mesenteric
nerves. The fibre composition of the mesenteric nerves was examined by electron
microscopy and the numbers of primary affererit fibres innervating a segment of
distal ileum was estimated using retrograde tracing.

2. Recordings were made from 120 single afferent units all of which showed some

degree of background activity. The conduction velocities of sixty-seven afferent
units were estimated/hind all were found to be in the C-fibre range ( < 2 m/s).
Eighty-two units were sufficiently studied to allow their classification according to
whether they responded to mechanical stimuli (M units), chemical stimuli (Ch units)
or both mechanical and chemical stimuli (MCh units). In control rats 85-5% were
classified as MCh units. 11-9% as M units and 2 6% as Ch units. In capsaicin-treated
rats six single and three multi-units were MCh and one multi-unit was classified as
an M recording.

3. The effects of intraluminal distension were investigated in sixty-seven units
which were classified according to whether or not they adapted during the distension.
About half the total units were classified as rapidly adapting, the other half were

slowly adapting. This distribution was similar for the MCh-units. but of the
eight M units tested, seven adapted during distension. The distension thresholds
were tested in thirty units, of which twenty-eight responded at thresholds below
18 mmHg. There were no differences in the thresholds of units from control and
capsaicin-treated rats.

4. The chemosensitivity of units was tested in response to acetylcholine (AC'h).
bradykinin and substance P. Most units tested responded to ACh (78% of MCh units
tested) and bradykinin (80% of MCh units), but fewer units responded to substance
P (about 50% of MCh units). ACh produced an increased tension which outlasted the
increase in afferent activity. Bradykinin gave long-lasting afferent responses which
were not always accompanied by increases in tension. The increases in afferent
activity produced by substance P were often seen after an increase in tension.

5. The fluorescent dye True Blue injected into the wall of the ileum labelled cell
bodies in the spinal and nodose ganglia, predominantly on the left side of an animal.

* Present address: Department of Medical Physiology. I'niversity ofCalgary. Calgary. Canada.
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The mean number of labelled cells per animal was eighty-seven, of which the
majority was in the T10-T13 spinal ganglia.

6. These results demonstrate the presence of unmyelinated afferent fibres
innervating the rat distal ileum. The receptor properties of the majority of these are
consistent with their being polymodal receptors capable of responding to a range of
chemical and mechanical stimuli.

INTRODUCTION

Electrophysiological recordings from visceral afferent fibres have demonstrated
the occurrence of intestinal receptors that respond to chemical and mechanical
stimuli (Morrison, 1977; Mei, 1985; Andrews, 1986; Janig & Morrison, 1986). Most
of these recordings have been made from primary afferent fibres in the major visceral
nerve trunks (vagus and splanchnic nerves and sympathetic chain). However,
physiological (Szurszewski, 1981), anatomical (Kuntz, 1938; Ross, 1958; Schofieid,
1960; Feher & Vajda, 1982) and immunochemical (Costa, Furness & Llewellyn-
Smith, 1987) evidence suggests, that in addition to primary afferent fibres with
intestinal receptors, there are also intestinal afferent fibres with axons in the
mesenteric nerves whose, cell bodies are'located in the intestinal wall. The cell bodies
of these neurones are found in the myenteric and submucous plexuses and their
centripetal projections appear to terminate in the abdominal prevertebral sym¬
pathetic ganglia. Hence, recordings made from afferent fibres in the mesenteric
nerves contain information on the receptor properties of both primary afferent and
intramural afferent neurones.

Relatively little is known about the receptor properties of afferent fibres in the
mesenteric nerves. Previous electrophysiological studies, conducted in rats and cats,
have indicated the presence of mechanoreceptors in the intestinal wall and mesentery
and. in cats, of mesenteric Pacinian corpuscles (Gammon & Bronk, 1935: Gernandt
& Zotterman. 1946: Bessou & Perl. 1966: Hardcastle, Hardcastle & Sanford. 1978).
Intestinal chemoreceptors have been identified which respond to intraluminally
applied acid (Sharma & Xasset. 1962; Andrews & Andrews, 1971), amino acids
(Sharma & Xasset. 1962), bile (Tantisira. Jodal & Lundgren. 1987) and sugars
(Sharma & Xasset. 1962: Hardcastle et al. 1978) and to intra-arterial serotonin
(Xiijima. 1981). Intestinal receptors have also been identified which respond to
venous occlusion and ischaemia (Andrews. Andrews & Orbach. 1972).

In the present study we have used a combination of techniques to examine the
properties of intestinal mesenteric afferent fibres in the rat. Electrophysiological
recordings were made using an in vitro preparation of distal ileum and its associated
mesenteric nerves. Losing this preparation we have studied the responses of intestinal
receptors to mechanical and chemical stimulation of the gut in normal rats and in
rats treated at birth with capsaicin, a procedure known to destroy the majority of
unmyelinated primary afferents (Xagy. 1982; Buck & Burks. 1986). The latter
preparation was used to attempt to study the responses of the surviving afferent
fibres. The fibre composition of mesenteric nerves innervating the distal ileum was
examined using electron microscopy. In addition, we have obtained an estimate of
the primary afferent innervation of the distal ileum, using retrograde axonal tracing.
A preliminary account of some of this work has been published (Cervero & Sharkey.
1986).
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METHODS

Electrophysiology
Recordings were made from the mesenteric nerves of seventy adult male Wistar rats

(250-500 g) which were divided into two groups: (a) control rats, which consisted of normal stock
animals (n = 54) and those treated at birth with the solvent used to dissolve capsaicin (n = 3 : 10%
ethanol. 10% Tween 80, 80% physiological saline) and (b) capsaicin-treated rats, which consisted
of thirteen rats which were injected subc-utaneously with capsaicin (50 mg/kg) 48 h after birth.
Injections of capsaicin or the solvent were made under halothane anaesthesia (1 % in j 0, and §
X20). After recovery the pups were returned to their mother. Xo further procedures were carried
out until the rats were used as adults.

A detailed description of the recording methods and the in vitro technique has been published
elsewhere (Sharkey & Cervero. 1986). The segments of distal ileum used were taken 50-100 mm
from the ileocaecal junction and had a single straight neurovascular bundle. Recordings were made
from mesenteric nerves about 20 mm from the gut wall. Afferent units were tested for
mechanosensitivitv by probing the mucosa or serosa with a fine glass rod (1-2 mm tip diameter),
by light stroking (along the longitudinal axis of the segment) and by intraluminal distension
(0-18 mmHg). Chemosensitivity was tested by direct application of acetylcholine chloride
(5-550 nmol, Sigma), bradykinin acetate (1-10 nmol. Cambridge Research Biochemicals. lot
26114) or substance P (1 pmol-10 nmol. Cambridge Research Biochemicals. lot 03065) to a
receptive field on the serosal surface of the segment or by intra-arterial injection as previously
described (Sharkey & Cervero. 1986). Responses of a unit were taken as the time to return to
background levels of activity. All chemicals were dissolved in sterile physiological saline and stored
at —20 °C until warmed to 37 °C immediately prior to use. The spike shape of all single units was
examined with an analog delay, using the undelayed spike to trigger the oscilloscope sweep.
Conduction velocities of single units were estimated b\- transmural electrical stimulation of the gut
at a point on the serosal surface containing the receptive field of the afferent fibre.

Electron microscopy
The fibre composition of mesenteric nerves from seven neurovascular bundles supplying the

distal ileum were examined in two animals. Rats were anaesthetized with sodium pentobarbitone
(60 mg/kg, i.p., Sagatal. May & Baker Ltd) and perfused at a constant pressure (100-120 mmHg)
through the ascending aorta with 100-200 ml of Tvrode solution (pH 7 4) containing 1 % xylocaine
(Astra), immediately followed by 1 1 of 5 % glutaraldehvde (Taab) in 0-1 m-phosphate buffer (pH 7-4)
at room temperature. Mesenteric neurovascular bundles were dissected, pinned out onto cork and
immersed in the same fixative overnight at 4 °C. They were then washed in sodium cacodylate
(pH 7-2). post-fixed in 1 % osmium tetroxide. stained en bloc with uranyl acetate, dehydrated in
acetone and embedded in Epon. Transverse thin sections were cut on an ultramicrotome (Reichert
Instruments. Austria) from a region of the neurovascular bundle 10-20 mm from the gut wall,
stained on slot grids with uranyl acetate and lead citrate and examined under an electron
microscope (Philips 300 TEM).

Retrograde tracing
The primary afferent innervation of segments of distal ileum was studied using retrograde

tracing with the fluorescent dye True Blue (1.2-bis[5-amidino-2-benzofuranyl]-ethylenediaeeturate.
Sigma) (Bentivoglio. Kuypers. Catsman-Berrevoets & Dann. 1979). Four adult male Wistar rats
were anaesthetized with sodium pentobarbitone (60 mg/kg, i.p.). L'nder aseptic conditions a
laparotomy was performed, the intestine was exposed and a suitable segment identified. An
aqueous suspension of 10 /d True Blue (2% w/v) was injected at multiple sites (five to six) into the
wall of the segment, taking care to avoid damage to the vasculature and to prevent leakage of the
dye. The injections were made in such a way as to cover as much of the central region of a segment
as possible. In experimental rats (n = 3) the two adjacent segments of distal ileum were denervated
using a liquid X2 cooled probe placed on the neurovascular bundle as described by Hill. Hirst. Xgu
& van Helden (1985). To ensure a complete denervation of the adjacent segments, each
neurovascular bundle was frozen at two points. 10 mm apart, for 10-20 s. In the control animal the
injected segment of distal ileum was also denervated. After placing the intestine back into the
abdomen the animals were sutured and allowed to recover. Five days after surgery the rats were
re-anaesthetized as above and perfused at a constant pressure through the ascending aorta with
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100-200 ml physiological saline containing 1 % sodium nitrite, immediately followed by 500 ml ice-
cold 4% paraformaldehyde (pH 7-4). The T6-S2 dorsal root ganglia and nodose ganglia were
dissected and immersed in the same fixative for 1-2 h at 4 °C. They were then washed in 0-1 M-
phosphate buffer containing 20% sucrose for at least 12 h at 4 °C. Serial frozen sections (20 /tm)
were cut on a cryostat (Bright Instruments) and thaw-mounted onto chrome-alum gelatine-coated
slides. Sections were examined using a Leitz Laborlux microscope fitted with a Ploemopak
fluorescence illuminator equipped with filter system A. Labelled cells were counted and in some
cases photographed using Ilford FP4 (125 ASA) black-and-white film. Due to the low numbers of
labelled cells no difficulty was encountered in avoiding double counting.

results

Electrophysiological recordings were made from 120 single afferent units, all of
which showed some degree of background activity (range < 1 to about 10 Hz) under
resting conditions (0-2 mmHg intraluminal pressure. 05 g tension. 5-6 m.M-glucose).
Eighty-two units (seventy-six from control rats and six from capsaicin-treated rats)
were studied sufficiently to allow their classification according to whether they
responded to the mechanical stimuli (M units), chemical stimuli (Ch units) or
mechanical and chemical stimuli (MCh units). In control animals 85-5%
(65/76 units) were classified as MCh units. 11-9% as M units (9/76) and 2-6% as Ch
units (2/76). In capsaicin-treated rats all six single units were classified as MCh units.
In an additional four multi-unit recordings made from capsaicin-treated rats, three
were classified as MCh recordings and one as an M recording.

Conduction velocities were estimated from a total of sixty-seven afferent units
(sixty-one from control rats and six from capsaicin-treated rats). All units tested had
conduction velocities in the C-fibre range, i.e. less than 2 m/s. The mean conduction
velocity in control animals was 0-7 + 003 m/s (mean+s.e.m., n = 61) and in
capsaicin-treated animals was 0-9 + 0-04 m/s (n = 6). The mean conduction velocity
of MCh units from control rats was 0-7 +0-04 m/s (n = 40) and that of M units was
07+0-1 m/s (n = 5). Only one Ch unit had its conduction velocity measured
(0-6 m/s). The distribution of conduction velocities is shown in Fig. 1.

Mechanical stimulation

The effects on the afferent discharges of probing or stroking the serosal and
mucosal surfaces of the preparation with a fine-tipped glass rod are summarized in
Table 1. The majority (about 90%) of MCh and M units from control and capsaicin-
treated rats responded to probing of the serosal surface. Fewer units responded to
light stroking of either the mucosa (36 % of MCh units from control rats) or the serosa
(43% of MCh units from control rats). Two units from control animals did not
respond to any mechanical stimulation (although they did respond to chemical
stimulation and were classified as Ch units: see below).

Receptive fields of mechanosensitive units were found on the mucosal and serosal
surfaces of the intestine. The majority were identified by probing the serosal surface
and some were associated with the course of a blood vessel, though many were on the
antimesentcrie side of the intestine. The serosal receptive fields tended to be single
punctate spots.
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Fig. I. A, an illustration of an afferent unit activated by electrical stimulation of the ileum
at the time indicated by the arrow. The latency from stimulation and the conduction
distance were used to estimate the conduction velocity of afferent fibres. B, distribution
of the conduction velocities of sixty-seven afferent fibres from control (open bars) and
capsaicin-treated rats (hatched bars). C and D. distribution of the conduction velocities
of afferent fibres whose receptor properties were studied sufficiently to allow them to be
classified as MCh units (C), M units (D. open bars) or Ch units (D. filled bar). Units from
capsaicin-treated rats were all classified as MCh (C. hatched bars).

Table 1. Number of intestinal afferent fibres responding to each experimental test vs. number of
units tested in each group

Fibre Serosal Serosal Mucosal

type Distension probe stroke stroke ACh BK SP

M 7/9 8/9 1/4 1/4 — — —

Ch — — — — 1/2 2/2 1/2
MCh 57/64 58/64 13/20 10/28 43/55 36/44 9/17
MCh (Caps) 6/6 5/5 2/3 0/6 6/6 5/6 n.t.

n.t.. not tested. —. no response. Caps, capsaicin-treated rats. BK. bradykinin. SP. substance P.

Responses to distension
The effects of intraluminal distension were investigated in seventy-five units

(sixty-nine from control rats and six from capsaicin-treated rats). The units were
divided into two types according to their discharge pattern during the stimulus.
Those which showed a discharge above background activity for the whole of the
stimulus duration were classified as slowly adapting. Those whose discharge pattern

i:s I'll 1* on
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declined to background activity levels during the stimulus were classified as rapidly
adapting (examples of each are shown in Fig. 2).

In control animals 45% (31/69) of units tested were slowly adapting and 55%
(38/69) adapted during the distension. In capsaicin-treated rats, of the five units
examined three were slowly adapting and two were rapidly adapting (one could not

a b

10 s

Fig. 2. Examples of units that responded to intraluminal distension in a rapidly adapting
p4) and slowly adapting (B) manner. The unit in A is from a control rat and that in B is
taken from a capsaicin-treated rat.

be classified). The proportions of rapidly adapting and slowly adapting units among
the MCh group were similar in both control and capsaicin-treated animals. However,
it is interesting to note that of the eight M units tested in control animals, seven
adapted during distension. The relationship between the adaptation characteristics
of a fibre and its receptor properties are shown in Fig. 3.

It appears that fibres of either the slowly or rapidly adapting type are distributed
throughout the range of conduction velocities (Fig. 4), although there is a tendency
for the faster units to adapt during distension.

Distension thresholds were tested in thirty units (twenty from control and ten
from capsaicin-treated rats). Twenty-eight of these responded to intraluminal
distension, with an increase in firing at a threshold below 18 mmHg. The range of
distension thresholds for these units and their adaptation characteristics are shown
in Fig. 5A. Fourteen units from control animals whose distension thresholds were
determined also had characterized receptor properties (Fig. 5B). Twelve were
classified as MCh units and two as M units. Both M units had low (3-6 mmHg)
distension thresholds. It is clear that there were no major differences between rats
treated at birth with capsaicin and controls in the mechanosensitivity of their
mesenteric afferents.

Chem ical stim illation

The results of chemical stimulation of intestinal afferent fibres are summarized in
Table 1. In control rats 78% of MCh units responded to a bolus injection of

10

mmHg
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40

20

0 L

Total units

MCh units j^xj Rapidly adapting units

□ Slowly adapting units

M units

Controls

MCh units

EZC]
Capsaicin

Fig. 3. The relationship between the adaptation characteristics and the receptor properties
of afferent units from control and capsaicin-treated rats. There are about equal
proportions of rapidly adapting and slowly adapting MCh units in control and capsaicin-
treated rats. However, of the eight M units from control rats, seven adapted during
distension.

15 r

10

0

|x^j Rapidly adapting units

□ Slowly adapting units

Conduction velocity (m/s)

Fig. 4-. The relationship between conduction velocity and the adaptation characteristics
of forty-eight afferent units from control animals. Rapidly adapting and slowly adapting
units were distributed throughout the range of conduction velocities, though there is a
tendency for faster units to adapt during intraluminal distension.
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10

Controls

Capsaicin Controls

18 0

rn
18

Distension threshold (mmHg)

Fig. 5. A. the relationship between distension threshold and adaptation characteristics of
twenty-eight units from control and capsaicin-treated rats. Rapidly adapting units
(hatched bars) tend to have distension thresholds at the lower end of the range of
thresholds observed, whilst slowly adapting units (open bars) are distributed throughout
the range of thresholds. B. the relationship between distension threshold and the receptor
properties of afferent units from control rats. The MCh units (open bars) had distension
thresholds throughout the range, but both of the M units in this sample (filled bar) had
low (3-6 mmHg) distension thresholds.

T 1

Pll
I

Hi] Cbn n_ JL

20

Impulses/s

0

550 nmol

acetylcholine
10 s

Fig. 6. The response of a unit from a control rat to serosal application of acetylcholine
(10 //1) to its receptive Held. Tension in the preparation (top trace) outlasted the increase
in afferent activity (bottom trace), which was of short latency and duration.
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acetylcholine (ACh) as did all the MCh units from capsaicin-treated rats. One of the
two Ch units from the control rats also responded to ACh. An example of a response
to ACh is shown in Fig. 6.

The responses occurred after a short latency (T5±02s, range 1-5 s, n = 22
responses) and with a mean duration of 17-7 + T9 s (range 8-35 s). In addition to an
increase in afferent firing there was an increase in tension in the longitudinal muscle
and an increase in intraluminal pressure (if the pressure recording system was
closed). Maximum intraluminal pressures attained were in the order of 20 mmHg.
These mechanical events occurred simultaneously with the afferent discharge but the
increase in tension always outlasted the increase in afferent activity. Bradykinin
stimulated about 80% of MCh units from control and capsaicin-treated rats and
both of the Ch units from the control animals. An example of a response to
bradykinin is shown in Fig. 7.

Ii3

Saline 1 nmol 5 nmol

bradykinin bradykinin
ToT

Fig. 7. The response of a unit from a control rat to intra-arterial injection of bradykinin
at the doses shown. The same volume of saline (10 /tl) had no effect on afferent activity
(A. bottom trace) or on tension in the preparation (A. top trace). The unit responded to
the higher dose of bradykinin with an increase in firing (B. bottom traces), though tension
in the preparation did not increase in a dose-related manner (B. top traces).

The responses to bradykinin were accompanied by an increase in tension: however,
these responses were more variable than those to ACh and often only small changes
in tension were observed. The latency of the afferent nerve responses to bradykinin
was 5-5+ 1-0 s (range 2-15 s. n = 16 responses) which is significantly longer than that
to ACh (unpaired t test. P < 0 01). The duration of the responses varied considerably,
but tended to be longer than those to ACh (range 15-> 60 s). Substance P stimulated
about 50% of MCh units and one of the two Ch units from control rats. An example
of a response to substance P is shown in Fig. 8. The latency of the responses tended
to be greater than that for ACh or bradykinin (8-6 + 2-7 s, range 2-20 s. n= 7
responses) and the responses also tended to be of shorter duration (11-6 + 3-3 s. range
5-30 s). Substance P increased tension in the preparation and in some cases it
appeared that this increase occurred before the increase in afferent firing.
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Electron microscopy
Electron microscopic examination of transverse sections through the neuro¬

vascular bundles showed two nerve fascicles. 30-50 ym in diameter, running close
to an arteriole and venule. In some sections small nerve fascicles (less than 20 //m
diameter) were found separated from the two major ones, in the fat and connective
tissue surrounding the vascular elements. The nerve fascicles were composed entirely

I' «1 0

T 20
lmpulses/s

- 0

2 nmol

substance P

•^ToT

Fig. 8. The response of a unit from a control rat to intra-arterial injection of substance P.
Note that afferent activity (bottom trace) was preceded by an increase in tension (top
trace).

of unmyelinated fibres, each of the major fascicles having 600-1000 axons (Fig. 9.4).
The mean number of axons in each neurovascular bundle was 1988+187 (n = 3
bundles from one rat).

Retrograde tracing
Injection of 10 /d True Blue into the wall of a segment of distal ileum labelled

small-diameter neurones in the spinal and nodose ganglia on both sides of the animal
(Fig. 9B and C). The majority (about 75%) of labelled cells in all rats were found in
the T10-T13 spinal ganglia, with a predominance of labelling on the left side of the
animal (Fig. 10). The mean number of labelled afferents per animal was 87 + 17
(mean + s.E.M.. n — 3 rats); of which about 94% were in the spinal ganglia. The
labelled cells were distributed throughout a ganglion in an apparently random way.
although in some cases two labelled cells were found side by side. In no case were
more than four cells found in any section and the average number of cells per section
was one. In the control rat a total of five labelled cells were seen (one each in T8. Til.
T12. Ll and Si spinal ganglia).

jT-]\ ,+^nTU
ill
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Fig. 9. .-f. an electron micrograph of a transverse section of a nerve fascicle from a
neurovascular bundle. Xote the absence of myelinated fibres. Scale bar: 10 /(m. B and C.
retrogradely labelled cell bodies in sections of the Tl.'l spinal ganglion (B) and nodose
ganglion ((') after injection of True Blue into the wall of the distal ileum. Scale bar:
50 /<m.
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Fig. 10. The distribution of retrogradely labelled cell bodies in the spinal and nodose
ganglia of rats injected with True Blue into the wall of the distal ileum. Data are
presented as mean + s.E.M. for three rats. Two observations were made from the left
nodose ganglia and data are presented as the mean of the two observations. The + symbol
indicates onlv one observation.

DISCUSSION

We have studied the afferent innervation of the rat distal ileum using a
combination of electrophysiological and anatomical techniques. Three groups of
intestinal receptors with unmyelinated afferent fibres in the mesenteric nerves have
been identified: (i) receptors responding to mechanical and chemical stimulation of
the gut (MCh units: 86% of units tested), (ii) receptors responding only to
mechanical stimulation of the gut (M units: 11% of units) and (iii) receptors
responding only to chemical stimulation (Ch units: 3% of units). All the units tested
had conduction velocities in the C-fibre range ( < 2 m/s), which is consistent with the
histological observation that all fibres in the mesenteric nerves are unmyelinated.
These electrophysiological observations, using an in vitro preparation, confirm and
extend previous studies of mesenteric afferent fibres conducted in vivo (Gammon X
Bronk. 1933: Gernandt & Zotterman. 1946: Sharma & Xasset. 1962: Bessou & Perl.
1966: Andrews & Andrews. 1971; Andrews et al. 1972; Hardcastle et al. 1978:
Xiijima. 1981: Tantisira et al. 1987). The presence of background activity recorded
in our study has been found in mesenteric nerves in vivo, as well as in recordings from
the splanchnic and vagus nerves of primary afferent fibres innervating the intestine
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(Andrews, 1986: Janig & Morrison, 1986). Previous studies have shown that luminal
glucose at concentrations above 10 m.\i increases activity in mesenteric nerves
(Hardcastle et al. 1978); although the concentration of glucose in our study is lower
than this (5-6 mil) it could account for some of the background activity.

In vitro preparations have been used to study the afferent innervation of skin
(Cohen & Perl, 1986 ; Reeh, 1986), muscle (Kieschke & Mense, 1984), uterus (Berkley.
Robbins & Sato, 1988) and testicles (Kumazawa, Mizumura & Sato, 1987). These
preparations appear to be particularly suitable for studying the actions of chemicals
on afferent activity, since many chemicals of interest have potent vasoactive and
other systemic effects which may influence the environment of the receptor under
study. There do not seem to be substantial differences between the receptor
properties of afferent fibres recorded in in vivo and in vitro preparations. Thus, in
vitro techniques can offer, in some cases, a reliable and valid alternative to in vivo
experiments.

Anatomical considerations

The mesenteric nerves from which afferent activity was recorded consisted, in
most cases, of two nerve fascicles containing about 2000 unmyelinated axons. This
confirfns and extends the light microscopic observations made by Schofield (1960).
It is not known whether any of these fibres become myelinated more centrally, nor
whether some of them are branches of the same parent axon. The presence of
multiple branches of a single primary afferent innervating the intestine has been
described (see Morrison, 1977; Janig & Morrison, 1986), but the extent to which
branching occurs in rat mesenteric nerves is not known.

Knowledge of the anatomy of the afferent innervation of the small intestine is
derived from fibre degeneration studies following nerve section and from retrograde
tracing (Sheehan, 1933 : Schofield. 1960; Feher & Vajda. 1982). The results of these
studies indicate that the small intestine is innervated by two different kinds of
afferent neurone: (i) primary afferent fibres whose cell bodies are located in the
nodose and spinal ganglia, and (ii) neurones, located in the myenteric and submucous
plexuses, whose centripetal projections run in the mesenteric nerves. The latter
terminate in the abdominal prevertebral sympathetic ganglia, but do not appear to
reach the CXS. Both degeneration studies and the present retrograde tracing study
indicate that most of the primary afferent innervation of the small intestine is of
spinal origin (Sheehan. 1933; Schofield, 1960).

The segmental distribution of spinal afferent fibres innervating the ileum of the cat
has been studied physiologically, using the psuedoaffective response of an animal to
intestinal stimulation (McSwiney & Suffolk. 1938: Hazarika. Coote & Downman.
1964). These studies show that the upper segment of entry is at T6 and the lower
atT12 orT13 (McSwiney & Suffolk. 1938) or L2 (Hazarika et al. 1964). Our data on the
spinal distribution of primary afferents innervating a segment of distal ileum in the
rat agrees well with this distribution, since we found labelled cells in the T6-L1 spinal
ganglia.

Using selective degeneration in silver-stained preparations Ross (1958) estimated
that intramural afferent fibres constitute about 30% of axons in rabbit mesenteric
nerves. We report here that about 100 primary afferent cell bodies innervate the
central region of a segment of distal ileum. It is possible that a single spinal ganglion
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cell has more than one branch in a given mesenteric nerve and therefore the
proportions of the different types of afferent fibre in the mesenteric nerves cannot be
accurately extrapolated from our figures. However, if spinal primary afferents were
to constitute a significant proportion of all afferent fibres in the mesenteric nerves
they would have to undergo considerable peripheral branching. We must therefore
conclude that the majority (i.e. over 50%) of the afferent fibres in the mesenteric
nerves are the centripetal projections of enteric neurones.

Electrophysiological observations
Responses to mechanical stimulation

Mechanosensitive afferent endings in the small intestine have been reported to
respond to distension, probing, stroking and compression of the gut wall and to
tension on mesenteric attachments (Andrews, 1986; Janig & Morrison, 1986). The
same stimuli, when tested, evoked afferent activity in our preparation. In our study
the mechanical receptive fields to probing consisted of single spots, on the serosal and
mucosal surfaces, including the antimesenteric side of the intestine. The latter
observation is in contrast to previous studies of the small intestine in which surface
receptive fields tended to be on the mesenteric side of the gut or in the mesentery
(Bessou & Perl. 1966; Morrison. 1977).

Afferent activity could be evoked in most mechanosensitive units by intraluminal
distension and by probing the serosal surface of the intestine. The thresholds for
activation of mesenteric afferents by distension measured in the present study fall
within the range of pressures that, by comparison with the guinea-pig, might occur
during peristalsis (Kosterlitz, Pirie & Robinson, 1956). On the other hand, they are
low compared with those obtained by others in in vivo studies on larger animals
(Morrison. 1977; Janig & Morrison. 1986). This may be due to technical differences
in our preparation or to species differences. However, it is interesting to note that
distension pressures of less than 15 mmHg cause maximal synaptic activation of
guinea-pig inferior mesenteric ganglion neurones that receive colonic afferent input
(Weems & Szurszewski, 1977). Since we could not apply distensions above 18 mmHg
to our preparation, the existence of populations of intestinal afferents with high
mechanosensitive thresholds could not be examined.

In our recordings about half of the MCh units tested responded to distension in a
slowly adapting manner, and the other half adapted during distension. However, of
the eight M units tested, seven adapted during distension. Both rapidly and slowly
adapting responses have previously been recorded in vivo from spinal afferents
innervating the cat small intestine (Bessou & Perl, 1966; Morrison. 1977).
Extracellular recordings made from mechanosensitive enteric neurones have revealed
three types of response: (1) a slowly adapting response, (2) a rapidly adapting
response and (3) a continuous discharge of spikes outlasting the stimulus and
independent of its duration or intensity (Wood, 1982). however, it is not known
whether any of these neurones have centripetal projections.

Responses to chemical stimulation
Acetylcholine, bradykinin and substance P caused excitation of the majority of

afferent units tested. Two units responded only to chemical stimulation, and of these
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both were activated by bradykinin. Most of the units that responded to chemical
stimulation also responded to mechanical stimulation, i.e. they were MCh units.
Similar observations have been made in in vivo recordings from intestinal afferent
fibres in the vagus and splanchnic nerves (Cottrell & Iggo, 1984; Andrews, 1986:
Janig & Morrison. 1986). Furthermore, in an in vitro preparation of dog testis.
Kumazawa et al. (1987) reported that about 90% of afferent fibres were 'polymodal'
(responding to chemical and mechanical stimulation). This type of polymodal
receptor appears to be widely distributed in viscera. Longhurst, Kaufman. Ordway
& Musch (1984) and Lew & Longhurst (1986) have reported excitation of visceral
afferents in the cat sympathetic paravertebral chain by bradykinin and substance P.
although these fibres were apparently mechanically insensitive.

The latency and duration of the responses to ACh were both relatively short, and
always accompanied by increases in tension in the preparation. This effect was
similar to that reported by Cottrell & Iggo (1984) in duodenal afferent fibres in the
sheep. Bradykinin gave a longer latency response of long duration. This action
appears to be characteristic of bradykinin, since it has been seen previously in other
viscera in vitro and in vivo (Kumazawa & Mizumura, 1980; Haupt, Janig & Kohler.
1983; Cottrell & Iggo. 1984; Berkley et al. 1988). LTnlike ACh, bradykinin did not
always increase tension, even where it stimulated afferent activity. Although we
cannot exclude the possibility of small and undetected contractions in the
preparation, this observation suggests that bradykinin may have a direct action on
intestinal receptors. This is supported by Haupt et al. (1983) who reported that
bradykinin excited colonic afferents even when the colon was paralysed. However, in
the bladder it has been reported that bradykinin activates mechanosensitive afferent
fibres via excitation of smooth muscle (Floyd, Hick. Koley & Morrison. 1977). In
about half of the units tested substance P produced an excitatory response of long
latency and variable duration. This response to substance P often occurred after an
increase in tension, which suggests it might have been indirectly mediated through
an action on intestinal smooth muscle. Substance P has previously been reported to
excite visceral afferent fibres (Kumazawa & Mizumura. 1979: Lew & Longhurst.
1986).

Actions of capsaicin

Neonatal administration of capsaicin permanently destroys a population of small-
diameter primary afferent neurones (Xagy. 1982; Buck & Burks, 1986). This
population contains a group of visceral afferent neurones, though not all visceral
afferent neurones are capsaicin sensitive. Capsaicin does not apparently affect enteric
neurones (Buck & Burks. 1986). It has been reported that neonatal capsaicin reduces
reflex activity in the mesenteric nerves initiated by topical application of bradykinin
to the intestine (Stein. Genovesi. Demarest & Weaver. 1986). Our results show that
capsaicin had little effect on the properties of surviving mesenteric afferent fibres
sampled electrophysiological!}-. If a substantial proportion of the intestinal afferent
innervation was destroyed it might be expected that it would have been hard to
detect afferent activity. Since this was not the case it is likely that at least some of
the afferent activity recorded in rat mesenteric nerves after neonatal capsaicin was
of intramural origin.
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In conclusion, the results of this study confirm the presence of unmyelinated
afferent fibres innervating the rat distal ileum and demonstrate their mechanical and
chemical sensitivity. It is likely that at least some of these fibres are of intramural
origin. The receptor properties of the majority of the afferent fibres are consistent
with their being polymodal receptors capable of responding to a range of chemical
and mechanical stimuli.

This work was supported by a grant from the Wellcome Trust. We are very grateful to Andrew
Amos and Steven Allen for expert technical assistance, Deborah Carter for electron microscopy.
Deborah Martin for histology and Perry Robbins for photography.
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SUMMARY

1. Single-unit activity has been recorded from eighty-three viscero-somatie
neurones in the lower thoracic spinal cord (T9-T11) of chloralose-anaesthetized cats.
These neurones were driven by natural and/or electrical stimulation in their somatic
receptive fields and gave excitatory responses to electrical stimulation of the
ipsilateral splanchnic nerve. Contralateral visceral inputs were tested by electrical
stimulation of the contralateral splanchnic nerve. Tonic and phasic descending
influences were tested by reversible spinalization with cold block at T7 and by
electrical stimulation in nucleus raphe magnus and the immediately adjacent
reticular formation.

2. Most viscero-somatic neurones (89%) gave an excitatory response to stimu¬
lation of the contralateral splanchnic nerve and were therefore considered to have
bilateral visceral inputs. In this group of neurones three categories of cells were
identified depending on whether their responses to ipsilateral splanchnic nerve
stimulation were decreased (50%). increased (42%) or unchanged (8%) in the spinal
state. Only one cell with an exclusively ipsilateral visceral input was tested for the
effects of reversible spinalization. Stimulation of contralateral splanchnic nerve
failed to evoke activity in this cell in the spinal state.

3. Sixty-four viscero-somatic neurones with bilateral visceral inputs and four
neurones with exclusively ipsilateral visceral inputs were tested with electrical
stimulation in nucleus raphe magnus and the adjacent reticular formation. Seventy-
eight per cent gave an initial excitatory response which was followed by a period of
reduced responsiveness to stimulation of visceral and somatic afferents. Three of the
four neurones with an exclusively ipsilateral visceral input had no excitatory drive
from the brain stem but their responses to stimulation of visceral and somatic
afferents were depressed.

4. The majority (77%) of neurones with bilateral inputs were located in laminae
VII and VIII with the remainder in the dorsal horn, predominantly laminae I and
V. whereas all but one of the neurones with an exclusively ipsilateral visceral input
were located in the superficial dorsal horn, predominantly lamina I. and none in
laminae VII and VIII.

5. These results show that the majority of viscero-somatie neurones in the cat's
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lower thoracic spinal cord receive bilateral visceral inputs and that the transfer of
this information is subjected to descending control which includes excitation as well
as inhibition. In addition, this study has provided evidence for a small population of
neurones in the superficial dorsal horn which receive an exclusively ipsilateral
visceral input.

INTRODUCTION

Visceral sensations are generally reported to be diffuse, poorly localized and often
referred to somatic structures (e.g. Procacci. Zoppi & Maresca, 1986). The somatic
referral of visceral sensations was interpreted, on theoretical grounds, as a
consequence of the convergence of visceral sensory information onto somatosensory
pathways (Ruch, 1946). Experimental work has now established that stimulation of
visceral afferent fibres activates spinal cord neurones that are also driven by somatic
stimulation (viscero-somatic neurones). Viscero-somatic neurones have been identi¬
fied in different species, at many levels of the spinal cord and have been shown to
contribute axons to ascending sensory pathways. It is generally thought that
viscero-somatic neurones provide the neurological substrate for the referral of
visceral pain (see Cervero & Tattersall. 1986; Foreman. 1986; Willis, 1986 for recent
reviews).

Previous reports from this and other laboratories have shown that viscero-somatic
neurones constitute a considerable proportion (40-60%) of all neurones recorded in
the lower thoracic-'-spinal cord of the cat. This suggests that visceral afferent
information must undergo considerable central divergence since there are relatively
few (10% or less) visceral afferent fibres in thoracic dorsal roots (Cervero, Connell &
Lawson, 1984). Central divergence and the disparity between the number of
peripheral and central neurones responding to visceral stimuli may account for the
diffuse nature of visceral sensations.

Spinal transmission of somatic information can be modulated by descending
inhibitory controls from the brain stem (see Besson & Chaouch. 1987 for a recent
review) and the transmission of visceral information is believed to be under similar
inhibitory controls. Recent information from this laboratory suggests that, in
addition to being subjected to descending inhibitory control, viscero-somatic
neurones in the cat s lower thoracic spinal cord can also be activated by electrical
stimulation at brain stem sites (Tattersall. Cervero'& Lumb. 19866). This, together
with the observation that the visceral responses of these cells are generally reduced
or even abolished in the spinal state (Tattersall. Cervero & Lumb. 1986a), has led us
to propose that the central divergence of visceral afferent information may include
supraspinal looped pathways.

We have now investigated further the extent of the central divergence of visceral
afferent information by testing whether single thoracic neurones are influenced by
bilateral visceral stimulation and whether the transfer of this information is
modulated by descending controls. Preliminary results have been published in
abstract form (Cervero & Lumb. 1987).
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METHODS

Experiments were conducted on thirteen adult cats of either sex with body weights between 2-2
and 3 8 kg. All cats were anaesthetized with a-ohloralose (CO mg kg"1 t.v.) after induction with
halothane (2-5% in 33% 0., and C6% X,0). Supplementary doses of a-chloralose (30 mg kg"1)
were given as required to maintain a level of anaesthesia so that no precipitate changes in blood
pressure were observed in response to minor noxious stimuli. The lack of rapid pupillary reflexes
was also used as an indicator of adequate anaesthesia. The animals were paralysed with
pancuronium bromide and ventilated with a positive-pressure pump. The general methods for
monitoring and maintenance of the physiological state of the animals have been described
previously in detail (Cervero. 1983a). A laminectomy was performed to expose the lower thoracic
spinal cord from T6-T13. The animals were mounted in a rigid frame and pools were made with
skin flaps over the exposed areas of the spinal cord. Spinal cord pools were filled with warm paraffin
oil at 38 °C. Recording stability was improved by clamping the vertebral column, by infiltration
of agar around the spinal cord, and by a bilateral pneumothorax.

Recording techniques
Extracellular single-unit recordings were made through glass microelectrodes filled with 4 m-

NaCl. Electrode impedances, measured at 1 kHz. were between 10 and 30 Mf2. Recordings were
made in the right side of the grey matter of the T9-T11 segments. Single units were isolated by
their responses to electrical stimulation of the appropriate dorsal rootlet (1-3 V. 0-1 ms. 1 Hz), via
ball-tipped silver wire electrodes. Amplified recordings were displayed on an oscilloscope and
analysed on-line' and off-line' using a microcomputer.

Stimulation of afferent fibres
Somatic afferent fibres were activated by natural stimulation within their receptive fields or by

electrical stimulation through intradermal electrodes. Natural stimulation included innocuous

(brushing and stroking) and noxious (pinching and squeezing) procedures. Visceral afferent fibres
were activated by supramaximal electrical stimulation (15-20 V. 0-2 ms. 0-3 Hz) of the ipsilateral
and contralateral splanchnic nerves. The right and left greater and lesser splanchnic nerves were
dissected through separate incisions and prepared for electrical stimulation as described previously
(Cervero. 1983a, b).

Cold block of the spinal cord
Reversible spinalization was achieved by circulating cold fluid through a thermode placed over

the T7 segment of the cord (Handwerker. Tggo & Zimmermann. 1975). Details of this procedure
have been described previously (Cervero & Pienderleith. 1985).

Stimulation in the ventromedial medulla

The cerebellum was exposed through a craniotomy and the central portion removed to allow
direct access to the brain stem. Stimulating electrodes were positioned stereotaxicallv in
ventromedial medullary structures (nucleus raphe inagnus and the adjacent reticular formation)
between 5 and 9 mm rostral to the obex. Stimulating electrodes were double-barrelled glass
micropipettes (overall tip diameters 15-20 jum). One barrel was filled with an alloy of Woods metal
and indium to allow monopolar electrical stimulation. The second barrel contained 4 M-NaC'l
saturated with Pontamine Sky Blue dye which could be pressure ejected (5-30 Ibf in"2) to mark
stimulation sites.

Histological methods
The position of the recording microelectrode was marked by ionophoretie deposition of

Pontamine Sky Blue (PSB) in the last track of the experiment. Marks were made in this track at
1 mm intervals. The section of the cord was removed and fixed in 10% formaldehyde. The
recording sites of neurones were reconstructed from PSB deposits recovered in 50 pm sections
eounterstained with Cresyl Violet.

The brain stem was removed and fixed in 10% formaldehyde. Pontamine Sky Blue deposits were
recovered in 50/(in sections eounterstained with Cresyl Violet and their locations plotted onto
representative mid-line parasagittal sections.
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results

Sample of neurones

Extracellular recordings were made from eighty-three viscerosomatic neurones in
the T9-T11 segments of the spinal cord. These cells were isolated by their responses
to electrical stimulation of appropriate dorsal rootlets and classified as viscero¬
somatic if. in addition to being driven by natural and/or electrical stimulation in
their somatic receptive fields, they also gave excitatory responses to electrical
stimulation of the ipsilateral splanchnic nerve (ISX). To determine whether any of
the cells had bilateral visceral inputs all were tested with supramaximal electrical
stimulation of the contralateral splanchnic nerve (CSX). In some cells tonic and
phasic descending influences were tested by reversible spinalization with cold block
at T7 and by electrical stimulation in the rostral ventromedial medulla.

Effects of splanchnic nerve stimulation
As defined by our sampling criteria, electrical stimulation of ISX evoked

excitatory responses in all viscero-somatic neurones included in this study. The
latencies of these responses were measured in forty-five cells and were found to range
between 5 and 40 ms (15 + 7-7 ms: mean + s.e.m.).

When tested with electrical stimulation of CSX seventy-four visccro-somatic
neurones (89%) gave an excitatory response and were therefore considered to have
bilateral visceral inputs. The latencies of these responses were measured in forty-two
cells and were found to range between 9 and 45 ms (19-9+ 10-4 ms; mean + s.e.m.).
An example of a viscero-somatic neurone with bilateral visceral inputs is given in
Fig. 1.

Xine viscero-somatic neurones (11%) gave no excitatory response to supra¬
maximal electrical stimulation of CSX. These cells were considered to have an

exclusively ipsilateral visceral input. The latencies of the responses to ISX were
determined in only three cells and were 25. 30 and 40 ms. These latencies are amongst
the longest found for the entire population of viscero-somatic neurones. However,
the sample is not large enough to test the significance of this observation. An
example of a viscero-somatic neurone with an exclusively ipsilateral visceral input is
illustrated in Fig. 2.

As with stimulation of ISX. the ongoing activity of viscero-somatic neurones with
a contralateral visceral input was generally depressed following the excitatory
response to CSX. In cells with an exclusively ipsilateral visceral input, stimulation
of CSX did not produce any apparent depression of ongoing or evoked activity.

Effects of spinalization on riscero-somatic neurones
Tonic descending influences on the spontaneous and evoked activities of thirteen

viscero-somatic neurones were tested by reversible spinalization with cold block at
T7. Twelve of' these cells had bilateral visceral inputs and one had an exclusively
ipsilateral visceral input.

Effects on cells with bilateral visceral inputs. The categories of viscero-somatic cells
described previously (Tattersall et al. 198G«) were identified in the present study, i.e.
viscero-somatic neurones whose responses to ISX stimulation were decreased
(n = (i). increased (// = 5) or unchanged (n = 1) in the spinal state.
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In cells whose responses to ISX stimulation were decreased or abolished, cold block
produced similar effects on their responses to stimulation of CSX and to electrical
stimulation within their somatic receptive fields. The mean percentage reductions of
the responses of these neurones to ISX". CSX and skin stimulation were 63 + 37-6.

Fi<;. l. Viscerosomatic neurone in the thoracic spinal cord which was excited by
stimulation of the ipsilateral splanchnic nerve (ISX) and the contralateral splanchnic
nerve (CSX), i.e. it had bilateral visceral inputs. .4. location of the recording site of the
neurone in lamina VII. B. this cell was excited only by deep prodding and probing of
subcutaneous structures within its somatic receptive field (shaded area). C. single-sweep
oscilloscope traces illustrating the responses of the cell to stimulation of ISX (upper trace)
and CSX (lower trace) with short trains of pulses at supramaximal intensity. Arrows
indicate the timing of the stimulus.

61 +37-6 and 69 + 36% respectively. An example of this type of cell is illustrated in
Fig. 3.

In contrast to the above, cold block of the cord did not always have the same
influence on responses to ISX. CSX and skin stimulation in cells whose responses to
ISX increased in the spinal state. In three of the five neurones in this category,
responses to CSX" and skin stimulation did indeed increase in a similar manner: mean

percentage increases in the responses to ISX. CSX and skin stimulation being
46 + 21-6. 118 + 61 and 46 + 41% respectively. However, in the other two cells in this

8 HlY4ii:i
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category responses to CSX and skin stimulation were reduced. The mean percentage
changes in responses to ISX. CSX and skin stimulation being 24% (increase), 34%
(decrease) and 32% (decrease) respectively.

I I I UlllLll'l!
ISN

CSN

1
50 ms

Fig. 2. Viscerosomatic neurone in the thoracic spinal cord which was excited by
stimulation of the ipsilateral splanchnic nerve (ISX) but which was not driven by
stimulation of the contralateral splanchnic nerve (CSX), i.e. it had an exclusively
ipsilateral visceral input. A. location of the recording site of the neurone in lamina I. B.
this cell was excited by noxious stimulation (pinching) of the skin within its somatic
receptive field (shaded area). C. single-sweep oscilloscope traces illustrating the excitatory
response of the cell to single-shock stimulation of ISX* at supramaximal intensity (upper
trace) and the failure of CSX stimulation to evoke activity even when tested with a short
train of pulses at supramaximal intensity (lower trace). Arrow indicates the timing of the
stimulus.

Effects on cells with an exclusively ipsilateral visceral input. Only one cell in this
category was tested for the effects of reversible spinalization and responses to ISX
and skin stimulation were unaffected by this procedure. The absence of responses to
CSX stimulation in the intact animals may have resulted from tonic descending
inhibitory control of this input to certain neurones. In view of this, the cell was tested
with CSX during cold block. Even in the spinal state CSX stimulation failed to evoke
activity in this cell.
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Effects of brain stem stimulation
Sixty-eight viscerosomatic neurones were tested for the effects of electrical

stimulation in and immediately adjacent to nucleus raphe magnus at the sites shown
in Fig. 4 A. Sixty-four of the cells tested had bilateral visceral inputs and four had
exclusively ipsilateral visceral inputs.

A
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Fig. 3. Viscerosomatic neurone with bilateral visceral inputs in the thoracic spinal cord
showing suprasegmental descending excitation. This is the same cell as Fig. 1. .4. dot-
raster display of the response of the neurone to supramaximal stimulation of the
ipsilateral splanchnic nerve (ISX). the contralateral splanchnic nerve (CSX) and electrical
stimulation within its somatic receptive field via intradermal electrodes ('Skin') before,
during and after reversible spinalization. The first thirty sweeps were delivered in the
intact state, stimuli 31-60 were delivered ;> min after application of the cold block, and
stimuli 61-90 were delivered 5 min after rewarming the cord. Xote that during cold block
of the spinal cord (indicated by the bar) responses to stimulation of somatic and visceral
afferents were completely abolished. Arrow indicates the timing of the peripheral stimuli.
B. location of the recording site of the neurone in lamina VII. C. this cell responded to
deep prodding and probing within its somatic receptive field (shaded area).

Effects on neurones with bilateral visceral inputs. Sixty-four viscero-somatic
neurones with bilateral visceral inputs were tested with electrical stimulation in
nucleus raphe magnus and the adjacent reticular formation. Fifty of these cells
(78%) gave an excitatory respc use which, when tested was followed by a period of
reduced responsiveness to stimulation of visceral and somatic afferents. An example
of this type of cell is given in Fig. 5.

The remaining fourteen cells (22%) in this category exhibited no excitatory drive
from brain stem sites. However, when tested, conditioning brain stem stimulation
reduced or abolished responses to stimulation of visceral and somatic afferents and
any ongoing activity was reduced. In the present study no systematic investigation
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was made of the magnitude and duration of the inhibitory effects of brain stem
stimulation as this information was available from previous investigations (Tattersall
e.t al. 1986/;).

-10 -5 o

B

50 -|

SDH Deep DH VH
Cord region

Fig. ■!. .-1. representative mid-line parasagittal section illustrating the locations of
stimulation sites in the rostral ventromedial medulla which produced excitations and/or
inhibitions in thoracic viscero-somatic neurones. Abbreviations: XRM. nucleus raphe
inagnus: PG. pontine grey; TB. trapezoid body. Numbers indicate the distance in
millimetres caudal ( —) to the intra-aural line. B. proportions of thoracic viscero-somatic
neurones in different regions of the spinal grey matter which gave initial excitatory
(hatched bars) or inhibitory (filled bars) responses to stimulation in and adjacent to
nucleus raphe magnus. Abbreviations: SDH. superficial dorsal horn (laminae I-III): deep
DH. deep dorsal horn (laminae IV and V): VH. ventral horn (laminae VII and VIII).

Effects on neurones with exclusively ipsilateral visceral inputs. Four neurones with
exclusively ipsilateral visceral inputs were tested with electrical stimulation in
nucleus raphe magnus and the adjacent reticular formation. Only one cell exhibited
an excitatory drive following brain stem stimulation and this was followed by a
period of inhibition. The remaining three neurones had no excitatory drive but their
responses to stimulation of visceral and somatic afferents were depressed by the brain
stem conditioning stimulus. The inhibitory effects of brain stem stimulation on the
responses of a lamina I cell with an exclusively ipsilateral visceral input are
illustrated in Fig. 6.

Taking the present population of viscero-somatic neurones as a whole, there was
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a marked difference in the relative proportions of neurones with or without an

excitatory drive from nucleus raphe magnus with regard to their locations in the
spinal grev matter. In the dorsal horn only 50% of neurones recorded from gave an
initial excitatory response to nucleus raphe magnus stimulation whereas 84% of
ventral horn neurones were driven by this stimulus (Fig. 4B).
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Fig. 5. Thoracic viscero-somatic neurone with bilateral visceral inputs showing phasic
excitation and inhibition from the brain stem. Upper peristimulus time histograms (ten
sweeps each) show the excitatory response of the cell to supramaximal stimulation of the
ipsilateral splanchnic nerve (ISX) and contralateral splanchnic nerve (CSX). Lower
peristimulus time histograms (ten sweeps each) show that an initial excitatory response
of the cell to stimulation in nucleus raphe magnus (XR.M) is followed by a period of
reduced responsiveness to stimulation of ISX (left-hand panel) and CSX (right-hand
panel). Arrows indicate the timing of the central and peripheral stimuli.

Somatic receptive fields
An investigation of somatic receptive field properties was made in forty-four

viscero-somatic neurones (forty-one with bilateral visceral inputs and three with
exclusively ipsilateral visceral inputs). Neurones were classified according to their
responses to innocuous stimulation of their somatic receptive fields (brushing and
stroking) or to noxious stimulation of skin and/or subcutaneous tissue (pinching,
squeezing, probing). Class 1 neurones only responded to innocuous stimulation in
their somatic receptive fields: class 2 neurones responded to innocuous and noxious
stimulation: class 3 neurones responded exclusively to noxious stimulation
(nociceptor specific). A fourth category of neurones, deep' cells, only responded to
deep probing and squeezing of subcutaneous tissue including muscle. The size of
somatic receptive fields was classified subjectively as small, medium, or large. In
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some cells a search was made for contralateral receptive fields. Viscero-somatic
neurones with contralateral somatic inputs generally responded weakly to deep
probing and squeezing within the contralateral field. Cells with well-defined
contralateral fields were rarely encountered and when found were only driven by
deep pinch.

25

I11M1
100 200 300

Time (ms)

NRM ISN

Fig. 6. Thoracic viscero-somatic neurone with an exclusively ipsilateral visceral input
showing phasic inhibition and no excitation from the brain stem. Upper peristimulus time
histogram (ten sweeps) shows the excitatory response of the cell to supramaximal
stimulation of the ipsilateral splanchnic nerve (ISN). Lower histogram shows the
inhibitory effects of conditioning stimulation in nucleus raphe magnus (NRM) on the
response of the cell to stimulation of ISN. Note the absence of an excitatory response to
NRM stimulation. Arrows indicate the timing of the central and peripheral stimuli.

Cells with bilateral visceral inputs. The somatic receptive field properties were
investigated in forty-one viscero-somatic neurones with bilateral visceral inputs. The
majority of these units (93 %) responded to nociceptor stimulation, either exclusively
or in addition to innocuous stimulation. Only three cells were classified as class 1
whereas, twenty class 2 and eight class 3 viscero-somatic neurones were identified. A
further ten cells were classified as having deep receptive fields only. Class 1. 2 and 3
neurones were recorded in all regions of the spinal grey matter where viscero-somatic
neurones were encountered, including lamina I. In contrast, viscero-somatic neurones
with deep receptive fields were never recorded in lamina I. A further difference
between lamina I viscero-somatic neurones and those recorded in deeper laminae of
the dorsal and ventral horns was that whereas only one of five lamina I cells tested
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was found to have a contralateral somatic receptive field, sixteen cells (67%) in
deeper laminae could be driven by stimulation of contralateral somatic structures.
Finally, only two cells were judged to have small receptive fields and both were

B

Fig. 7. .4. locations of the recording sites of viseero-somatic neurones with bilateral or
exclusively ipsilateral visceral inputs. The locations are plotted on a standard transverse
section of the T11 grey matter. B. proportions of viscero-somatic neurones with
exclusively ipsilateral visceral inputs (filled bars) and with bilateral visceral inputs
(hatched bars) in different regions of the spinal grev matter. Abbreviations: SDH.
superficial dorsal horn (laminae I—III): Deep DH. deep dorsal horn (laminae IV and V);
YH. ventral horn (laminae VII and VIII).

recorded in lamina I. The remaining viscero-somatic neurones with bilateral visceral
inputs had medium or large somatic receptive fields.

Cells with exclusively ipsilateral visceral inputs. Somatic receptive fields were
studied in three of the nine cells with an exclusively ipsilateral visceral input. All
these cells were recorded in lamina I. all had small receptive fields and all responded
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exclusively to noxious stimulation of the skin (class 3). The activities of none of these
cells could be influenced by stimulation of contralateral structures.

Locations of viscerosomatic neurones

The locations of the recording sites of the eighty-three viscero-somatic neurones
included in this study are illustrated in Fig. 7.-1. There was a clear difference however
between neurones with bilateral visceral inputs and those with exclusively ipsilateral
visceral inputs with regard to their distribution in the-spinal grev matter. The
majority (77%) of neurones with bilateral inputs were located in laminae VII and
VIII with the remainder in the dorsal horn, predominantly laminae I and V, whereas
all but one of the neurones with an exclusively ipsilateral visceral input were located
in the superficial dorsal horn, predominantly lamina I. and none in laminae VII and
VIII (Fig. IB).

DISCUSSION

The results of this study show that most viscero-somatic neurones in the cat's
lower thoracic spinal cord can be driven by electrical stimulation of the ipsilateral
and contralateral splanchnic -nerves, i.e. have bilateral visceral inputs. Neurones
with bilateral visceral inputs were found in all laminae of the spinal cord where
viscero-somatic neurones are encountered but predominantly in the ventral horn, in
laminae VII and VIII. A small minority of viscero-somatic neurones receive no

excitatory drive from the CSX and are considered to have exclusively ipsilatcral
visceral inputs. The majority of these neurones are located in lamina I of the
superficial dorsal horn and none in laminae VII and VIII.

The current sample of viscero-somatic neurones includes cells in the ventral horn,
in laminae VII and VIII. Some thoracic ventral horn viscero-somatic neurones are

known to contribute axons to ascending spinal pathways (Gokin. Kostyuk &
Preobrazhensky, 1977: Cervero. 1983a. b) including direct projections to the
thalamus (Blair. Weber & Foreman. 1981). Because of similarities in locations in the
spinal grey matter and in receptive field characteristics it is likely that the current
sample of viscero-somatic neurones includes some that contribute axons to ascending
sensory pathways in addition to interneurones involved in the integration of
segmental reflexes and the modulation of transmission of viscero-somatic informa¬
tion.

Effects of splanchnic nerve stimulation
The visceral inputs of 89 % of neurones included an excitatory drive from C'SX and

these cells were therefore considered to have bilateral visceral inputs. However,
electrical stimulation of CSX failed to evoke action potentials in a small minority
(11%) of neurones. These cells were considered to have exclusively ipsilateral
visceral drives. It is conceivable that weak excitatory influences on these cells were
sub-threshold, failing to evoke action potentials, and were therefore not detected in
the extracellular recordings. However, these cells failed to respond to CSX
stimulation even after trains of stimuli at supramaximal strength were applied
repetitively to the nerve. This shows that any putative CSX input to these neurones
must have been extremely weak since this kind of stimulation always evokes
substantial excitatory responses in visccro-somatic neurones.
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Alternatively, any excitatory drives to these cells from CSX may have been
blocked by tonic descending inhibitory controls of supraspinal origin. The latter
possibility was investigated in one cell by testing for responses to CSX stimulation
during cold block of the spinal cord. Failure to evoke action potentials even in the
spinal state suggests that the exclusively ipsilateral nature of the visceral input to
this cell did not result from selective supraspinal inhibitory control of the
contralateral input.

Neurones with bilateral visceral inputs
Xeurones with bilateral visceral inputs were recorded throughout the spinal grey

matter, but by far the largest proportion were located in laminae VII and VIII of the
ventral horn. Typically these cells had large somatic receptive fields, often
encompassing contralateral structures, and effective stimuli were usually deep
squeezing, pinching and probing of subcutaneous structures rather than skin
stimulation. Other studies have described similar somatic receptive field properties
for ventral horn neurones including those that project to the thalamus (Giesler.
Yezierski. Gerhart & Willis, 1981: Cervero & Wolstencroft, 1984; Ammons. Girardot
& Foreman. 1985).

In a minority of the cells tested, both the ipsilateral and the contralateral visceral
inputs were enhanced in the spinal state, indicating that these neurones were under
tonic descending inhibition. These cells were located in laminae I and VII and none
in laminae VIII. To.nic descending inhibition of spinal cord neurones is well
documented (Wall. 1967; Handwerker et al. 1975; Duggan. Hall. Headley &
Griersmith, 1977; Duggan, Griersmith & Johnson. 1981) and in this and previous
studies we have shown that this type of inhibition extends to the visceral input to
thoracic neurones, including those that respond to distension of the biliary system.
The present study extends our observations on the descending control of viscero¬
somatic neurones by demonstrating inhibitory control of the contralateral visceral
inputs to these cells.

In the majority of cells tested, responses to contralateral visceral stimulation were
reduced or abolished in the spinal state indicating that their contralateral inputs
were mediated or reinforced by supraspinal structures (Gokin. Pavlasek &
Duda. 1977: Tattersall et al. 1986«). All these cells were located in laminae VII and
VIII. The observation that cold block sometimes had opposite effects on responses
to TSX and CSX suggests that there may be differences in the central'organization
of the visceral inputs from either side of the body to some viscero-somatic
neurones.

The descending inhibition of spinal cord neurones following stimulation in and
adjacent to nucleus raphe magnus is believed to mediate, at least in part, the
antinociceptive effects that can be evoked by electrical stimulation of the same brain
stem sites (see Besson & Chaouch. 1987. for a recent review). The antinociceptive
effects of central stimulation extend to visceral structures (Giesler & Liebeskind.
1976) and we have previously shown that stimulation in nucleus raphe magnus and
reticular formation can depress responses of thoracic neurones to stimulation of
visceral afferents including activity evoked by gall-bladder distension at noxious
'levels (Tattershall et al. 19866). Other studies (Ammons. Blair & Foreman. 1984)
have demonstrated a nucleus raphe magnus-evoked inhibition of viscero-somatic
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neurones that project to the thalamus. Taken together these data suggest that
descending inhibition of spinal cord viscero-somatie neurones may have a role in the
modulation of visceral nociceptive transmission. The inhibition of ipsilateral and
contralateral inputs to single spinal neurones demonstrated here may contribute to
the widespread antinociceptive effects of brain stem stimulation (e.g. Mayer &
Liebeskind. 1974).

In the majority of cells with bilateral visceral inputs the inhibitory effects of brain
stem stimulation were preceded by an initial excitatory burst. Descending excitation
may play a role in determining receptive field size of spinal neurones (Dubuisson &
Wall. 1980) or may form part of the neuronal circuitry mediating supraspinal inputs
of some or all of their peripheral drives (Gokin et al. 1977; Giesler et al. 1981). In
support of the latter we have shown that all viscero-somatic neurones whose
responses to peripheral stimulation were decreased in the spinal state could be driven
by electrical stimulation at brain stem sites.

Alternatively, it has been proposed (Cervero & Wolstencroft, 1984), that
descending excitation of ventral horn neurones may have a role in the generation of
positive feed-back loops between the brain stem and spinal cord. Other evidence for
positive feed-back loops includes the description of ventral horn spinothalamic tract
cells that send collaterals to the reticular formation and can be driven orthodromic-

ally by electrical stimulation in the reticular formation (Giesler et al. 1981) and
reports of spinothalamic tract cells that increase their excitatory responses to
stimulation in the reticular formation on repetitive stimulation (Haber. Martin.
Chung & Willis. 1980). A contribution of visceral inputs in positive feed-back loops
is supported by the studies of Fields, Partridge & Winter (1970) in which they
described a population of viscero-somatic ventral quadrant axons in the lumbar cord
that could be driven antidromically and synaptically from the cervical cord.

Neurones with exclusively ipsilateral visceral inputs
Only 11 % of viscero-somatic neurones could not be driven from CSX and were

therefore considered to have exclusively ipsilateral visceral inputs. All these cells
were recorded in the dorsal horn with the majority in lamina I. In contrast to cells
with bilateral visceral inputs none were recorded in laminae VII and VIII.

Anatomical studies have provided evidence for a direct projection of splanchnic
nerve afferents to lamina I in cats (Cervero & Connell. 1984: Kuo & De Groat. 1985)
and rats (Xeuhuber. Sandoz & Fryscak. 1986) and electrophysiological studies have
confirmed the existence of viscero-somatic neurones in this region of the spinal cord
(Cervero & Tattersall. 1987). An important distinction made in the present study was
that, when tested, lamina 1 neurones with exclusively ipsilateral visceral inputs were
always nociceptor specific unlike lamina I cells with bilateral visceral inputs which,
in addition to nociceptive drives, also responded to low-intensity stimulation within
their somatic receptive fields. Furthermore the somatic receptive fields of these cells
were amongst the smallest found for the entire population of viscero-somatic
neurones.

An excitatory influence of nucleus raphe magnus stimulation on superficial dorsal
horn neurones has been reported previously (Dubuisson & Wall. 1980: Light. Casale
& Menetrev. 1986). and indeed in the present study nucleus raphe magnus
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stimulation evoked activity in approximately half of lamina I neurones with
bilateral visceral inputs. Thus, it appears that the lack of excitatory drive from
nucleus raphe magnus on cells with exclusively ipsilateral visceral inputs is not
merely a function of their location in the spinal cord but reflects differences in the
organization of the descending control of viscero-somatic neurones with and without
contralateral visceral inputs.

This view is supported by the study of Light and his colleagues (1986) who
reported that stimulation in nucleus raphe magnus could depolarize superficial dorsal
horn neurones whose somatic drives included low-threshold inputs (either exclusively
or in addition to nociceptive input) but failed to evoke activity in nociceptor-specific
neurones. In the present study all viscero-somatic neurones with exclusively
ipsilateral visceral inputs were nociceptor specific, whereas the somatic drives of
lamina I neurones with bilateral visceral inputs included a low-threshold component.

Functional significance
The present study has extended our investigations of the central divergence of

visceral afferent information by demonstrating that a large proportion of viscero¬
somatic neurones in the cat's thoracic spinal cord receive bilateral visceral inputs.
Differences in the spinal locations, somatic receptive field properties and descending
control of neurones with and without contralateral visceral drives suggests that they
represent two distinct populations of viscero-somatic neurones which may subserve
different roles in the processing of visceral afferent information.

Neurones with bilateral visceral inputs were located predominantly in laminae VII
and VIII of the ventral horn. Ventral horn neurones, including some that project to
the thalamus, have been implicated in positive feed-back loops between the brain
stem and the spinal cord. In the present study, their spinal locations and receptive
field properties indicate that neurones with bilateral visceral inputs may contribute
to such positive feed-back loops. In support of this, the vast majority of these cells
could be driven by electrical stimulation of brain stem sites. Triggering of a positive
feed-back system by activity in visceral afferent fibres may play a role in maintaining
central neuronal excitability which could account for the widespread and prolonged
increase in sympathetic and motor outflow that accompanies visceral pain.

A small proportion of cells included in this study were found to have exclusively
ipsilateral visceral inputs. In contrast to cells with bilateral visceral inputs, these
cells were located mainly in the superficial dorsal horn, had small.' nociceptor-specific
somatic receptive fields and few were driven by stimulation of brain stem sites. Their
location in the superficial dorsal horn, an area concerned with the processing and
relay of somatic nociceptive information, suggests that cells of this type may be
directly involved in the spinal transmission of the sensory aspects of visceral
nociceptive information.
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Wheat ley and Simon Lishtnan are gratefully acknowledged.
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Neurophysiology of gastrointestinal pain

F. CERVERO

Gastrointestinal (GI) pain is a common sensory experience that at one time or
another affects all human beings. These unpleasant sensations range from the
mild discomfort of gastric distension to the intense pain of a biliary colic. The
normal perception of GI pain demonstrates the existence of a neural system
responsible for the sensing of painful events in the gut. and for the
transmission and modulation of these signals within the brain and spinal cord.
Furthermore, the peculiar characteristics of some of these visceral sensations
provide clues about the properties of the neurological mechanisms responsible
for their perception. Thus the psychophysics of GI pain offer the necessary
context for the physiological study of this form of visceral sensation.

Comparatively little is known of the neurophysiology of visceral pain in
general and of GI pain in particular, compared with the amount of
information available about the neurophysiology of somatic pain. There are
some historical reasons for this lack of knowledge, most notably the difficulty
in designing experimental methods that can closely reproduce the stimuli that
lead to the perception of visceral pain. Some forms of injury to the GI tract are
quite painless (e.g. cutting or burning) whereas other stimuli that do not
threaten tissue damage (such as distension or isometric contraction of
segments of the gut) can be extremely painful (MacKenzie. 1909; Lewis, 1942.
Leek, 1972). This poor correlation between tissue damage and the perception
of pain has not helped in the design of experimental models of GI pain. Such
models should be developed within the psychophysical context of the
underlying sensations; i.e. it would be pointless to search for sensory receptors
in the gut sensitive to heat when this form of stimulation is known to evoke no
sensory experience.

In this article, the neurophysiological mechanisms of GI pain will be
reviewed in relation to current knowledge about visceral pain in general and
about the differences in organization of somatic and visceral sensory systems.
The emphasis of the discussion will be placed on normal forms ofGI pain, that
is. sensations that can be felt by all normal individuals and that are due to the
activation of physiological systems normally present in the gut. Abnormal GI
pains are uncommon forms of pain sensation, felt only by a minority of
subjects and are always due to lesions or disease of the peripheral or central
nervous system. Each form of abnormal pain is intimately associated with the
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specific lesion produced by the underlying disease. Therefore abnormal forms
of pain require an individual approach to the analysis of their physiopatho-
logy.

GASTROINTESTINAL SENSATIONS

Sensations of two different kinds originate from the GI tract: general and
specific sensations.

General or 'organic' sensations are sensory experiences that the subject is
unable to locate to a particular organ or part of the body: e.g. the feeling of
tiredness or the sensations of orgasm, hunger and thirst. The last two and their
related general sensations of satiety and appetite are associated with GI
function and have been claimed to originate from parts of the GI tract. It
would appear that humoral factors involving the release of cholecystokinin
following gastric distension are responsible for the feeling of satiety after a
meal. These sensations are mediated by activity in afferent fibres that reach the
nervous system via the vagus nerves (see Harvey (1983) for details). Equally,
the general sensation of nausea seems to have a vagally mediated component
in response to stimuli of gastric, duodenal or biliary origin (Andrews, 1986).

The other group of GI sensations are those located by the subject, with a
greater or lesser degree of accuracy, as originating from internal organs. It is
generally thought that the only type of specific GI sensation is that of pain,
ranging from mild unpleasantness to intense discomfort (MacKenzie. 1909;
Lewis. 1942). It is certainly true that pain is the only sensation that can be
evoked from viscera such as the gall bladder and biliary ducts, small intestine,
appendix and colon, but other parts of the GI tract such as the oesophagus,
stomach or rectum give rise to non-painful sensations.

Stimuli of GI origin have been claimed to evoke sensations of a pleasurable
nature, like the feeling of well-being that accompanies the gastric distension
induced by a heavy and enjoyable meal. It is doubtful, however, that gastric
distension is the prime or the only stimulus for such feelings; other sensory
factors such as the taste of the food or extrasensory elements such as the
enjoyment of the company or the effects of intoxicating beverages may
contribute in great measure to a pleasurable feeling. Nevertheless, both the
gastro-oesophageal and the anorectal regions can give rise to feelings of
distension that are clearly non-noxious. This is particularly evident with the
sensation of rectal fullness that generates the urge to defaecate. The interesting
property of these sensations is that they represent the lower end of a graded
sensory experience that will become painful if the initial distension is not
relieved. Thus, a non-painful sensation of rectal distension can become
painful if the distension persists or increases. In this case the nature of the
sensation (distension) is not altered but there is a gradual change towards
discomfort and unpleasantness. As we will see later in this chapter the
mechanisms by which visceral sensory receptors encode rectal and gastro-
oesophageal distension reflect this graded sensory experience.

The conclusion is. therefore, that the only non-general sensation that can be

i
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Figure I. Abdominal regions in which pain of biliary origin and the pain produced by the
inflammation of the appendix are felt. These areas are indicated by the cross-hatched regions. The
originating organs are shown in black.

evoked from the GI tract is that ofdiscomfort and pain but that in the cases of
the rectum and gastro-oesophagus the feeling of pain can be preceded by non-
painful sensations of distension at lower stimulus intensities.

The sensation of GI pain shows a number of characteristic psychophysical
properties. Unlike the sharp, well defined and well localized sensation of
cutaneous pain, GI pain is always dull, aching, ill-defined and badly localized
(MacKenzie. 1909; Lewis. 1942; Leriche. 1939; Cervero. 1985). Figure 1
illustrates the abdominal regions in which pain of biliary origin and the pain
produced by inflammation of the appendix are felt. These are large areas of the
abdomen, considerably larger than the viscera that originate the sensation of
pain. It is also well-known that as the pain becomes more intense, so the
abdominal area in which the pain is felt becomes larger. These properties of GI
pain show that the localization of visceral pain is very poor and that the
representation of internal organs within the central nervous system is very
imprecise. If we consider the small intestine alone, the total surface area of this
organ is more than an order of magnitude greater than the skin area that
covers the abdomen. Yet. while cutaneous abdominal pain can be localized
accurately within a few centimetres, intestinal pain is felt vaguely over the
entire abdomen.
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A classical exception to the poor localization of GI pain is the pain of
gastroduodenal peptic ulcer that some patients are able to pinpoint to the
epigastrium with a fingertip. This form of pain, although very restricted, is
nevertheless not localized to the stomach or duodenum as can be easily
demonstrated by the fact that displacing the contents of the abdomen by
means of deep respiratory movements does not alter the locus of the pain
(MacKenzie, 1909).

Closely associated with the imprecise localization of GI pain is the property
known as 'referred' pain, that is, the projection of the sensation to areas of the
body away from the originating viscus (Head, 1893). The pain of peptic ulcer
discussed above is a characteristic example. Since most forms of GI pain are
diffuse and are felt in large areas of the body, the referral of the sensation away
from the organ is implicit in many of these sensations. However, some forms
of visceral pain are known as 'true' visceral pains, implying a precise
localization of the sensation to the diseased viscus (Procacci et al, 1986). The
better localized forms of 'true' GI pain are usually due to the spread of the
visceral lesion and the activation of somatic nerves close to the injured or
diseased organ (i.e. those innervating peritoneum, muscles or ligaments). In
other cases, the feeling of abdominal pain as a sensation originating from
inside the body rather than from its surface is probably the consequence of the
spatiotemporal pattern of activation of somatosensory pathways by visceral
afferent fibres (see below for a detailed discussion). The lack of evidence for a
sensory channel specifically concerned with the transmission of visceral
sensory impulses and the considerable amount of experimental data on
viscerosomatic convergence in the central nervous system are powerful
arguments against the existence of a specific visceral mechanism for the so-
called 'true' visceral pain (Cervero and Tattersall. 1986).

GASTROINTESTINAL AFFERENT PATHWAYS AND PAIN

The entire GI tract has a dual afferent innervation. Some afferent fibres join
sympathetic nerves (such as the splanchnic and hypogastric nerves) whereas
other afferent fibres from the same viscera course along parasympathetic
nerves (such as the vagus and pelvic nerves). It has been standard opinion in
textbooks and reference monographs that visceral pain is mediated by afferent
fibres in sympathetic nerves and that the activation of afferent fibres running
in parasympathetic nerves does not evoke visceral sensations and isconcerned
only with the reflex regulation of visceral function (Ruch. 1946) (Figure 2).

As pointed out earlier in this chapter, some of the so-called general
sensations, such as nausea or satiety, appear to be mediated by vagal afferent
fibres, but the notion that GI pain is predominantly mediated by afferent
activity in sympathetic nerves is well supported by behavioural, neurophvsio-
logical and clinical evidence (see Cervero and Tattersall. 1986. for detailed
discussion and references).

Of particular relevance to this chapter is the clinical evidence obtained in
suraical studies. It has been known for some time that stimulation of the
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Figure 2. Sympathetic (S) and parasympathetic (PS) innervation of the gastrointestinal tract.

splanchnic nerves in conscious humans under local anaesthesia elicits severe
pain (Leriche. 1939). Also, clinical studies using a combination of stimulation
and blocking techniques have repeatedly shown that abdominal pain is
evoked by stimulation of sympathetic but not of parasympathetic nerves, and
is relieved by section or blockade of sympathetic but not of parasympathetic
nerve trunks (White. 1943). Recently, further clinical evidence has been
obtained, showing that splanchnic nerve blockade during major abdomirfal
surgery under general anaesthesia prevents endocrine-metabolic responses to
the visceral surgical procedure and helps postoperative recovery (Shirasaka et
al. 1986). This shows that the pseudoaffective components of the visceral
nociceptive response are also mediated by afferent impulses in sympathetic
nerves. Therefore, it can be concluded that most forms of GI pain are signalled
by sympathetic nerves (splanchnic and hypogastric nerves) and that the
afferent innervation of the gut mediated by parasympathetic nerves is not
concerned with the signalling and transmission of GI pain (Figure 2).

VISCERAL NOCICEPTORS AND GASTROINTESTINAL PAIN

The fact that the GI tract can be the source of painful sensations demonstrates
the existence of sensory receptors in the gut which are capable of being
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Figure 3. High threshold biliary afferents. The step changes in biliary pressure are displayed above
the rate of firing of two single units from high threshold atferents (A and B). Samples of spike
recordings corresponding to different levels of biliary pressure are shown in C. B and C are from
the same unit. (From Cervero. 1982).

activated by the stimuli that will be perceived as painful. Electrophysiological
studies of the sensory properties of GI afferent fibres have shown that the gut
is innervated by a rich variety of sensory receptors (Iggo, 1986). However,
many of these receptors respond to stimuli that are never perceived in the form
of a conscious sensation (e.g. gastric pH. glucose concentration in chyme) and
are therefore, in a strict sense, not part of the sensory innervation of the gut
but of its afferent innervation.

The distinction between sensory and afferent innervation of viscera has
been discussed previously in some detail (Cervero. 1983c. 1985) and highlights
a fundamental difference between the mechanisms of cutaneous and visceral
sensation. The innervation of the skin is both afferent and sensory since
activation of cutaneous receptors always has the potential to evoke sensa¬
tions. In the case of internal organs, some viscera have an exclusive afferent
innervation (i.e. arterial baroreceptors and duodenal chemoreceptors) whose
stimulation does not evoke sensations, and some organs have both an afferent
and a sensory- supply.

It has long been established that the majority of nociceptive signals that
originate from the gut are conveyed to the central nervous system by afferent
fibres in sympathetic nerves (see above). What is still the object of some
argument is the encoding mechanism by which GI afferent signals become
sensory messages capable of evoking a conscious perception. This question

/
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has been discussed at some length in previous publications (Cervero, 1983c.
1985) and will be dealt with briefly here.

There are essentially two different mechanisms for the encoding of visceral
nociceptive events: (1) receptors responsible for the sensations of visceral pain
are the same population of visceral receptors responding to innocuous stimuli
and are responsible for visceral reflex actions. These receptors would respond
to noxious stimuli with higher frequencies of firing; (2) receptors responsible
for the sensations of visceral pain are a different population of visceral
receptors which respond to the same stimuli that evoke visceral reflex actions
but with different thresholds or by different mechanisms. This view postulates
the existence of specific visceral nociceptors.

There is experimental evidence for the existence in the gut of both specific
nociceptors (Figure 3) and non-specific sensory receptors in the gut (see Janig
and Morrison, 1986). Since not all the components of the GI tract have been
studied in detail and adequate nociceptive stimuli have not been used to
characterize all types ofGI receptor, it is premature to make generalizations as
to whether gut pain is mediated by a unique class of visceral receptor. It is
possible that both specific and non-specific visceral nociceptors act in parallel,
conveying information to the central nervous system about noxious visceral
events. Also, it could be that the activation of specific visceral nociceptors
results in more restricted and clearcut forms of GI pain, whereas the vague
and dull forms ofabdominal discomfort are due to general stimulation of non¬
specific gut receptors.

Some GI sensations, such as those evoked by colorectal distension, begin as
non-painful feelings of distension and evolve towards an uncomfortable and
painful sensation as the distension progresses. These properties can be
paralleled by the electrophysiological properties of some colonic receptors
(Haupt et al, 1983) which respond with greater impulse frequencies to colonic
distensions of increasing magnitude. On the other hand, viscera such as the
gall bladder and the biliary ducts from which pain is the only sensation that
can be evoked appear to be innervated by specific visceral nociceptors
(Cervero, 1982). In any case, it is a dangerous oversimplification to relate the
final perception of a GI sensation to the properties of the peripheral sense
organ at the origin of the sensory pathway. The final conscious perception of
GI pain depends on the way in which the central nervous system integrates the
afferent visceral inflow, regardless of the peripheral encoding mechanism.

SENSORY RECEPTORS IN THE GASTROINTESTINAL TRACT

GI sensory receptors have traditionally been classified into three main groups,
depending on the presumed location of the sensory ending: (1) mucosal
receptors: (2) muscular (tension) receptors and (3) serosal receptors (Leek.
1972). In addition, other receptors have been described in the mesenteries or in
association with GI blood vessels (Bessou and Perl. 1966; Morrison. 1973).
The vast majority of these receptors are sensitive to chemical and/or
mechanical stimulation of the gut and are probably concerned with the
detection of non-sensory events regulating GI functions. Some of them,
however, may play a role in the signalling of nociceptive events in the gut. Two
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recent reviews have discussed in great detail the physiological properties of GI
receptors connected to afferent fibres in the vagus (Andrews. 1986) or in
sympathetic nerves (Janig and Morrison, 1986).

Among the sensory receptors that have been directly implicated in GI pain
are the specific nociceptors described in the biliary system of the ferret
(Cervero. 1982). These receptors show mechanosensitive endings located in
the walls of the gall bladder and biliary duct, have a threshold for activation
that coincides with the maximum physiological levels of biliary pressure and
give further and vigorous responses when biliary pressure reaches noxious
levels (Figure 3). The nociceptive nature of the level of stimulation was
ascertained by pseudoaffective reactions such as transient increases in blood
pressure. It is significant that it was possible to establish a clearcut correlation
between the level of biliary pressure (above the physiological range), the
presence of a nociceptive reflex (increase in blood pressure) and the firing rate
of the afferent fibre. Biliary nociceptors could be responsible for the sensation
of intense pain produced by increases in biliary pressure during bile duct
obstructions.

Another kind of sensory receptor implicated in GI pain is the 'intensity'
encoding receptor described in the colon of the cat (Haupt et al, 1983). These
receptors, of which four different categories have been reported, respond to
colonic distension at low intensities of stimulation and increase their
frequency of response at higher (noxious) levels of distension. Some of them
also respond to injections of bradykinin and to ischaemia. It has been
suggested that they can signal nociceptive events by the intensity of their
graded responses to the stimuli so that the final sensation is the result of a
process of central summation. However, examination of these reports shows
that 'intensity' receptors had response thresholds that were distributed over a
wide range of intracolonic pressures and that some of them began to respond
at distension levels that were clearly noxious. It seems that the issue of whether
or not there are specific visceral nociceptors in the gut is largely a question of
individual interpretation of the existing literature.

Torsion and stretch of mesenteries is known to elicit severe pain as well as
pseudoaffective cardiovascular reflexes, including increases in blood pressure
and heart rate. There have been descriptions of mesenteric receptors
responding in a rapidly adapting manner to very low forces applied to the
mesentery, often of less than 10 mN. It seems unlikely that these receptors are
responsible for the sensations of pain evoked by stretch of the mesentery but
so far they are the only candidates for this role.

PERIPHERAL DISTRIBUTION OF GASTROINTESTINAL
AFFERENT FIBRES

The peripheral sensors located in the walls of the gut or in the mesenteries are
connected to two different kinds of afferent nerve fibre. Some of these afferent
fibres have their nerve cell bodies in the gut. within the submucosal and
myenteric plexus of the enteric nervous system. It is generally thought that
these neurones of the enteric nervous system do not send axonal projections to
the central nervous system. The area of influence of this kind of afferent
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neurone is limited to the enteric plexus or includes, at most, the prevertebral
ganglia of the autonomic nervous system where their axonal projections make
contact with postganglionic efferent neurones (Szurszewski. 1981). For this
reason, it is unlikely that myenteric afferent neurones could play a direct role
in the transmission of sensory nociceptive information to the central nervous

system.
The second group of GI afferent neurones have their cell bodies in spinal

and cranial ganglia. Their peripheral branches run in sympathetic or
parasympathetic nerves and their central projections reach the brain stem and
the spinal cord. These afferent neurones are part of a primary afferent system
similar to that innervating the skin and other somatic structures. As discussed
in an earlier section of this chapter it is thought that GI pain is mediated by
primary afferent fibres running in sympathetic nerves. These fibres have their
cell bodies in thoracolumbar spinal ganglia and their central projections enter
the spinal cord at levels between T2-3 and L2-3.

It has been known for some time that the total number of primary afferent
fibres involved in the transmission ofGI nociceptive information is quite small
(Procacci. 1969). This low density of innervation is particularly striking when
taking into account the large surface area of the GI tract and is probably the
reason for the diffuse nature of GI pain. Recent studies, using neuronal
tracing and labelling methods, have established that visceral afferent fibres
constitute less than 10% of the total afferent inflow to the thoracolumbar

spinal cord (Cervero et al. 1984).
It must be noted that this region of the spinal cord receives its somatic input

from the body areas with the poorest sensory discrimination (i.e. the back and
the abdomen), whereas the visceral input to the thoracolumbar cord mediates
pain from all upper abdominal organs including the stomach, duodenum,
biliary tract, pancreas and small intestine. However, the former sensations
require 90% or more of the total afferent input to the spinal cord whereas all
visceral pain from the upper abdomen is mediated by less than 10% of all
spinal afferents.

It is. then, abundantly clear that the GI tract has an extremely low density of
sensory innervation, particularly by those afferent fibres that mediate the
sensations of visceral pain. This explains why large areas of the gut appear to
be insensitive or require considerable stimulation before giving rise to pain.
One such form of stimulation is the intense and persistent contraction of the
intestinal wall that evokes colic pain. These contractions activate maximally
and simultaneously the few nociceptive afferent fibres present in a given loop
of intestine, and in this way evoke painful sensations in synchrony with the
motor events. Smaller, irregular or less persistent contractions are probably
insufficient to excite enough afferents with the intensity or synchrony
necessary to activate nociceptive pathways in the central nervous system.

SPINAL CORD TERMINATION OF GASTROINTESTINAL
AFFERENT FIBRES

Visceral afferent fibres represent a very small proportion of the total afferent
inflow to the spinal cord. However, it is well known that these few fibres can
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activate a large number of neurones in the spinal cord through extensive
functional divergence (Cervero, 1983b). These central actions are expressed as
increases in the excitability of somatic and autonomic reflexes occurring in
parallel with the unpleasant sensory experience. Thus, the activation of
visceral nociceptors evokes persistent increases in muscle tone, changes in
visceromotor and viscerosecretory reflexes and profound cardiovascular
alterations as well as a strongly aversive sensation of pain. It is surprising that
these large and generalized effects can be triggered by such a small number of
visceral primary afferent fibres.

Recent morphological studies on the mode of termination of visceral
afferent fibres within the spinal cord indicate that the widespread effects
caused by the activation of visceral nociceptive afferents are not mediated by
extensive anatomical divergence of the visceral projection but are probably
the consequence of functional divergence of visceral impulses within the spinal
cord. The anatomical pattern of termination of visceral afferent fibres within
the spinal cord has been examined in sacral, lumbar and thoracic regions of
the spinal cord in several animal species (De Groat. 1986). It is clear from all
these studies that visceral afferent fibres, including those from the GI tract,
display a consistent pattern of central termination throughout the spinal cord
with areas of projection in laminae I and V but sparing the intermediate dorsal
horn (laminae II, III and IV). Contralateral projections of afferent fibres in the
splanchnic nerve have also been described. Comparative studies of the
distribution of the somatic and visceral primary afferent input to the thoracic
spinal cord have reported that the density of the visceral projection to the
dorsal horn is substantially lower than that of the somatic input (Cervero and
Connell, 1984) (and see Figure 4). This indicates that the few visceral afferents
that project to each thoracic segment do not branch extensively within the
cord.

Visceral afferent fibres reach the dorsal horn via Lissauer's tract and join
medial and lateral bundles of fine fibres that run along the edges of the dorsal
horn (Figure 4). Fibres from these bundles penetrate the grey matter and
terminate within laminae I and V of the dorsal horn. Many of the fine afferents
that terminate in the deep dorsal horn (lamina V) contain Substance P and
have been shown to be largely of visceral afferent origin (Sharkey et al. 1987).
The substantia gelatinosa (lamina II) does not receive a direct visceral
projection. Since the majority of visceral afferent fibres are unmyelinated, this
observation calls into question the generally accepted belief that most
unmyelinated afferent fibres terminate in the substantia gelatinosa of the
dorsal horn. It would appear that neurones within this superficial region are
only responsible for the integration of cutaneous sensory signals and not for
the relay and processing of all sensory messages carried by unmyelinated
afferent fibres.

SPINAL MECHANISMS OF GASTROINTESTINAL PAIN

Although the number of visceral afferent fibres entering the spinal cord is very
small in relation to the number of somatic afferents. a large proportion of
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Figure 4. Reconstruction from three (left) and seven (right) 80 /im transverse serial sections of the
projections of somatic (left) and visceral (right) afferent fibres to the T9 segment of the spinal cord
of the cat. Horseradish peroxidase was applied to the ventral ramus (intercostal nerve of the T9
spinal nerve (left) and to the splanchnic nerve (right). Note the absence of a visceral afferent
projection to the substantia gelatinosa. whose ventral border is indicated by the dotted line.
(Modified from Cervero and Connell, 1984.)

spinal cord neurones respond to stimulation of visceral afferent fibres. For
instance, up to 75% of the neurones in the lower thoracic spinal cord can be
activated by stimulation of afferent fibres in the splanchnic nerve (Cervero and
Tattersall. 1986) which make up less than 7% of the total number of dorsal
root afferents. This disproportion indicates the presence of extensive func¬
tional divergence of the visceral input within the spinal cord.

Dorsal horn and other spinal cord neurones can be classified into two main
groups depending on the presence or absence of an excitatory visceral input.
Some neurones are not driven by visceral afferent fibres and can only be
excited from their somatic receptive fields (somatic neurones). Other cells
have, in addition to their somatic input, an excitatory visceral drive
(viscerosomatic neurones). Thus, visceral sensations such as GI pain can only
be mediated through convergent signals via somatosensory pathways. No
evidence has been found for the presence of a sensory pathway exclusively
concerned with the transmission of visceral sensory signals.

In agreement with the anatomical data on the mode of termination of
somatic and visceral afferent fibres within the spinal cord, the locations of
somatic and viscerosomatic neurones show a differential distribution within
the spinal grey matter. Somatic neurones are mainly located in laminae II. Ill
and IV of the dorsal horn, whereas viscerosomatic cells are located in lamina I
and V and in the ventral horn. The majority of somatic cells are mechano-
receptive. that is. capable of responding to low intensity mechanical
stimulation of the skin but not to noxious stimulation. In contrast, most
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viscerosomatic cells are driven by somatic nociceptors, either exclusively or in
addition to their low threshold inputs.

The responses of spinal cord neurones to natural stimulation of certain GI
viscera have been studied in experimental animals. In the lower thoracic spinal
cord, about 30% of all viscerosomatic neurones were found to respond to
distension of the gall bladder and of the biliary duct (Cervero, 1983a). All
these cells were excited at noxious levels of distension, i.e. levels of biliary
pressure which evoked pseudoaffective reflexes, including transient changes in
blood pressure. This observation is in line with studies showing that only
noxious stimulation of the heart is effective in exciting thoracic spinal cord
neurones driven by cardiac afferent fibres (Foreman, 1977). Similarly,
spinothalamic tract cells in the sacral spinal cord of the monkey can be excited
by noxious stimulation of the testicles (Milne et al, 1987). Thus it would
appear that for those organs from which the only sensation that can be evoked
is that of pain, noxious intensities of stimulation are necessary to excite
viscerosomatic neurones in the spinal cord.

A different pattern of activation of spinal cord neurones has been reported
using distension of the colon as a visceral stimulus (Ness and Gebhart, 1987).
In this case, several populations of cells could be distinguished depending on
their threshold responses to colonic distension and on the adaptation rate of
the neuronal discharge. Some of these cells responded to low intensity
distensions of the colon and increased their levels of firing at higher, noxious,
intensities. Other cells, however, responded only to noxious distension of the
large intestine. It is possible that the cells that respond to innocuous
stimulation of the colon are not concerned with sensation from this organ but
with the regulatory aspects of GI function. On the other hand, it is important
to realize that non-painful sensations of colorectal distensions can be
perceived normally and that these sensations can become painful if the
distension increases or persists. Therefore, there is a parallel between the
neuronal responses described above and the psychophysics of the sensations
evoked by colorectal distension.

Not all somatosensory spinal cord pathways contain axons of viscerosoma¬
tic cells so that a clear segregation exists between pathways of projection of
somatic and of viscerosomatic neurones. The latter have been found to project
through pathways in the ventrolateral funiculus of the cord, including the
spinothalamic and spinoreticular tracts. This explains why anterolateral
chordotomies abolish most clinical forms of abdominal pain. On the other
hand, pathways such as the spinocervicothalamic tract and the postsynaptic
dorsal column pathway appear to contain exclusively somatic neurones.

The observations that visceral afferent fibres converge onto somatosensory
spinal cord neurones, that most of these neurones have a somatic nociceptive
input, that the visceral input to these cells is also of nociceptive nature, and
that some of these viscerosomatic cells project through nociceptive pathways
provide strong experimental support for all the main postulates of the
'Convergence-projection' theory of referred visceral pain (Ruch. 1946). The
referral of the visceral sensation is therefore the consequence of the activation
of pathways normally concerned with the integration of somatic nociceptive
signals. These pathways will be activated by their visceral inputs with a very
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different spatial and temporal pattern than that normally generated by their
cutaneous drives. In particular, many more cells will be activated by a visceral
noxious stimulus and over a greater region of the spinal cord than by somatic
stimuli. Therefore the sensation of GI pain appears to be different from that of
somatic pain which is probably the reason for the descriptions of'true' visceral
pains. GI pain is normally described as a vaguely localized pain felt inside the
body or referred to the somatic structures whose afferent fibres project to the
same spinal cord area. Because of the large number of cells activated by a
visceral noxious stimulus, the sensation is usually felt in a large area of the
body whose overall size depends on the intensity of the noxious stimulus.

SUPRASPINAL MECHANISMS OF GASTROINTESTINAL PAIN

Transmission of sensory information through the spinal cord involves the
relay of incoming afferent messages to second order neurones of ascending
sensory pathways. Implicit in the concept of such a relay mechanism is the
recognition that some kind of modulation will be operating on the informa¬
tion transmission process. A major development in somatosensory physiology
over the last decade has been the realization that sensory modulation in the
spinal cord takes place not only through segmental interactions between
incoming afferent volleys, but through the activity of descending systems
originating in the brain stem. Thus, spinal modulation of sensory information
can be segmental, that is, involving a neuronal network contained within the
segment that receives the afferent volley or may involve supraspinal loops and
descending modulatory pathways (Willis, 1982).

Although there is a good deal of information on the segmental and
suprasegmental control of somatic sensory transmission through the spinal
cord, far less is known about spinal and supraspinal modulation of visceral
sensory messages. A few studies have reported segmental interactions in the
thoracic spinal cord between somatic and visceral afferent volleys. There have
also been some reports on the descending inhibition of spinal cord visceroso¬
matic neurones, including spinothalamic and spinoreticular neurones, evoked
by the stimulation of brain stem areas (Lumb, 1986).

Of particular relevance to the mechanisms of GI pain are the studies
conducted on the lower thoracic spinal cord using natural and electrical
stimulation of visceral afferent fibres from upper abdominal organs. It is
known that a volley of impulses arriving in the spinal cord via somatic or
visceral afferent fibres inhibits the response of a viscerosomatic neurone to a
second volley in any of its peripheral drives (Cervero and Tattersall. 1986).
This inhibition, which can last for up to 1 s. is produced by a neuronal network
wholly contained within the spinal cord, as can be shown by the fact that
spinalization of the experimental animals does not eliminate these inhibitory
effects. Therefore the activation of spinal viscerosomatic neurones by any of
their inputs will produce a subsequent reduction in the excitability of these
cells to further afferent impulses. Such an arrangement will enhance the
detection of changes in the afferent message and indicates that these neurones
are particularly well suited to detect sudden increases in activity through any
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of their peripheral drives. The psychophysical correlate of these responses is
reflected in the time course of GI pain which usually takes the form of colic
and intermittent acute attacks followed by pain-free periods.

Two groups of viscerosomatic neurones can be distinguished, taking into
account the type of tonic descending effects from the brain stem on to these
cells. Some viscerosomatic neurones increase their responses to visceral
stimulation in the spinal state indicating that they receive tonic descending
inhibition in the intact animal. These neurones can also be phasically
inhibited: this can be done by electrical stimulation in the nucleus raphe
magnus (NRM) and adjacent reticular formation, and by stimulation of the
ipsilateral dorsolateral funiculus (Tattersall et al. 1986a. 1986b). Approxima¬
tely half of these neurones are located in the dorsal horn. This type of
descending inhibition operates on viscerosomatic neurones driven by noxious
stimulation ofGI structures such as the biliary system and can therefore play a
modulatory role in pain of biliary origin.

The second type of viscerosomatic neurone shows a reduction or complete
abolition of the visceral response in the spinal state. This indicates that the
visceral input to these neurones is predominantly or exclusively mediated
through supraspinal loops (Tattersall et al, 1986a. 1986b). The majority of
these cells are located in the ventral horn and most of them are phasically
excited by electrical stimulation in the NRM and reticular formation.
Viscerosomatic neurones driven by noxious stimulation of the biliary system
are known to be subjected to this type of descending excitatory control.

Taking into account these experimental observations on the spinal and
supraspinal integration of visceral sensory systems, a model can be proposed
that addresses the way in which visceral nociceptive signals, including those of
GI origin, are processed (Figure 5). In this model, the perception of visceral
pain is the consequence of the activation of a sensory channel driven by
somatic and visceral inputs. The final perception depends on the interaction
between the incoming excitation from viscera and the segmental and
supraspinal inhibitory systems triggered by other peripheral inputs. In
addition, descending excitatory systems are responsible for the presence of
sustained activity within the system and may be expressed as enhanced motor
and autonomic reflexes or as persistent pain.

SUMMARY AND CONCLUSIONS

The only non-general sensation that can be evoked from the gastrointestinal
(GI) tract is that of pain ranging from mild discomfort to intense pain.
However, in certain regions of the gut. such as the rectum and gastro-
oesophagus. the feeling of pain can be preceded by non-painful sensations of
distension at lower stimulus intensities.

GI pain is often dull, aching, ill-defined and badly localized. In some cases.
GI pain is projected to areas of the body away from the originating viscus
('referred" pain). These properties indicate that the representation of internal
organs within the central nervous system is very imprecise.

i

744



NEUROPHYSIOLOGY OF GASTROINTESTINAL PAIN 197

Pain

BRAIN

Figure 5. Neuronal model of the way in which visceral nociceptive signals are processed by the
central nervous system. The perception of visceral pain depends on the activation of
viscerosomatic (V-S) convergent pathways whose activity can be modulated by segmental
interactions with inputs from the skin (S), muscle (M) or other viscera (V), or by suprasegmental
inhibitory systems. These inhibitory pathways are shown by the black neurones. In addition,
excitatory loops between the spinal cord and the brain stem help to maintain activity within the
system, resulting in enhanced motor and autonomic reflexes and persistent pain.

Behavioural, neurophysiological and clinical evidence shows that most
forms of GI pain are mediated by activity in visceral afferent fibres running in
sympathetic nerves and that the afferent innervation of the gut mediated by
parasympathetic nerves is not primarily concerned with the signalling and
transmission of GI pain. As for the encoding mechanism of the peripheral
sensory receptor in the gut. there is evidence for the existence of specific
visceral nociceptors in some locations (e.g. the biliary system) and for the
existence of non-specific 'intensity' type receptors in other locations (e.g. the
colon). In any case, the actual number of nociceptive afferent fibres in the gut
is very small and this explains why large areas of the GI tract appear to be
insensitive or require considerable stimulation before giving rise to painful
sensations.

The few nociceptive afferents contained in sympathetic nerves can excite
many second order neurones in the spinal cord which in turn generate
extensive divergence within the spinal cord and brain stem, sometimes
involving long supraspinal loops. Such a divergent input can activate many
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different systems, motor and autonomic as well as sensory, and thus trigger
the general reactions that are characteristic of visceral nociception: a diffuse
and ill-localized pain sometimes referred to somatic areas, and autonomic and
somatic reflexes that result in prolonged motor activity.
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CHAPTER 23

Visceral pain

Fernando Cervero
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There is currently a renewed interest among basic
scientists and clinicians in the mechanisms of deep
and visceral pain (Cervero and Morrison. 1986).
Scientists involved in pain research have realized
that the neural organization of sensory systems
cannot be fully understood without giving due con¬
sideration to the so far neglected inputs from deep
somatic and visceral organs. Moreover, visceral
pain is the most common form of pain produced by
disease and clinicians know only too well that neu¬

rological models based entirely on the organization
of acute cutaneous pain can offer little help in the
understanding and treatment of pain of visceral ori¬
gin. It is therefore encouraging to see a new surge
of experimental and clinical work specifically aimed
at improved our knowledge of the basic mecha¬
nisms of visceral pain.

The aims of this review are to highlight those as¬

pects of visceral pain research that are the targets
of current investigation and to discuss the clinical
relevance of the new findings. This will not cover all
possible angles of the problem but may help to
point out the areas in need of further work. As it
is a new and developing field, there are still many
unresolved questions and some that are the subject
of disputed interpretations. Whenever appropriate,
these will be presented and discussed within the
context of the available experimental evidence.

Clinical features of visceral pain

Neurophysiological thinking about pain in general
has been dominated by Sherrington's approach to
pain as the 'psychical adjunct of a protective reflex'
(Sherrington, 1906). This concept has given credi¬
bility to experimental pain models based on anaes¬
thetized or decerebrated animal preparations in
which the "pain" variable was measured by reference
to the physical parameters of the protective reflex
(i.e. tail flicks, motoneuronal activity, EMG). This
approach is extremely useful when dealing with
acute cutaneous pain, as it reflects the survival value
of skin pain and the close relationship between this
form of pain and the withdrawal reflex. However,
pain of visceral origin shows a number of clinical
features that make it quite different from acute cu¬
taneous pain and do not validate Sherrington's def¬
inition based on a utilitarian approach to pain.

Visceral pain cannot be evokedfrom all viscera

The fact that pain cannot be triggered by stimula¬
tion of all internal organs is the strongest argument
against a survival role for visceral pain. Moreover,
it is not immediately clear why pain should be
evoked by certain internal stimuli, such as renal or

biliary calculi, in situations that cannot be im¬
proved by any form of natural therapy.

Visceral pain is usually evoked by stimuli that
cause strong contractions of smooth muscle and/or
ischaemia of the viscus. Nevertheless, extensive des-
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truction by injury or malignant growth of organs
such as the liver, the kidneys or the lungs does not
evoke any sensory feed-back to the individual un¬
less adjacent structures are also affected (MacKen-
zie, 1909: Morley, 1931). It is difficult to find a ra¬
tional justification for the fact that no sensations
can be evoked from some very important internal
organs. The lack of a protective, and hence useful,
role for visceral pain has puzzled mankind for cen¬
turies and it is probably the reason why visceral
pain has been regarded in the western world as a
curse of supernatural origin: 'in sorrow thou shalt
bring forth children' (Genesis 3, 16).

Visceral pain is not linked to internal injury

As pointed out in the previous paragraphs, exten¬
sive injury of some internal organs can be painless
whereas smooth muscle spasms not involving tissue
damage are extremely painful. As far as visceral
pain is concerned there is not a clear cut relation¬
ship between internal injury and pain. Some forms
of injury, such as persistent ischaemia, or some of
the consequences of injury, such as inflammation,
can indeed evoke visceral pain. However, even
these stimuli will not always trigger pain sensations
when applied to certain viscera.

The traditional view is that visceral pain can be
evoked by the following stimuli: (i) spasm of the
smooth muscle in hollow viscera, (ii) distension of
hollow viscera, (iii) ischaemia. (iv) inflammatory
states, (v) chemical stimuli, and (vi) traction, com¬

pression and twisting of the mesenteries (Ayala.
1937). Notoriously absent from this list are forms
of injury such as cutting, crushing or burning,
which are capable of producing extensive internal
damage and are also very general stimuli for cuta¬
neous pain.

The most immediate consequence of this lack of
correlation between injury and visceral pain is that
the concept of'noxious' stimulus needs to be rede¬
fined in so far as visceral pain is concerned. When
studying the neurophvsiological mechanisms of
visceral pain, a noxious visceral stimulus is not the
stimulus that produces (or can produce) injury but

the stimulus that evokes (or can evoke) pain. Not
all visceral stimuli that produce injury are necessar¬

ily noxious, since not all visceral injury is painful.
It is therefore proposed that the association be¬
tween noxious stimulus and injury is not intrinsic to
the biological meaning of noxious stimulus but ap¬

plies only to cutaneous stimulation.

Visceral pain can be referred to other locations

Many forms of visceral pain are felt in regions of
the body other than the organ whose stimulation
caused the pain (Head, 1893). The pain of angina
is a characteristic example of a pain produced by
cardiac ischaemia and felt as a crushing sensation
extending from the thorax into the left shoulder
and arm. This referral is one of the most representa¬
tive features of deep and visceral pain and provides
a valuable diagnostic tool to trace the source of the
originating pain.

Visceral pain is diffuse and poorly localized

All forms of visceral pain are poorly localized and
most are felt in areas considerably larger than the
size of the originating viscus. It is also a common

experience that as the pain becomes more intense,
so the somatic area in which the pain is felt becomes
larger (MacKenzie. 1909). These properties of
visceral pain show that its localization is very poor
and that the representation of internal organs with¬
in the central nervous system is very imprecise. If
we consider the small intestine alone, the total sur¬

face area of this organ is more than an order of
magnitude greater than the area of skin that covers
the abdomen: yet. while cutaneous abdominal pain
can be localized accurately within a few centi¬
metres. intestinal pain is felt vaguely over the entire
abdomen.

A classical exception to the poor localization of
visceral pain is the pain of gastro-duodenal peptic
ulcer, which some patients are able to pinpoint to
the epigastrium with a fingertip. This form of pain,
although very restricted, is nevertheless not loca¬
lized to the stomach or duodenum, as can be easily

750



218 / F. Cervero

demonstrated by the fact that displacing the con¬
tents of the abdomen by means of deep respiratory
movements does not alter the locus of the pain
(MacKenzie, 1909).

Some forms of visceral pain are known as 'true'
visceral pains, implying a precise localization of the
sensation to the diseased viscus (Procacci et al.,
1986). The better-localized forms of 'true' visceral
pain are usually due to the spread of the visceral le¬
sion and the activation of somatic nerves close to

the injured or diseased organ (i.e. those innervating
peritoneum, muscles or ligaments). In other cases,
the feeling of abdominal pain as a sensation origi¬
nating from inside the body rather than from its
surface is probably the consequence of the spatio-
temporal pattern of activation of somatosensory
pathways by visceral afferent fibres.

The lack of evidence for a sensory channel specif¬
ically concerned with the transmission of visceral
sensory impulses and the considerable amount of
experimental data on viscero-somatic convergence
in the central nervous system are powerful argu¬
ments against the existence of a specific visceral
mechanism for the so-called 'true' visceral pain
(Cervero and Tattersall. 1986).

Visceral pain is accompanied by intense motor and
autonomic reflexes

All forms of pain, cutaneous and visceral, are part
of a general neurophvsiological response which also
includes motor and autonomic reflexes. These re¬

flex responses are the 'pseudaffective' reactions
(Sherrington. 1906), whose presence is often used
experimentally to assess the noxious nature of the
triggering stimulus. What is peculiar to pain of in¬
ternal origin is the disproportion between the
nature of the visceral stimulus and the intensity and
duration of the pseudaffective reflexes.

Visceral pain is frequently accompanied by skele¬
tal muscle contractures and spasms which last for
a considerable amount of time and which contrib¬
ute greatly to the patient's discomfort. The contrac¬
ture of the abdominal wall during acute abdomen
episodes is a characteristic example of such reac¬

tions. Equally, many forms of visceral pain are ac¬

companied by intense autonomic reflexes such as

persistent increases in heart rate and blood pres¬
sure, sweating and changes in the pattern of motil¬
ity and secretion of other viscera, all of which can

result in profound local and systemic alterations of
normal autonomic tone. All these reactions are

clear indications of a substantial increase in the ex¬

citability of the central nervous system following
the arrival of a visceral nociceptive message. The
central actions generated by visceral nociceptive
impulses are thus of a more general and diffuse
nature than those evoked by a restricted cutaneous
stimulus.

Very few of these pseudaffective reactions can

help the general state of the individual or can deal
effectively with the originating cause of the pain.
Therefore, their presence makes the patients more
ill than they would be without them. The fact that
some of these reflexes can be of considerable diag¬
nostic value should not prevent the physician from
making a quick intervention to relieve the pain and
reduce the motor and autonomic responses.

Visceral nociceptors

One of the most fundamental questions of sensory

physiology relates to the mode of encoding of peri¬
pheral stimuli by sensory receptors. The two main
theories of pain mechanisms that have dominated
scientific thinking this century - the specificity theo¬
ry and the pattern theory - were radically different
in their proposed encoding principles for peripheral
receptors. The specificity interpretation is based on
the existence of a specific category of'pain receptor'
or nociceptor, whereas the pattern approach pro¬
poses that pain is signalled by the temporal and
spatial components of the response patterns of non¬
specific receptors (see Willis (1985) for a detailed re¬

view).
The existence of specific nociceptors in the skin,

muscles, joints and other somatic structures is now

beyond question (Torebjork. 1985). The functional
properties of cutaneous nociceptors have been stud-
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ied in many animal species, including man. Micro-
neurographic examination of afferent fibres in hu¬
man nerves has provided definitive evidence
showing a distinct correlation between electrical ac¬

tivity in afferent fibres connected to nociceptors and
the perception of elementary sensations of pain
(Torebjork and Ochoa, 1983). While the pattern of
the afferent discharge may encode the intensity of
a sensory experience, the signalling of normal skin
pain to the nervous system is mediated by activity
in specific nociceptive afferent fibres.

In so far as visceral pain is concerned, the prob¬
lem of sensory encoding by visceral afferent fibres
has not yet been resolved. Several different opinions
coexist in the current literature and the experimen¬
tal evidence behind these notions is neither uniform
nor conclusive.

An added level of complexity in this argument
originates from the fact that the activation of many
visceral afferent fibres does not result in the con¬

scious perception of a specific sensation. Many of
these visceral fibres (such as those connected to ar¬

terial baroreceptors and chemoreceptors. lung
stretch receptors or intestinal chemoreceptors) are
not 'sensory' fibres, since their activation does not
evoke a sensory response, but only 'afferent' fibres
concerned with the homeostatic regulation of the
internal environment (Cervero. 1983, 1985). This
distinction between 'afferent' and 'sensory' innerva¬
tion does not apply to skin fibres, since all cuta¬
neous afferents have the potential to evoke sensa¬
tions. In contrast, some of the messages carried by
visceral afferent fibres will never reach the level of
a conscious sensory perception, whereas others will
become sensory signals. Since discomfort and pain
are the most common (and often the only) sensa¬
tions evoked from viscera, the process of discrimi¬
nation between sensory and non-sensory signals
will have to differentiate visceral stimuli that evoke

no sensation from those that evoke pain.
There are essentially three possible ways for

visceral sensory receptors to encode nociceptive
events (Fig. 1):
(i) By specific visceral nociceptors. This is an exten¬
sion to the visceral domain of the concept of cuta-

<^>
STIMULUS INTENSITY

Fig. I. Diagrammatic representation of three possible encoding
mechanisms of noxious events (specificity, intensity and summa¬
tion) by visceral sensory receptors. The relationship between
stimulus intensity and afferent fibre response is represented for
each of the three hypotheses and is correlated with the percep¬
tion of pain sensations.

neous nociceptor. It requires the existence within
those viscera from which pain can be evoked of two

separate populations of sensory receptors, one re¬

sponding to innocuous stimuli and the other to no¬
xious stimuli. There is some experimental evidence
for the existence of a separate category of visceral
nociceptor in organs such as the heart, the lungs,
the gall bladder and biliary ducts, the testes and
perhaps the uterus (Baker et al.. 1980: Cervero.
1982; Widdicombe. 1974; Kumazawa, 1986: Rob-
bins et al.. 1987).
(ii) By non-specific 'intensity'-encoding receptors.
This is a straightforward extension of the 'pattern'
theory (Sinclair. 1967), which postulates the ex¬
istence of a single and homogeneous population of
sensory receptors. These receptors could encode the
nature of the stimulus in the 'intensity' of their re¬

sponses. so that low intensities of stimulation
would evoke low firing rates (and no sensation) and
noxious intensities of stimulation would evoke high
firing rates (and pain). This interpretation has been
defended recently by Jiinig and Morrison (1986).
However, the experimental data on which they base
their arguments (largely from studies on the affe-
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Fig. 2. Receptive field (spot) of a visceral nociceptor located on
one of the hepatic ducts of a ferret. The responses of the afferent
fibre to probing are shown in B. (From Cervero, 1982.)

rent innervation of the bladder and colon) seem to
fit better with the third option described below,
(iii) By peripheral recruitment of receptors showing
a wide range of thresholds (summation). This inter¬
pretation denies the existence of two distinct and
separate populations of sensory receptor (nocicep¬
tors and non-nociceptors) but does not support the
notion of a single population of afferent fibres with
a narrow range of excitability thresholds. Instead,
it is based on the existence of different kinds of af¬
ferent fibres whose thresholds form a continuum

ranging from innocuous to noxious levels. Thus, as
the stimulus intensity increases, more and more of
these receptors will be activated and pain will be felt
by a process of central summation. The data from
Janig and Morrison's studies (1986) fit better with
the idea of a continuum of thresholds rather than

with the notion of a homogeneous population of af¬
ferent fibres which can be activated within a narrow

range of stimulus intensities.
It is important to point out that the sensory in¬

nervation of viscera has so far been studied in very
few organs and that there are still many viscera for
which we have few or no data regarding the func¬
tional properties of their afferent fibres. Under
these circumstances it seems rather premature to
make generalizations as to whether visceral pain is

mediated by a unique class of visceral receptor. In
addition, visceral pain is often the consequence of
irritation and inflammation of the mucosa of inter¬
nal organs, and recent studies using these models
are beginning to show that the properties of visceral
afferents from inflamed tissue are different from
those of normal tissue (Bahns et al„ 1987). It is
possible that both specific and non-specific visceral
nociceptors act in parallel, conveying information
to the central nervous system about noxious viscer¬
al events. Also, it could be that the activation of

specific visceral nociceptors results in more restrict¬
ed and clear-cut forms of visceral pain, whereas the
vague and dull forms of abdominal discomfort are
due to general stimulation of non-specific gut recep¬
tors.

Some gastrointestinal sensations, such as those
evoked by colorectal distension, begin as non-pain¬
ful feelings of distension and evolve towards an un¬
comfortable and painful sensation as the distension
progresses. These properties can be paralleled by
the electrophysiological properties of some colonic
receptors (Haupt et al., 1983) which respond with
greater impulse frequencies to colonic distensions
of increasing magnitude. On the other hand, viscera
such as the gall bladder and the biliary ducts from
which pain is the only sensation that can be evoked
appear to be innervated by specific visceral nocicep¬
tors (Cervero, 1982. 1985) (Fig. 2). In any case, it
is a dangerous oversimplification to relate the final
perception of a visceral sensation to the properties
of the peripheral sense organ at the origin of the
sensory pathway. The final conscious perception of
pain depends on the way in which the central ner¬
vous system integrates the afferent visceral Inflow,
regardless of the peripheral encoding mechanism.

Neurophysiological mechanisms of visceral pain

Most internal organs have a dual afferent innerva¬
tion. Some afferent fibres join sympathetic nerves
(such as the splanchnic and hypogastric nerves),
whereas other afferent fibres from the same viscera

course in parasympathetic nerves (such as the vagus
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and pelvic nerves). It has been standard opinion in
textbooks and reference monographs that visceral
pain is mediated by afferent fibres in sympathetic
nerves and that the activation of afferent fibres run¬

ning in parasympathetic nerves does not evoke
visceral sensations and is concerned only with the
reflex regulation of visceral function (Ruch. 1946).

This notion is well supported by clinical evi¬
dence. It has been known for some time that stimu¬
lation of the splanchnic nerves in conscious humans
under local anaesthesia elicits severe pain (Leriche.
1939). Also, clinical studies using a combination of
stimulation and blocking techniques have repeated¬
ly shown that abdominal pain is evoked by stimula¬
tion of sympathetic but not of parasympathetic
nerves, and is relieved by section or blockade of
sympathetic but not of parasympathetic nerve
trunks (White. 1943). Recently, further clinical evi¬
dence has been obtained showing that splanchnic
nerve blockade during major abdominal surgery
under general anaesthesia prevents endocrine-meta¬
bolic responses to the visceral surgical procedure
and helps post-operative recovery (Shirasaka et al„
1986). This shows that the pseudaffective compo¬
nents of the visceral nociceptive response are also
mediated by afferent impulses in sympathetic
nerves. Therefore, it ca i be concluded that many
forms of visceral pain are signalled by sympathetic
nerves (splanchnic and hypogastric nerves) and that
the afferent innervation of some internal organs
mediated by parasympathetic nerves is not con¬
cerned with the signalling and transmission of
visceral pain.

Visceral afferent fibres running in sympathetic
nerve have their cell bodies in thoraco-lumbar spi¬
nal ganglia and their central projections enter the
spinal cord at levels between T2-3 and L2-3. It has
been known for some time that the total number of

primary afferent fibres involved in the transmission
of visceral nociceptive information is quite small
(Procacci. 1969). This low density of innervation is
very striking when one takes into account the large
surface area of some internal organs, particularly
those of the gastro-intestinal tract, and is probably
the reason for the diffuse nature of gastro-intestinal

pain. Recent studies, using neuronal tracing and
labelling methods, have established that visceral af¬
ferent fibres constitute less than 10% of the total af¬
ferent inflow to the thoraco-lumbar spinal cord
(Cervero et al., 1984).

It must be noted that this region of the spinal
cord receives its somatic input from the body areas
with the poorest sensory discrimination (i.e. the
back and the abdomen), whereas the visceral input
to the thoraco-lumbar cord mediates pain from all
upper abdominal organs, including the stomach,
the duodenum, the biliary tract, the pancreas and
the small intestine. Yet the somatic sensations re¬

quire 90% or more of the total afferent input to the
thoraco-lumbar spinal cord, whereas all visceral
pain from the upper abdomen is mediated by less
that 10% of all spinal afferents.

It is, then, abundantly clear that the gastrointes¬
tinal tract has an extremely low density of sensory
innervation, particularly by those afferent fibres
that mediate the sensations of visceral pain. This
explains why large areas of the gut appear to be in¬
sensitive or require considerable stimulation before
giving rise to pain. One such form of stimulation is
the intense and persistent contraction of the intesti¬
nal wall that evokes colic pain. These contractions
activate maximally and simultaneously the few no¬

ciceptive afferent fibres present in a given loop of
intestine, and in this way evoke painful sensation:
in synchrony with the motor events. Smaller, irreg¬
ular or less persistent contractions are probably in¬
sufficient to excite enough afferents with the intensi¬
ty or synchrony necessary to activate nociceptive
pathways in the central nervous system.

Visceral afferent fibres reach the dorsal horn of
the spinal cord via Lissauer's tract and join medial
and lateral bundles of fine fibres that run along the
edges of the dorsal horn. Fibres from these bundles
penetrate the grey matter and terminate within la¬
minae I and V of the dorsal horn (De Groat. 1986).
Many of the fine afferents which terminate in the
deep dorsal horn (lamina V) contain substance P
and have been shown to be largely of visceral affe¬
rent origin (Sharkey etal.. 1987). The substantia gela-
tinosa (lamina II) does not receive a direct visceral
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projection. Since the majority of visceral afferent fi¬
bres are unmyelinated, this observation calls into
question the generally accepted belief that most un¬
myelinated afferent fibres terminate in the substan¬
tia gelatinosa of the dorsal horn. It would appear
that neurones within this superficial region are only
responsible for the integration of cutaneous sensory

signals and not for the relay and processing of all
sensory messages earned by unmyelinated afferent
fibres.

The fact that visceral pain is diffuse, ill-localized
and sometimes referred to somatic structures has

always been taken into account when proposing
neurological mechanisms of visceral pain. Central
to all the proposals is the clinical observation that
the referral of visceral pain usually takes place to a
somatic area innervated by the same spinal cord
segments receiving the input from the originating
viscus. Therefore, all neurophysiological interpreta¬
tions of visceral pain are based on viscero-somatic
integration, that is, the convergence of inputs from
viscera and from somatic structures onto sensory
neurones whose activation leads to the experience
of somatic pain.

The simplest form of viscero-somatic conver¬

gence would be primary afferent fibres with multi¬
ple endings in skin, muscle and viscera (Pierau et
al.. 1984). Such primary afferents have been de¬
scribed in several animal species but their numbers
are so low that it is hard to believe that all manifes¬
tations of referred visceral pain are due to such pre-

spinal convergence.
It is therefore more likely that the referred and

diffuse properties of visceral pain are due to visce¬
ro-somatic convergence on central nervous system
neurones and by extensive integration of somatic
and visceral sensory signals. MacKenzie (1909) pro¬
vided a comprehensive model of viscero-somatic
convergence by suggesting that visceral impulses ar¬

riving at the spinal cord could produce an 'irritable
focus' within the grey matter. Such an area of irrita¬
tion would be responsible for the activation of so¬
matic sensory neurones (and hence the referred sen¬
sation) and for the triggering of somatic and
visceral reflexes. This proposal was elaborated fur¬

ther in Ruch's (1946) 'convergence-projection'
theory of referred pain in which he suggested that
the referral of the sensation was due to viscero¬
somatic convergence onto neurones of the spino¬
thalamic tract and subsequent 'faulty' localization
because of previously learned experiences. This hy¬
pothesis has received considerable experimental
support in recent years, particularly those aspects
of the theory that predicted the existence of viscero¬
somatic convergence in the spinal cord (see Cervero
and Tattersall (1986) for a recent review).

Viscero-somatic convergence in the spinal cord

More than 75% of all neurones in the thoracic spi¬
nal cord are viscero-somatic. that is, receive conver¬

gent inputs from viscera and from the skin. Since
the actual number of visceral afferent fibres enter¬

ing the spinal cord is very small, this figure is an ex¬

pression of the considerable amount of central di¬
vergence of the visceral sensory input to the cord.
Many of these viscero-somatic neurones are proba¬
bly not concerned with the sensory components of
visceral nociception but with the handling of the
general increase in excitability produced by the ar¬
rival in the nervous system of a visceral nociceptive
volley which results in motor and autonomic activi¬
ty-

Examination of the input properties of viscero¬
somatic neurones, their ascending projections and
the nature and strength of their supraspinal control
has revealed several categories of viscero-somatic
neurones, which can be reduced to two very broad
groups:

(i) Viscero-somatic neurones with a restricted visce¬
ral input and subject to descending inhibitory
control. These neurones are a minority among
viscero-somatic neurones and are located mainly in
the superficial dorsal horn. They are activated by
ipsilateral visceral afferent fibres and have restricted
somatic receptive fields from which they can only
be driven by noxious stimulation of the skin (Fig.
3). Neurones in this region of the dorsal horn are
known to project to the brain via spino-thalamic
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Fig. 3. A visccro-somatic neurone of the thoracic spinal cord of the cat. A: location of the cell in lamina I of the dorsal horn. B:
restricted cutaneous receptive field from which the cell could only be activated by noxious stimuli (nocicepior-specific). C: this cell
responded to electrical stimulation of the ipsilateral (i) splanchnic nerve (SPLN) but not of the contralateral (c) splanchnic nerve.
D: inhibition of the visceral response by electrical stimulation in the nucleus raphe magnus (NRM).

pathways and seem to be part of the nociceptive-
specific system of the superficial dorsal horn (Cer-
vero and Tattersall. 1987).

These cells are subject to segmental inhibitory
controls and to descending inhibition of supraspi¬
nal origin (Tattersall et al.. 1986a.b). They can be
inhibited by electrical stimulation in the nucleus
raphe magnus (NRM) (Fig. 3) and it is likely that
this inhibition originates from NRM cell bodies.
These cells are good candidates for a transmission
system that could mediate the more immediate
sensory effects resulting from visceral noxious
stimulation.
(ii) Viscero-somatic neurones with a diffuse visceral

input and subject to descending excitatory and inhi¬
bitory control. These are neurones located in the
deep dorsal horn and in the ventral horn and driven
by bilateral visceral inputs. They are the most nu¬

merous group of viscero-somatic neurones, have
large and multireceptive somatic receptive fields of¬
ten involving inputs of deep somatic origin and
their visceral inputs are mediated or reinforced by
supraspinal loops (Tattersall et al.. !986a.b). A pro¬

portion of them project to the reticular formation
of the brain stem and it seems that their descending
excitation originates from rostral medullary cen¬
tres.

These cells will have their excitability increased
by visceral nociceptive stimulation and will remain
in a highly excitable state as a consequence of their
spinal-bulbo-spinal positive-feedback loops. It is
therefore conceivable that they are concerned with
the integration of the non-sensory components of
visceral pain. i.e. the persistent increases in motor
and autonomic reflex activity which are so charac¬
teristic of visceral nociception.
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Pain

Fig. 4. Neuronal model of the way in which visceral nociceptive
signals arc processed by the central nervous system. The percep¬
tion of visceral pain depends on the activation of viscerosomatic
(VS) convergent pathways whose activity can be modulated by
segmental interactions with inputs from the skin (S), muscle (M)
or other viscera (V) or by suprasegmental inhibitory systems.
These inhibitory pathways are shown by the black neurones. In
addition, excitatory loops between the spinal cord and the brain
stem help to maintain activity within the system, resulting in en¬
hanced motor and autonomic reflexes and persistent pain.

A neurophysiological model of visceral pain

The neurophysiological model illustrated in Fig. 4
represents an attempt to depict the spinal and su¬

praspinal integration of visceral pain in a simple
and diagrammatic form. This model is based on the
postulates of the "convergence-projection' theory of
visceral pain and relies on experimental evidence
obtained from animal studies over the last decade.

The central element of the model is a viscero¬
somatic convergent pathway with rostral projec¬
tions which eventually reach brain areas concerned
with the perception of a pain experience. The
somatic input to this pathway is restricted to the
corresponding dermatome but the visceral input
arises from a large surface area which takes into
account the scarce innervation of internal organs.
This sensory pathway is subject to inhibitory influ¬
ences of segmental and suprasegmental origin, the
latter originating from the NRM. These inhibitory
influences are responsible for the sensory modula¬
tion of the convergent pathway.

The other element of the model is the spinal-
bulbo-spinal positive-feedback loop, which main¬
tains excitability within the sensory channel and is
probably related to motor and autonomic outflow.
The balance between this excitatory system and the
inhibitory modulation of the sensory pathway
could therefore determine the intensity of the final
perception of pain and the persistence and magnitu¬
de of the accompanying non-sensory reactions.

Clinical procedures targeted on breaking the
positive-feedback loop between the spinal cord and
the brain stem or on enhancing the endogenous in¬
hibitory system would therefore result not only in
the relief of pain but also in the prevention of the
longer-lasting motor and autonomic reactions.
There is already clinical evidence showing the bene¬
ficial effects of splanchnic nerve blockade during
major abdominal surgery under general anaesthesia
(Shirasaka et al.. 1986). Such procedures prevent
the metabolic responses due to the surgical stress
and help post-operative recovery. The rationale be¬
hind this clinical approach is based on the neu¬
rophysiological mechanisms presented, in a simple
form, in the proposed model (Fig. 4).

Summary and conclusions

Pain of visceral origin is the most common form of
pain produced by disease and is often the critical
symptom that brings patients to seek medical atten¬
tion. In spite of the immediate medical relevance of
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visceral pain and of the fact that it accounts for a
substantial proportion of recurrent and persistent
pain syndromes, little is known about the basic neu-
rophysiological mechanisms responsible for the
generation and perception of visceral pain. Such
knowledge would greatly help the development of
new therapies for the relief of pain of internal ori¬
gin.

Pain mechanisms have traditionally been studied
by examining the immediate reactions of the central
nervous system to an acute skin injury. This experi¬
mental approach has produced a considerable
amount of information on the signalling and trans¬
mission of acute cutaneous pain but has provided
little help for the understanding of pain of internal
origin. This latter form of pain shows clinical cha¬
racteristics which are markedly different from those
of superficial acute pain. Visceral pain is dull, ach¬
ing. badly localized and often referred to a part of
the body away from the diseased organ. Visceral
pain can vary in intensity with time but seldom dis¬
appears completely within a short period of time. In
most cases, visceral pain is accompanied by a gener¬
al increase in the excitability of the central nervous
system, as shown by tenderness of the skin, general
discomfort, muscle spasms and increased autonom¬
ic reflexes (e.g. sweating, cardiovascular changes,
altered gastro-intestinal motility). These character¬
istics of visceral pain show that the central nervous
system reacts to internal injury in a different way
than to external injury, the latter usually resulting
in a bright, well-localized and acute pain rarely ac¬
companied by persistent general reactions.

Visceral pain is normally mediated by the activa¬
tion of visceral afferent fibres running in sympathet¬
ic nerves. It is now known that these fibres consti-
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SUMMARY

1. Electrophysiological recordings from ureteric mechanosensitive afferent fibres
were performed using an in vitro preparation of the guinea-pig ureter and associated
nerves. Single-unit recordings were obtained from small ureteric nerves arising from
the inferior mesenteric ganglion, the hypogastric nerve or the pelvic plexus. The fibre
composition of these ureteric nerves was also examined by electron microscopy.

2. In two ureteric nerve bundles, which were taken as representative of the
maximal and minimal size of nerves used in the electrophysiological recordings, the
number of nerve fibres was found to be 417 and 48. respectively. In the bigger nerve
12% of the fibres were small myelinated and the rest unmyelinated. The smaller
nerve consisted of unmyelinated fibres only.

3. Electrophysiological recordings were made from sixty-seven mechanosensitive
afferent fibres. The conduction velocities (CV) of forty-two of them were determined
and all were found to be in the C' fibre range (mean C'V. 0 4 m/s). Of 11!) additional
fibres which were not further characterized 112 were C fibres (mean 0V. 051 m/s)
and seven were AS fibres (mean CV. 3-78 m/s).

4. Mechanosensitive units were classified into two groups according to their ability
to respond to contractions of the ureter: (i) U-l units (9% of all mechanosensitive
units) responded to contractions of the ureter and did not show on-going activity or

after-discharges to mechanical stimulation. They had low thresholds to intraluminal
distension (mean. 8 mmHg) and responded with a short latency to pressure stimuli,
(ii) L-2 units (91 % of all mechanosensitive units) did not respond to contractions of
the ureter, had spontaneous activity between 0 and 2-4 Hz and exhibited after-
discharges to mechanical stimuli lasting up to several minutes. They responded after
a long latency ( > 3 s) to distensions in the range of 5-30 mmHg.

5. The level of spontaneous activity and the pressure thresholds of the 1-2 units
were found to be different depending on whether or not the ureter was perfused
intraluminally. Thus L -2 units recorded with intraluminal perfusion had a lower rate

* Present address: Max-Planek-Tnstitut fur physiologisehe and klini.sche Forsclumg. \Y. (!.
Kerckhott-Institut. Parkstrasse 1. I)-(5350 Bad Xauheim. FRC.
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of on-going activity and higher threshold to intraluminal distension than L"-2 units
recorded without intraluminal perfusion.

6. Movement of an intraluminal glass bead under the receptive field of the units
evoked strong responses in nine of eleven U-2 units tested as soon as their receptive
fields were reached.

7. Our results demonstrate the existence of two classes of meehanosensitive
afferent fibres in the guinea-pig ureter. While the U-l units can monitor the normal
peristalsis of the ureter. U-2 units are likely to be involved in the signalling of noxious
events.

INTRODUCTION

Physiological studies of the afferent innervation of internal organs have lead to a
better understanding of visceral sensory functions. There arc. however, some internal
organs, such as the ureter, whose afferent innervation has not been studied in
detail.

The function of the ureter is to pump urine from the kidney to the bladder by
peristaltic contractions of its smooth muscle. This function can be maintained by a
flow-sensitive myogenic mechanism (Boyarsky & Labay. 1981) in the absence of any
efferent and afferent innovation (Wharton. 1932). The peristaltic rhythm can be
modulated, however, by the autonomic nervous system (Boyarsky &. Labay. 1981)
and therefore afferent fibres may have an important role in monitoring the
contractions of the ureter. On the other hand, the only conscious sensation that can
be experienced from the ureter is pain (McLellan & Goodell. 1942). The ureteric colic
induced by the passage of a kidney stone is one of the most severe forms of pain that
man can experience. In the rat electrical stimulation of the ureter evokes
pseudoaffective responses, such as vocalization and backwards escape reactions,
which are interpreted as nociceptive reactions of visceral origin (Giamberardino.
Rampin. Laplace. Vecchiet & Albe-Fessard. 1988). Therefore ureteric afferent fibres
arc also likely to be involved in the signalling of noxious events.

The ureter is also one of the tissues with the highest content of neuropeptides such
as substance P (SP) or calcitonin gene-related peptide (C'GRP). which are known to
be involved in nociception and inflammation (Holzer. Bucsics & Lembeck. 1982: Su.
Wharton. Polak. Mulberry. Ghatei. Gibson. Terenghi. Morrison. Ballesta & Bloom.
1986). These peptides are contained in afferent fibres since the administration of
capsaicin, which is known to affect a subpopulation of primary aflfercnts (for review
see Maggi & Meli. 1988). can release and deplete tachykinins and CGRP from the
ureter (Hua. 1986: Su etal. 1986).

All these observations indicate that the ureter can be a useful model to study
visceral nociception. However, there are very few studies of the response
characteristics of ureteric afferent fibres, and furthermore, these reports describe
only afferents at either end of the ureter. Floyd. Hick A Morrison (1976) reported
three afferent units with receptive fields on the ureter close to its entry point into the
bladder. These afferents exhibited slowly adapting discharges to probing the ureteric
wall and indirect responses to bladder movements. Other authors have reported
mechanosensitive afferents in the upper ureter or in t he renal pelvis that were excited
by increased ureteral pressure (Beacham & Kunze. 1969).

762



I 'RETERIC .4 EEEREXT EIBREC 247

In the present study we have used an in vitro preparation of the guinea-pig's ureter
and associated nerves to study the functional properties of ureteric afferents. The
guinea-pig was chosen because of the availability of histological, neurochemical and
physiological data and because the percentage of sensory fibres in the guinea-pig
hypogastric nerve seems to be higher than in the rat or the cat (McLachlan. 1985).
In addition we have also estimated the numbers of fibres in ureteric nerve branches

using electron microscopical techniques. Our results document the existence of two
subpopulations of mechanosensitive ureteric afferents. While one group (L-1 units)
can monitor the peristalsis of the ureter the other (If-2 units) is likely to subserve
mainly nociceptive functions. Preliminary reports of this work have been published
(Cervero & Sann. 1988: Nann & Cervero. 1988<7. b).

METHODS

A total of twenty-six male guinea-pigs weighing 240-080 g (mean + s.d.. 370+ 1 14 g) were used
in this study. Animals were killed by cervical dislocation. Part of the urinary system containing the
bladder, both ureters and both kidneys was quickly removed within 2-3 mill of death and washed
twice (o min) at room temperature in synthetic interstitial fluid (SIF) prepared according to Bretag
(19(59) and containing (m.M): XaCI. 107-7: KC'l. 3-48: CaCh. 1-53: MgSO,: XaH('03. 2(5-2: XaH.,P<)4.
1(57: sodium gluconate. 9(54; glucose, 5-55: and sucrose. 7-(i. continuously gassed with .7%
CO., and !).">"7. <)., (j)H 7 4). One whole ureter (ureter length. 39-57 mm: Mean + s.d.. 481 +5-9 mm).
cut close to the bladder and in most cases including part of the renal pelvis and the corresponding
ureteric nerves, was carefully dissected and transferred into an organ hath at 37 °C. The other
ureter was prepared similarly, mounted on a piece of rubber and kept in oxygenated SIF at 4 °C
overnight. It was often used for an experiment the next day.

()rtj<in bath
The organ bath (Fig. 1: outer dimensions. 108 x 80 x 25 mm) consisted of two parts: an

oxygenating chamber (volume 20 ml) and the main chamber (35 ml) including a 5 mm high rubber
platform for the mounting of the ureter. Heating coils controlled by a feed-back electronic device
and a thermistor fixed close to a heating coil near the platform were used to maintain the bath
temperature at 37 +1 "('. The organ bath was continuously perfused with SIF via the oxvgenating
chamber at a flow rate of 3-4 ml/min. The bath level was kept at 2-3 mm above the platform by
an adjustable suction tube. The ureter was fixed onto the rubber platform and cannulated through
both ends (cannula outer diameter. 0-75-1-02 mm. or. if the kidney pelvis was included. P34 mm).

Rerord I iiy tn'h n it/ up*

Two sets of experiments were performed. In the first series the ureter was not perfused
intraluminally and was only washed with warm SIF at the start of the experiment. In the second
series the ureter was perfused intraluminally with oxygenated SIF at low rates of 0-02-0-05 ml/
min. which is within the physiological range of urine flow in the guinea-pig (Zeisberger. Roth &
Simon. I9SS). Hither the pressure in a closed system or the perfusion pressure was eontinuouslv
monitored using a pressure transducer. Contractions of the ureter were indicated bv short (I -3 s)
increases in intraluminal pressure (10-30 mmHg). Before the electrophvsiological recordings
started, the ability of the preparation to produce contractions was tested either bv electrical
stimulation or by direct mechanical stimulation of the smooth muscle. Recordings were made
between half an hour and nine hours after the cannulation of the ureter.

Small branches (diameter 10 40/nn. length 3 (5 mm) of the hypogastric nerve or small nerves

arising from the inferior mesenteric ganglion or from the pelvic plexus were carefully dissected from
the connective tissue and fat using tine watchmaker forceps and iris scissors under a dissecting
microscope. Then, the small nerves were passed through a small slot (0-5 nun) into a movable
recording chamber (outer dimensions; 40 mm x 30 mm x 5 mm) tilled with warm paraffin oil (1 ml).
A small sponge was used to prevent leakage of the paraffin oil. Monopolar recordings of electrical
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activity were performed using a tine platinum wire which was attached to a small manipulator
mounted directly onto the recording chamber (not shown in Fig. 1). A silver-silver chloride pellet
was used as the indifferent electrode. Using this technique small nerves as short as 2 mm could he
used for recording.

Fig. 1. Schematic diagram of the organ bath used for the recording of single units from
the guinea-pig ureter. The organ bath was continuously perfused (3-4 ml/min) with
synthetic interstitial fluid (SIF) which was oxygenated in a oxygenation chamber. The
bath temperature was kept at 37 °C and the intraluminal pressure continuously
monitored. The ureter was eannulated and mounted on a rubber platform. Recordings
of afferent nerve activity were made from fine ureteric nerves in a movable nerve
recording chamber. Increases in intraluminal pressure, insertion of intraluminal glass
beads and probing of the ureteric wall were used as mechanical stimuli.

The electrical signals were amplified, filtered (band pass = 10 Hz-l-o kHz) and stored on
magnetic tape. Single units were discriminated according to their size and shape and displayed on
a storage oscilloscope using an analog delay line. The discrimination was achieved by a time
window discriminator. If the discrimination of single units was not possible attempts were made
to reduce the number of units by cutting or fibre teasing, or the nerve was discarded.

('ondaction reloritie

Conduction velocities of the units were determined by electrical stimulation (pulse duration
01 -0-2 ms. up to 30 V) of the ureteric wall in the receptive Held of the units. Since the conduction
distances were short (3-5-18 mm) two methods were used to reduce the amplitude of the stimulus
artifact. (1) While the negative stimulating electrode was kept in contact w ith the ureteric wall, the
positive electrode was adjusted to a position w here stimulus artifact was minimized. (2) A piece of
tissue of similar size to the recorded nerve was placed onto a second platinum electrode attached
to a manipulator which was directly mounted on the recording chamber. Using differential
recording between both electrodes during bipolar stimulation of the receptive Held markedly
reduced the stimulus artifact. A combination of both methods was also used. The conduction

velocity was estimated from the delay of the individual spikes and the distance between the
stimulation electrode and the recording site. Some units showed jumps in latency at increasing
stimulus intensities (see Results) and in these cases the latency measured with the lowest stimulus
intensity was used for the estimation of conduction velocity. With this technique it was possible to
measure the conduction velocity of units w ithin the A3 and (' Hbre range. In addition to the shape
of the spike the collision technique was used to identify whether a unit excited bv electrical
stimulation was also excited by a natural stimulus. In some cases the conduction velocities were
determined by stimulating electrically at different positions within the receptive Held.

Synthetic
interstitial

Pressure,
intraluminal

V bead.
Injection
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Median ical stim illation

Tile mechanosensitivitv of single units and their receptive field size were determined by their
responses to probing of the ureter with small blunt glass probes (diameter 0\j mm). I'sually the
ureter was initially touched and about 3 s later pressed for about 1 s. Tn addition, small glass beads
(diameter 0-5-0-9 mm) fixed onto a tine tungsten wire or an adjustable, umbrella-like distension
device could be used for intraluminal stroking or for a local (1-2 mm) distension of the ureteric wall,
respectively.

The distension produced by an increase in intraluminal hydrostatic pressure was used to
quantify the responses of the units. Pressurt^response curves of mechanosensitive fibres were
obtained by a series of intraluminal distensions with a duration of 30 s starting from pressures of
5 mmHg up to 90 mmHg. The interval between these stimuli was at least 3 mill and was extended
according to the stimulus intensity and the responses of the units.

Data analysis
Since the ureter length varied from animal to animal the receptive field positions were

normalized for analysis of the whole sample: the kidney end was taken as 0% and the bladder end
as 100%. In order to assess in which direction the ureteric nerves proceed within the ureter, the
normalized entry location of the nerve into the ureter was subtracted from the centre-point of the
normalized receptive field location. A negative result indicates a nerve projection towards the
kidney end: a positive result indicates a projection towards the bladder end.

The pressure threshold of each unit was defined as the pressure which was sufficient to evoke a
clear response above any background activity. Pressure—response curves were calculated by
subtracting the mean level of spontaneous activity over the same period as the pressure stimulus
from the mean firing response during the stimulus. For the analysis of phasic or tonic responses and
after-discharges the 30 s stimulus period was divided into three 10 s intervals and the mean firing
rate of the unit was measured during these three periods as well as during two subsequent 10 s
periods after the stimulus. In addition the mean firing rate of the unit 30-00 s after the end of each
stimulus was also measured (see Fig. 8).

The latency to the pressure stimulus was determined using cumulatives over the mean
spontaneous activity and was defined as the time interval from the start of the stimulus to the
beginning of a persistent increased firing rate. The duration of the after-discharges was taken as t he
time interval from the end of the pressure stimulus to the time when the firing rate returned to the
previous level of spontaneous activity.

All measures of variation are expressed as mean + s.o. unless otherwise indicated.

Electron in icroscopy
Small branches of the hypogastric nerve similar to those used for electrophysiological recordings

were dissected from a ureter obtained with the techniques described above. The nerves were pinned
onto pieces of rubber and fixed for 3 days in formalin at 4 °C. The tissue was then cut to the final
size, washed, post-fixed in osmium tetroxide and stained in uranyl acetate. Thin transverse sections
were cut from epon-embedded nerve and examined under an electron microscope. For diameter
measurements the lesser diameter of the unmyelinated fibres were used. Myelinated fibre diameters
were measured including the myelin sheath.

RESULTS

Electron m icroscopy
The guinea-pig's ureter is innervated by small nerves that originate from the

inferior mesenteric ganglion, the hypogastric nerve or the pelvic nerve. These small
nerves are 3-5 mm long and their diameters range from 50 to less than 10/tm. In
order to obtain some information about the fibre composition of the nerves used in
the electrophysiological experiments two nerve bundles, representative of the
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maximal and minimal size of nerves used for single-unit recording, were further
examined using the electron microscope (Fig. 2). The bigger nerve (diameter 30 //m :
Fig. 2-4) contained a total of 417 nerve fibres. About 12% of the axons were thin
myelinated (myelin sheath thickness 0-19 + 007 /tm. mean + s.D.) with a mean
diameter of 1-37±0-29//m. The rest (88%) were unmyelinated fibres with axon
diameters of 0-36 + 0-11 pm. The mean number of fibres enclosed by one Schwann
cell was 2-9+ 2-4 (n = 138) and about 15% of them were found to be single axons in
one Schwann cell.

The smaller nerve (diameter 10 /an. Fig. 2B) consisted of forty-eight unmylinated
axons with a mean axon diameter of 0-29 + 0T 1 /tm. In contrast to the bigger nerve
more fibres were usually contained by one Schwann cell (4-8 + 3 36. n = 10).

Electrophysiological recordings
A total of sixty-seven meehanosensitive ureteric single units recorded in thirty-

four experiments are included in this study. Fourteen additional units, identified by
their on-going activity, were recorded but they did not respond to any of the
mechanical stimuli used. Conduction velocities were measured in a total of 161 fibres
identified by electrical stimulation of the ureteric wall. Since no obvious differences
could be found in the functional properties of the meehanosensitive afferent fibres
from fresh ureters (thirty-nine units) and ureters stored at 4 °C overnight (twenty-
eight units) observations made under both conditions have been pooled into a single
sample.

Classification ofafferent units
Ureteric afferent fibres were classified into two groups according to their functional

properties. The first group (U-l units) consisted of six single units (9% of all
meehanosensitive units). They responded to spontaneous or induced contractions of
the ureter, did not exhibit spontaneous on-going activity or after-discharges to
mechanical stimuli and responded to pressure stimuli with a short latency. The
second group (U-2 units) consisted of the majority of meehanosensitive units (n =
61. 91 % of all mechanosensitive units). They did not respond to contractions of the
ureter and showed long-latency responses to increases in intraluminal pressure in the
range 5-30 mmHg. In addition, three mechanosensitive non-ureteric units were
found having receptive fields in the peri-ureterie fat or on blood vessels. One of them
was sensitive enough to signal contractions of the ureter and was found in a small
nerve branch which innervated exclusively tissues outside of the ureter.

Spontaneous acticity
The level of spontaneous activity of the mechanosensitive ureteric afferents varied

between 0 and 2 4 Hz (mean + s.D.. 0-48 + 0-63 Hz: n = 57). A comparison was
performed between the two different resting conditions used (I: no intraluminal How.
intraluminal pressure = 0: II: Intraluminal flow 0-02-0-05 ml/min oxygenated SIF.
perfusion pressure = 1 2 mmHg). Whereas U-l units had no on-going activity under
both types of resting conditions (I. n = 2: II. n = 4). the mean spontaneous activity
of the I -2 units was considerably higher without continuous intraluminal perfusion
(U-2! units. 0-87 +0-73 llz. n = 26: range. 0-2-4 Hz) than in units with intraluminal

766



and minimal size of nerves used for single-unit recordings. Xote the presence of myelinated
fibres (n = 4!)) in the biftjzer nerve (.4). The smaller nerve consists only of unmyelinated
fibres (B). Scale bars, a //m (.4) and I /tin (/>').
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flow (U-2n units. 0-18 + 0-23 Hz. n = 25; range. 0-0-7 Hz). Usually the spontaneous
activity varied very little throughout the course of the experiment and no obvious
differences in the levels of spontaneous activity were found between units recorded
at the beginning of the experiment (1-2 h after the cannulation of the ureter) or later
in the experiment (up to 9 h after cannulation).

t 1 II il
1 2 3s

Fij;. 3. Recordings of the electrical activity of four different ureteric meehanosensitive
units (all are l*-2 units). .-1. B and ('. local mechanical stimulation using small blunt glass
rods. The ureter was first touched (1) and then pressed (2) for about I s. I), response of one
unit to intraluminal pressure (20 mmHg). .4. unit with receptive field in the middle ureter
recorded without intraluminal perfusion. Spontaneous activity = 0-3 H/.. Xote that the
after-discharges occur in a bursting firing pattern which gradually recovers. B. unit
recorded during continous intraluminal perfusion with a receptive field in the upper
ureter; spontaneous activity = 0-2 Hz; pressure threshold = 20 mmHg; C'V = 0-45 m/s.
C. unit recorded during continous intraluminal perfusion with a small receptive field
(1 mm) in the upper ureter. A strong press was necessary to evoke responses with virtually
no after-discharges. Pressure threshold higher than 40 mmHg: C'V - 0-81 m/s. D. unit
recorded without intraluminal perfusion and a receptive field in the upper ureter.
Spontaneous activity = 16 Hz; pressure threshold = 5 mmHg: CV = 103 m/s. The
contractions (indicated by a pressure increase) induced by the application of 20 mmHg
locally released the distension and also decreased the activity of the unit. Xote the strong
after-discharge.

Receptive field*
Both types of ureteric- afferent fibres responded to probing the ureteric wall with

small glass rods. Light stroking or touching the outside of the ureter was not
sufficient to evoke responses (Fig. 3). Therefore stronger stimuli like pressing onto the
ureter were used to map the receptive fields. The receptive field sizes ranged between
only one spot of less than 0-5 mm diameter and up to 14 mm along the ureter (Fig.
4). Since the strong stimuli used could also have excited adjacent areas, no attempt
was made to differentiate whether the receptive field consisted of a certain number
of meehanosensitive spots or was continuous. In a few cases, however, big gaps
(> 2 mm) in the receptive field could be found. The average receptive field size for
all units was 44)9 + 3-01 mm (« = 53: range. 0-5- 14 mm).
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Receptive fields of ureteric units were found at different positions along the entire
ureter (Fig. 4). They were distributed usually close to the point where the nerve
branch ran into the connective tissue of the ureter. The receptive fields of the units
recorded in the nerve branches in the upper third of the ureter tended to be located
towards the direction of the kidney end (negative I'-values in Fig. 4). whereas those
units in nerve branches in the lower third extended more towards the bladder end

(positive T-values in Fig. 4). No differences in the receptive field positions or
receptive field sizes could be shown for the different types of units (Fig. 4).
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Fig. 4. Receptive fields, receptive field span (horizontal bars) and relative distance of the
nerve entry in the ureter to the middle of the receptive Held of ureteric afferents. A
negative )-value indicates that the receptive Held was located towards the kidney end
relative to the entry of the nerve into the ureter: a positive }'-value indicates that the
receptive Held was located towards the bladder end. All values are normalized to the
ureter length.

Responses lo probing
U-2 units exhibited a gradual tonic or slowly adapting response which was usually

followed by after-discharges, lasting from a few seconds to several minutes depending
on the stimulus strength (see Fig. 3). In about 61 % of the units the after-discharges
occurred in a bursting firing pattern, which gradually recovered to the normal levels
of spontaneous activity (see Fig. 3). None of the 1-2 units responded to spontaneous
contractions of the ureter or to contractions induced by probing or pinching the
ureter outside of the receptive field. These peristaltic waves produced a short-lasting
(I 3 s) pressure change with peak levels of Lip to 30 mmHg.

In contrast. I -1 units were excited by probing and by peristaltic contractions and
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showed no signs of after-discharges (see Fig. fi). In addition one unit with no on-going
activity was found which responded to gentle probing in a rapidly adapting manner
and had a small receptive field (less than 0-5 mm) on the lateral side of the ureter. The
responses of the non-ureteric units to probing were either slowly adapting with no
indication of after-discharges (unit with receptive field in fat) or rapidly adapting,
with only on and off responses (unit on vessel). The latter also responded to the
contractions of the ureter.

0 0 1-0 2 0 3 0 4-0 5 0 6 0

Conduction velocity (m/s)
Fig. .5. Conduction velocities of ureteric nerve fibres determined by electrical stimulation
of the ureteric wall. .4. distribution of the conduction velocity of forty-two meehano-
sensitive units. Filled columns. I'-1 units (n = 4). IS. example of a mechanosensitive unit
activated by electrical stimulation of the ureteric wall, conduction distance (<-/) = 10 mm.
conduction velocity = (F20 m/s. With increased stimulation intensity a jump in the
latency of the unit was observed. C. distribution of the conduction velocity of 11!) units
which responded to electrical stimulation of the ureteric wall but were not characterized
further. This sample includes afferent and efferent units. Note that some AS fibres
(n = 7) were found.

Condaction velocities

The conduction velocities of forty-two mechanosensitive ureteric afferents could
be determined by electrical stimulation of their receptive fields (Fig. 5.4 and R). All
of them were characterized as C fibres with a mean conduction velocity of
Q-4 + 0'22 m/s (range. (HI 1 m/s: mean conduction distance: 7-31) + 3'73 mm). The
U-l units showed a faster conduction velocity than the 1-2 units ((Hi + 0-02 m/s.
n = 4. and 0-37+ 0-21 m/s. n = 38. respectively: P < (HI5. Mann-W'hitnev U test).
No correlation between the conduction velocities and the receptive field positions on
the ureter, pressure threshold and spontaneous activity was found. The unit with a
receptive field in the peri-uretcrie fat had a conduction velocity of0-77 m/s.

In addition, the conduction velocities of 1 1!) other fibres, which were not further

analysed in detail but responded to electrical stimulation of the ureteric wall, were
estimated (Fig. •">(')• This sample probably includes efferent fibres as well as
a fie rents. The ma jority of t hose fibres conducted in the (' fibre range (n — 1 12: t)2 "T>).
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with a mean conduction velocity of 0-51 +0-28 m/s (range. 042-145 m/s). There
were, however, seven fibres which could be characterized as AS fibres (mean CV.
3-78+ 1-29 m/s: range, 1-9-6 m/s, n — 7). These AS fibres were mainly found in
relatively thicker branches of the hypogastric nerve. A compound action potential
could be recorded in a ureteric nerve which was longer (12 mm) and thicker than the
ones usually used for single-unit recordings. This recording showed three unitary AS
responses (threshold. 7 V: pulse duration. 0-1 ms: CV. 3 75. 2-2 and f!) m/s.
respectively) and a C fibre compound action potential (threshold: 16 V. 01 ms: C
fibre peak. 0-85 m/s).

0 10

Time (min)

Fig. (5. Responses of one afferent L*-l unit to probing, contractions and increases in
intraluminal pressure. Bin width = o s. Arrows indicate probing of the ureter. Xote that
the probing induced contractions to which the unit responded. The inset shows the
pressure-response curve of the unit.

In twenty-three cases the conduction velocities of single units were determined at
more than one electrical stimulation position on the ureter. In four of the ten
mechanosensitive units different conduction velocities were observed (i.e. differences
in conduction velocity greater than 0T m/s). Of the thirteen single units not
characterized, nine showed no change in their conduction velocity.

Jumps in the response latency to electrical stimulation with increased voltage were
also observed (Fig. r>B). The latency changes that occurred in eleven mechano¬
sensitive (26% of all mechanosensitive units) and thirteen non-characterized units
(12% of all non-characterized units) to electrical stimulation of the ureter could not
be explained simply by current spread to a more proximal site. For instance, in one
fibre stimulated at three different positions only 1-2 mm apart the conduction
velocity jumped from 0 23 to 0-88 m/s when the voltage was increased by only
2-4 V above threshold.

Responses ofsingle units to intraluminal pressure

In order to quantify the responses of the ureteric units to mechanical stimuli forty-
four mechanosensitive units were tested with increases in intraluminal pressure (Figs
6 and 7).
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Fig. 7. Responses of one U-2n unit to probing and increases in intraluminal pressure. Bin
width = 5 s. Xote that probing the receptive field (arrow) induced longdasting after-
discharges. Inset, pressure-response curve of the unit. The response curve is triphasic and
the increase in activity starts with pressure values above 40 rnmHg.

U-l units

The mean response threshold for U-l units was found to be of 8 + 2-5 mmHg (n =
5: see also Fig. 10). The responses of these units to sustained distension changed
from being tonic at pressures below 20 mmHg to a phasic-tonic response in the range
of 20-40 mmHg (Fig. 8). Even the highest pressure stimuli elicited virtually no after-
discharges (Figs 6 and 8: see also Fig. 9). The response delay to the pressure changes
was very short (Fig. 9) and the longer latency to the 5 mmHg pressure was due to
the slower pressure rise time. Both the low pressure threshold and the short-latency
response were consistent with the ability of the U-l unit to respond to the pressure
changes induced by a peristaltic contraction of the ureter. Xo differences were found
in the thresholds or in the responses of U-l units recorded in ureters with (four units)
and without (two units) intraluminal perfusion.

U-2 units

The mean threshold of all single U-2 units was found to be 24-86+ 14-90 mmHg
which is higher than that of the U-l units (F < 0-01. Mann Whitney f test). As with
the spontaneous activity, differences were found between the two different kinds of
perfusion conditions. Units recorded without intraluminal perfusion (U-2t units)
showed a mean threshold of 14-38+ 10-29 mmHg (n = 16). whereas the threshold of
the units recorded with continuous perfusion (U 2n units) was much higher
(33-68+ 12-23 mmHg. n = 19: see also Fig. 10). In addition one U 2[ unit, which
could be excited by probing the ureteric wall but which did not respond to stimuli
11]) to 40 mmHg. was found (not included in the mean value). Similarly for two
I" -211 fibres the threshold was not reached up to 40 and 90 mmHg. rcspectivclv.

An inverse correlation was found between the rate of spontaneous aetivitv and the
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CL

£

U-1

0

A m L L
U-2i
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■ U-2n

• La L j
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Fi<i. 8. Pressure-response characteristics of ureteric att'erents. The six columns show the
response (first three columns) and the after-discharges (last three columns) produced bv
the pressure. ■. mean activity over three 10 s periods durinsi the stimulus. □. mean

activity over two 10 s periods immediately after the end of the stimulus, g. mean activity
between 30 and 00 s after the end of the stimulus. Krror bars indicate the s.e.ji. Xumber
ofsimile units used : I'-1 units, five: l*-2| units, eleven : l"-2| t units, sixteen.

0 100

Pressure (mmHg)

50

Pressure (mmHg)
100 0 25 50

Pressure threshold (mmHg)

Fisi. !). .1. comparison of the response latencies of I'-l (#) and l'-2 (A) units in relation
to the level of intraluminal pressure. Krror bars indicate the s.e.m. Xnte that the response
latencies of the I"-1 are much shorter than those of the l*-2 units. Inset, relation between

pressure and the duration of after-discharjies of U-1 (#) and 1-2 (A) units. II. correlation
between the level of spontaneous activity and the pressure thresholds of the U 2 units. A
poly no me was fitted thro mill the data points. O ■ units: □. 1-2,, units.
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thresholds to pressure stimuli in the U-2 units (Fig.974): that is. the higher their level
ofspontaneous activity the lower their threshold.

Most U-2 units responded to sustained pressure stimuli with a tonic response which
was followed by after-discharges in 96% of the U-2 units (see Figs 7 and 8). The
mean response rate of the units during the stimulus and the intensity of the after-
discharges increased in a pressure-dependent manner (see Fig. 8). Some units (n
(i exhibited a biphasic response to sustained pressure so that there was only little
increase in activity in the lower pressure range (up to 36-60 mmHg) but a sudden
increase due to higher intraluminal pressures (see Fig. 7). In some U-2 units stimuli
longer than 30 s were necessary to evoke the stronger response.

U-1 (n = 5)

30 40

Pressure (mmHg)
Fie. 10. Distribution of the response thresholds to intraluminal pressure increases of
ureteric afferent fibres. Xote that the U-2 units recorded with intraluminal How (U-2n)
had higher thresholds than those recorded without intraluminal perfusion (U-2[).

Comparison of the response latencies of the units recorded under different kinds of
resting conditions indicated no significant difference between the two groups. It is
important to mention that at pressures such as those produced by ureteric
contractions (up to 30 mmHg) the response latencies of the U-2 units were longer
than the duration of the physiological contraction (Fig. 9.4). The duration of the
after-discharges of all the U-2 units increased in a pressure-dependent manner (Fig.
9.4. inset).

Since the upper and the middle third of the ureter are mainly innervated by the
hypogastric nerve and the lower third mainly by the pelvic nerve the pressure
threshold of the units and the level of spontaneous activity were analysed according
to the location of the receptive fields of the afferent fibres. Xo significant differences
in the response characteristics, spontaneous activity and receptive field sizes were
found in relation to the different receptive field positions.

I'rxpoHstx to local i illml inn mill tl ixtrn.iKiiis
In eleven U-2 units the responses evoked by local distension produced bv an

intraluminal glass bead were examined. Nine units were clearlv excited as soon as the
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glass bead reached their receptive field. These were short-latency (i.e. less than 1 s)
and strong responses which adapted slowly over several minutes when the glass bead
was kept at the receptive field position (Fig. 11). Every movement of the bead within
the receptive field evoked again an increase in firing rate. Xo attempt was made to
quantify the local distension produced by the glass bead but strong responses were
obtained even when the bead produced no visible changes in the outside diameter of
the ureter. In two units the activity of the fibre increased during the movement of
the glass bead in the ureter with no clear-cut and sudden increase when the receptive
field was reached.
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X fa. II. I num

10 20
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Fig. 11. Response of one single L"-2U unit to the insertion of an intraluminal glass head
into the ureter. The upper graph indicates the glass head (stone) position in the ureter.
K = kidney end: B = bladder end. The receptive field of the unit was located between 27
and 35 mm from the kidney end. After about 1(1 min the stone was moved within the
receptive field. This unit also responded to bradykinin applied close to the receptive field
(arrow).

In addition one non-spontaneously active unit was found which responded to a

strong local distension (ureter outside diameter increased by half), using an
umbrella-like local distension device (Fig. 12). The responses to the stimulus did not
start immediately (latency 20 s) and some after-discharges were also observed. With
repeated stimulation the response latency decreased. This unit was not directly
stimulated by probing and did not respond to distension outside its receptive field
(Fig. 12).

discussion

The present in rilro study describes the response characteristics of two
subpopulations of mechanosensitive afferent fibres that innervate the guinea-pig
ureter. In rilro preparations of other tissues including visceral organs have been
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previously used to study the electrophysiology of sensory receptors (for references see
C'ervero & Sharkey. 1988). From those studies it appears that functional properties of
afferent fibres in vitro are not substantially different from those of fibres recorded in
vivo. However, there are insufficient in vivo reports on ureteric affercnts to allow a
direct comparison with our results.

Fin. 12. Effect of local distension of the ureteric wall using an umbrella-like distension
device. Downwards arrows indicate prolan"! and the corresponding inverse triangle
indicates the position of the prolans!. The columns in the lower graph illustrate the
position and the duration of the local distension (outside diameter of the ureter increased
by half). The upwards arrows indicate an even stronger distension (outside diameter of
the ureter doubled). Xote that the latency to the local distension decreases after several
trials. Receptive field position between I!) and 22 mm from the kidney end of the ureter.

Afferent and efferent innervation of the ureter
We decided to record the electrical activity of nerve fibres from the small nerve

bundles which innervate the ureter in order to maximize our chances of finding
ureteric receptive fields. The very small nerves used in our experiments contained at
least fifty or so nerve fibres each, as shown by the electron micrograph fibre counts
performed in this study, but only a few of these fibres were connected to
meehanosensitive endings in the ureter. This could be due to the majority of fibres
in these nerves being efferent. A comparison of the number of labelled sensory,
preganglionic and postganglionic cell bodies following application of horseradish
peroxidase (HRP) to the hypogastric nerve of the guinea-pig revealed that only 18%
in the male and 2b% in the female, respectively, are sensory fibres (McLachlan.
1085). The numbers of sensory hypogastric fibres in the cat (Baron. Janig &
.McLachlan. 1985) and in the rat (Hulsebosch & C'oggeshall. 1982) were found to be
even lower (7 and 8%. respectively). Also the amount of neuropeptides such as
substance I' and calcitonin gene-related peptide, which are known to exist in visceral
affercnts. was found to be higher in the ureter of the guinea-pig in comparison to
those of the rat or cat (Wharton. Polak. Probcrt. De May. McGregor. Bryant &
Bloom. 1981: Holzer et at. 1982: Su el at. 198b). It is important to note that the
hypogastric nerve innervates predominantly tissues other than the ureter, such as
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the bladder, internal reproductive organs, the rectum and the retroperitoneal space,
and therefore the percentage of sensory fibres for the whole hypogastric nerve does
not necessarily reflect a similar proportion in ureteric nerves.

Conduction velocity and axon diameter
All the mechanosensitive fibres recorded in this study had conduction velocities in

the (' fibre range, thus indicating that they were unmyelinated fibres. However. 20%
of all fibres in the hypogastric nerve of the guinea-pig are myelinated fibres
(McLachlan. 11)8.3) and in the rat 15% of them are afferent (Hulsebosch &
C'oggeshall. 1982). Also, sensory fibres with conduction velocities in the AS fibre
range and with receptive fields in the bladder or in the retroperitoneal space of the
cat have been reported (Floyd et al. 1976: Balms. Frnsberger. .Janig & Xelke. 1986:
Janig & Morrison. 1986). In our electron microscopy data we noticed the presence
of thinly myelinated nerve fibres in the bigger ureteric nerve and some of our non-
mechanosensitive fibres had conduction velocities in the AS range. Since electrical
stimulation can activate not only receptor endings but also axons it could be that
some of these non-mechanosensitive units were efferent fibres.

On the other hand, myelinated fibres are rare in the outer aspect of the muscular
layer of the ureter in different species such as guinea-pigs, rats and man (Xotley.
1969: Dixon & Oosling. 1971). This suggests that the small myelinated fibres lose the
myelin sheath before they reach the adventitia of the ureter. Duciaux. Mei & Ranieri
(1976) found a subpopulation of vagal afferents in the cat which had AS conduction
velocities in the proximal pathway and 0 fibre conduction velocities up to 20 mm
away from their receptor endings. Also. Kumazawa & Mizumura (1980) reported
that sensory fibres in the dog's testis with short-latency responses to electrical
stimulation of the nerve proximal to the receptive field area had much longer latency
responses to direct stimulation at their receptive fields. Thus it is possible that some
mechanosensitive atferents have myelinated axons proximal to the ureter. The
observations reported in this study that electrical stimulation at different receptive
field sites of one single unit resulted in different conduction velocities and that
considerable latency jumps wore observed when fibres were stimulated at the same
receptive field site with a higher voltage indicate that ureteric fibres can have
different branches with different diameters. Similar results were also obtained in the

dog testis (Kumazawa & Mizumura. 1980) and in the cat small intestine and vascular
bed (Floyd & Morrison. 1974).

Response characteristicn of E-l units
We have divided our sample of single units into two groups according to their

responses to contractions of the ureter, l -l units responded to contractions,
distension and compression of the ureter, thus fulfilling the criteria for 'ill-series'
tension receptors first reported by Iggo (1955) in the bladder and the stomach of the
cat. In addition I I units were not spontaneously active and had low pressure
thresholds (< 1(1 minllg). Afferent fibres with 'in-series' characteristics have also
been found in many other viscera (for references see Andrews. 1986: Janig &
.Morrison. 1986) where they make up the majority of their afferent fibres. In contrast,
this receptor type made up only 9% of the ureteric afferents in our sample.
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A contraction can excite ureteric afferent fibres in two different ways. Either the
local contraction itself excites the receptor ending which is 'in-series' with the
smooth muscle or the pressure increase produced by the contraction induces a
tension change which subsequently excites the receptor endings. Because of their low
pressure threshold (< 10 inmHg) and their immediate responses to pressure changes
it is possible that U-l units responded to contractions through the second mechanism.
Units in the lower ureter responding to the passage of a peristaltic wave along the
ureter have also been reported in the cat in vivo (Jiinig & Morrison. 1986). We have
also seen in our study that non-ureteric atfercnts in the fat or vessels surrounding the
ureter are also sensitive enough to respond to contractions of the organ under certain
conditions. Similarly. Floyd et al. (1976) found units with receptive fields on the
lower ureter of the cat which responded to bladder movements.

Response characteristics of U-2 units
The majority of the ureteric afferents (U-2 units) recorded in vitro did not respond

to contractions, but were activated by compression and distension of the ureter. Our
two different experimental protocols appeared to influence the functional properties
of these receptors. When the ureter was not perfused intraluminally the spontaneous
activity of the afferent fibres was higher and their pressure threshold was lower than
in preparations continuously perfused with oxygenated SIF at a physiological How
rate. One possible explanation for this might be that the oxygen supply of the tissue
close to the lumen is insufficient if only the outside of the ureter is continuously
superfused with oxygen-saturated SIF. It is known that ischaemia results in an
increased and irregular spontaneous activity in visceral afferents and also sensitizes
the units to pressure and chemical stimulation (Haupt. Janig & Kohler. 1983). This
could explain why some U-2n units had pressure thresholds as low as 3 mmHg. It
could also explain our observation that the pressure-response curves of the U-2r
units are shifted towards an increased sensitivity by comparison to the U-2II units.
On the other hand the ureteric smooth muscle is sensitive to How and distension

(Boyarsky & Labay. 1981). so that intraluminal infusion might change the tonus of
the ureter.

If ischaemia is the reason for the different response characteristics of the two
groups of U-2 unit, then it is likely that the sensory endings affected are located in
the inner layer of the ureter. Numerous afferent nerve endings have been found in the
submucosa plexus of the guinea-pig's ureter (Dixon & Oosling. 11)71 : Hoyes. 1984).
These endings differ anatomically from efferent endings, contain neuropeptides such
as substance P and degenerate after application of capsaicin (Hoyes. 1984). The
observation that a stronger compression of the ureter was necessary to evoke
mechanically induced responses is in agreement with the submucosal location of
these units.

Afte r-discha rges

A characteristic property of all U-2 units was the presence of after-discharges
following mechanical stimulation. This kind of after-discharge has also been reported
in afferents supplying the cat's colon (Blumberg. Haupt. Janig it Kohler. 198,3). the
duodenum of the sheep (Cottrell it lggo. 1984) and the retroperitoneal space of the
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cat (Bahns et al. 1986). Interestingly, all these afferents had slowly adapting or tonic
responses to mechanical stimulation and those in sheep duodenum had relatively
high mechanical thresholds. The after-discharges of the ureteric fibres cannot
exclusively be explained by the mechanical properites of the tissue, as is the case for
C fibre mechanoreceptors of the skin (Iggo & Kornhuber. 1977). or by local
fibrillation of the smooth muscle, as proposed for units in the sheep reticulum (Leek
& Harding. 1975). since these mechanisms will not outlast the stimulus for such a

long time. Also no visible local contractions were seen in the ureter after mechanical
stimulation. One tentative explanation might be the involvement of chemicals
released directly or indirectly by the mechanical stimulus. There is good evidence
that activation of somatic polymodal nociceptors induces the release of substance P
from their receptor endings which subsequently releases histamine and serotonin
from mast cells (for references see Maggi & Meli, 1988). These substances in turn
excite the polymodal nociceptors. A similar mechanism could operate in the ureter
since substance P release and neurogenic inflammation have been demonstrated
there (Hua. 1986). Preliminary results (H. Sann & F. Cervero. unpublished
observation, and see Fig. 11) indicate that the mechanosensitive U-2 units are also
chemosensitive and can be stimulated by potassium, bradykinin or capsaicin, like the
polymodal nociceptors in the skin and the majority of visceral afferent in other
organs (Haupt et al. 1983). In addition the in vitro preparation has no blood flow and
the released compounds can have a longer time of action than in vivo.

Responses to pressure

Distensions of the ureter produced by increases in intraluminal pressure evoked
slowly adapting or tonic responses in the l'-2 fibres. However, these responses did not
happen immediately after the onset of the stimulus and sometimes the maximal
responses were only achieved 20 s or more after the stimulus onset. These long
latencies could not be explained by the mechanical characteristics of the ureter since,
even at low pressures, maximal distension was usually obtained within 1-3 s. This
observation can explain why U-2 units failed to respond to the distension produced
by normal contractions, since such contractions lasted only for 1 -3 s.

Adequate stim idus

If. as we suggest, the U-2[ units arc sensitized U-2n units then the distension
thresholds of U-2 units are greater than 3(1 mmHg. The ureter is a low-pressure
system with baseline pressures in the intact ureter or in the kidney pelvis in humans
of less than 10 mmHg (for references see Michaelson. 1974). Similarly, baseline
ureteric pressures in dogs vary between 3 and 18 mmHg (Rose & (lillenwater. 1973).
Thus under normal conditions U-2 units would not be activated. This may. however,
change if the ureter is obstructed by a passing kidney stone. In studies in dogs the
baseline pressure rose within less than an hour to about 46 mmHg when the ureter
was obstructed (Rose & (lillenwater. 1973). Risholm (1954) reports that the pain
threshold in man (33 mmHg. range 21 -58 mmHg) was reached within 3-40 min after
the obstruction by means of an inflated balloon and Michaelson (1974) observed in
patients with ureteral stones that during an acute attack of ureteric colic the
intraluminal pressure was increased to 50 70 mmHg. The threshold for a fall in blood
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pressure and an increase in efferent activity in the renal nerve of the eat was found
to be at ureteric pressures between 2d and 30 minHg (Beacham & Kunzc. 1969). Thus
the pain threshold in humans and the threshold for pseudoaffeetive reactions in cats
are remarkably similar to the thresholds of the 1-2 units in the guinea-pig.

Also L"-2 units responded to the local distension produced by the intraluminal glass
bead, indicating that they can be activated by passing kidney stones. Besides
the increases in intraluminal pressure the local distension produced by a stone is
thought to produce ureteric pain in humans (Bach. 1986).

The only mechanical stimulus that occurs normally in the ureter is the peristaltic
contraction. This stimulus is signalled by the U-l units but not by the l'-2 units. This
second group of afferent fibres can. however, be excited by pathophysiological
mechanical stimuli such as kidney stones and increased intraluminal pressures.
Therefore it appears that the L'-2 units, as far as their mechanosensitivity is
concerned, subserve mainly nociceptive functions and are similar to the high-
threshold units found in the biliary system of the ferret (Cervero. 1982).
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The anal canal in health is extremely sensitive to thermal stimuli. If
temperature sensation plays a part in sensory discrimination two
conditions must be fulfilled: there must be a temperature gradient along
the anorectum and rectal contents must be able to come into contact

with the sensitive anal mucosa. In a study of 53 normal subjects we
demonstrated this temperature gradient with a median temperature
difference between the rectum and lower, mid and upper anal canal of
0-4. 0-2 and 0-1'C respectively. The second condition was examined in
15 normal ambulatory subjects by measuring mid-anal sphincter [SP)
and rectal pressures (RP) with a microtransducer catheter. The signals
were digitalized and recorded in a portable electronic memory for later
computer display, and analysis. Marked spontaneous sphincter
relaxation resulting in equalization of RP and SP occurred 7 times per
hour (1-^). The conscious sensation of the presence of flatus was
associated with an SP reduction of 30 mmHg (20-50 mmHg) and an
RP increase of 7 mmHg (0-15 mmHg). such that RP^SP in 80 per cent
of 144 recorded events. Using this new technique we have demonstrated
the highly dynamic nature of the anal sphincter. Several times an hour
the sphincter relaxes with subsequent equalization of rectal and anal
pressures, allowing entry of rectal contents into the anal canal so that
its presence and nature can be determined.
Keywords: Ambulatory, anorectal physiology, anal sensation

Our current understanding of anorectal physiology in health
and disease has been derived from studies of patients in
'laboratory' conditions over relatively short periods of time.
Routine manometnc and many radiological investigations are
performed with the patient lying still in the left lateral posi¬
tion1-3. Although these studies have provided much essential
information their application is limited because of the unnatural
surroundings and immobility of the patient.

The object of this study was to investigate anal sphincter
activity in conditions as near normal as possible. In particular
we wished to elucidate the mechanism by which the presence
and nature of rectal contents were recognized by normal
subjects. We have previously demonstrated that the anal canai
in health is extremely sensitive to temperature4. If this is
involved in the perception of rectal contents two further
conditions must be met: (1) there must be a temperature
difference between the anal canai mucosa and rectal contents:

(2) rectal contents have to be able to come into contact with
the sensitive anal mucosa. Both these conditions are examined
in this study. In addition, the manometric changes that accom¬
panied the passing of flatus were noted.

Patients and methods

Patients

Anal canal temperature measurements were taken from 55 subiecis. 50
maie and 23 female, median age P4 vears irange 21-40 \earsi. These
patients had been admitted for surgery unrelated to the colon or rectum
and had no alimentary complaints.

t Present address: John Radclille Hospital. Headmqton. Oxford. L'K
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Ambulatory recordings were made in a separate group of 15
patients. 10 male. 5 female, median age 52 years (range 29-80 years I.
Thirteen had no anorectal complaints and were awaiting surgery for
some condition unrelated to the alimentary tract: the remaining two
patients were taken from the colonoscopy follow-up list after nght-sided
colonic polypectomy at least 6 months before the investigation and a
normal colonoscopy within 2 weeks of the test. No bowel preparation
was used and investigations were performed in the mid-afternoon.

Methods

Measurement of anorectal temperature. A thermocouple was buiit
by the Department of Physiology in Bristol University specifically to
measure temperature in the anorectum. It was designed to avoid error
due to heat conduction dow n the shaft of a normal mercury thermom¬
eter and to enable \ery accurate recordings from discrete areas of the
anorectum to be made. It consisted of a nickel-aluminium nickel-
chromium thermocouple set on the surface of a small plastic dome
4 mm in length and diameter, and fitted on to the end of a PVC catheter.
3 mm in diameter i Fiqure 1). This was connected to the digital thermo¬
meter (Type 2501. Comark Ltd. Littlehampton. UK). The temperature
in the anorectum was measured in the lower, mid and upper zones of the
anal canai and from the mid-rectum i0-5. 15. 2 5 and 10cm from the
anal verge respectively). Repeat measurements were taken from 10
patients to assess reproducibility.

Figure I Photoaraph <>l the thermocouple used to measure anai

temperature
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Figure 2 The 'Digitrapper' box

Table 1 Temperatures recorded from different levels in the anorectum

Level Temperature (3C)

Anal canal
Lower 36-87 (35-9-37-8)
Middle 37 10 (36-3-38 1)
Upper 37-25 (36-5-38-2)

Rectum 37-30 (36-7-38-3)

Values are medians with ranges in parentheses

Ambulatory anorectal manometry. A soft, flexible microtransducer
catheter. 2 mm in diameter was used in order to minimize the
disturbance to the anorectum (16C/Sil 3. Gaeltec Ltd. Isle of Skye,
UK). It carried three pressure-sensitive microtransducers. one at
the tip and one each 4 cm and 6 cm proximally. It was connected to
a portable box of electronics (Motility Digitrapper. Synectics Medical
Inc.. Stockholm. Sweden) which was originally designed to measure
oesophageal motility and was adapted for use in the anorectum. It
allowed 3 h recordings from two pressure channels to be stored in a
digital memory. This was the maximum time of recording permitted by
the memory capacity of the box. The pressure from either channel could
be visualized on a liquid crystal display and it also had an event marker
button so that subjects could denote on the trace of pressure change any
event which they felt (Figure 2). It was found in preliminary
investigations that the recording of pressures using this system was
subject to a degree of drift and that this could be minimized by allowing
a 30min period to warm up' the system, after which the memory was
cleared. It was calibrated using a pressurized chamber connected to a
mercury manometer and zeroed at atmospheric pressure. A station pull-
through of the anal sphincter was performed (taking into account radial
variation)5 and the c.atheter was placed so that the transducers faced
laterally: the lower transducer recorded mid-anal canal pressure and
rectal pressure was recorded by the transducer at the tip. The
digitrapper box permitted only two-channel recording and therefore the
middle transducer on the catheter was not used. The catheter was then

strappea to the natal cleft with adhesive tape up to the anal \erge. The
digitrapper was positioned at the subject's waist on a belt and he or she
was familiarized with the event marker. The subjects were instructed to
press the marker once when the presence of flatus was felt ana twice
when it was felt to pass per anum. Two subjects were asked to contract
the anai sphincter when they felt the sensation of flatus for the last half
hour of the recording, the aim being to determine whether the falls in
pressure could be explained by displacement of the catheter such that
the lower transducer was in the rectum and therefore not recording
sphinctenc activity.

Preliminary investigations using this technique revealed a very
characteristic trace when subjects walked and these sections were
excluded from the analysis to reduce possible error due to catheter
displacement. In addition, in one subject the artefact induced by
movement of the catheter in the anal canal was observed.

The subiects were permuted to do what thev wished over the 3 h
period and on completion the information was offloaded on to a

computer (Type 1512. Amstrad. Brentwood. Essex, UK) which, with the
appropriate software (Motiligram. Synectics. Sweden), allowed the
traces of pressure change to be displayed and assisted with the analysis
of results.

Statistical analysis
All intergroup comparisons were analysed using the Mann-Whitnev
U test. Reproducibility of temperature measurement was determinea
by the Spearman ranked correlation coefficient.

Results

Anorectal temperature measurements
The median temperature differences between the rectum and
lower, middle and upper anal canal were 0-4, 0*2 and 0TcC
respectively. These results indicate that a temperature gradient
exists in the anorectum, with a progressive reduction of
temperature from rectum to lower anal canal. The results of
actual temperatures recorded are presented in Table 1. Repro¬
ducibility of temperature measurements in the lower, middle
and upper anal canal and rectum were: r, 0-86, 0-94, 0-92 and
0-97 respectively (PcOOOl).

Ambulatory anorectal manometry
The median duration of the studies was 2-8 h. Normal slow
waves were seen in a few patients and ultraslow wave activity
was also occasionally seen.

The most striking feature of the traces of pressure change
were numerous falls in sphincter pressure to such an extent that
it was equal to or less than rectal pressure (Figure J). This
occurred 7 times per hour (range 1^41 times), of which
60 per cent were not felt by the subjects. There were, in addition
to these, numerous other falls in sphincter pressure that did not
result in equalization with rectal pressure (Figure 4).

Awareness of the presence of flatus was noted, in all, 144
times during the total of40 h recording with a median frequency
of 3/h (range 1-7/h). It was associated with a fall in sphincter
pressure of 30 mmHg (20-50 mmHg) and a rise in rectal pressure
of only 7 mmHg (0-15 mmHg). Sphincter pressure was equal to
or lower than rectal pressure in 80 per cent of cases. A typical
example of the pressure changes associated with the sensation of
flatus is shown in Figure 5. Only 6 percent of sensations were
not associated with a fall in sphincter pressure. Prolonged
reductions of the sphincter pressure were observed in 12 of the
15 subjects such that rectal and mid-anal sphincter pressures
were the same for up to 3 minutes at a time (Figure 6). These
occurred at a median frequency of 1 per 3-hour period (0-12.h)
and lasted for 60 s (20-180 s). The episodes were often associated
with the awareness of flatus being present just before the
pressure began to rise to its 'resting' level.
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Figure 3 Spontaneous fall in sphincter pressure which was not felt b\
the suh/ect
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Figure 4 Sphincteric relaxation which did not result in equalization with
rectal pressure. These were very frequent events. This is followed by an
example of the artefact induced by moving the catheter in the anal canal,
which bears no resemblance to the more prolonged falls in pressure
associated with the sensation of flatus

During both the transient reductions and the more pro¬
longed events, normal maximum voluntary squeeze contrac¬
tions were seen in the patients requested to 'squeeze' the
sphincter, indicating that the catheter was still in the anai
sphincter and had not been displaced into the rectum or to the
exterior (Figure 7).

The manometric changes that occurred when flatus was
passed consisted of a reduction of sphincter pressure by
35 mmHg (0-88 mmHg) with a relatively small rise in reciai
pressure of 8 mmHg (range — 10 to 88 mmHg). Fifty-four of
these events were recorded, the median frequency being one
per hour (range 0-3-5/h). Neither the rise in rectal pressure
nor the fall in sphincter pressure that occurred on passing flatus
were statistically different from those that occurred when flatus
was simply felt to be present.

In two subjects a more pronounced rise in rectal pressure
occurred when flatus was passed but this always accompanied
a marked fall in sphincter pressure (Figure 8).

In one subject the rectum filled during the course of the
study, which permitted the effect on sphincter activity to be
observed. In the first hour with an empty rectum he behaved
in very much the same way as 'normal' with frequent relaxations
of the sphincter. As the rectum filled, the pressure recorded by
the rectal microtransducer gradually increased because of direct
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Figure 5 Manometric chanqes associated with the sensation of the
presence of Jlatus (denoted by the vertical lines at 15 and 108 s). The
principal change is a fall in sphincter pressure so that rectal and anal
pressures equalize

Figure 7 In this example the subject was requested to squeeze :ne
sphincter on the sensation of Jlatus. The external sphincter contraction
was recorded as a rise in pressure indicatinq that the microtransducer
was still in the anai canal
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Figure 6 t/i example of more prolonged sphincteric relaxation such
that mid-anal and rectal pressures were equal lor J mm
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Figure 8 Anorectal manometry on passing fatus. The principal chanae
was a tall in sphincter pressure and in this example the rectal pressure
also increased considerably
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Figure 9 Manometric changes on feeling and then passing jlatus with
a full rectum (denoted by the vertical lines at 22 and 40 s respectively).
The sphincter relaxed to allow flatus to enter the anal canal but after
this event there was a marked rise in sphincter pressure, characteristic
of an external sphincter contraction

pressure of stool on the transducer membrane. The most
interesting change occurred in the sphincter pressure after flatus
was either felt or passed. After these events there was a marked
rise in sphincter pressure, characteristic of an external sphincter
contraction (Figure 9).

Five patients ate sandwiches .during the course of the
recordings but this produced no obvious change in anorectal
manometry. Similarly, the effect of micturition was recorded on
several occasions and high anal canal pressures were seen at the
end of urination but too few patients were studied for any
conclusions to be drawn.

Discussion

An essential prerequisite to the study of physiological disorders
is a thorough understanding of the normal mechanisms govern¬
ing the system under investigation. Our current concepts of the
physiology of continence are for the most part based on static
measurements of patients in the left lateral position. Some
workers have attempted to introduce more dynamic assess¬
ments0-8 but even these studies are limited in their application.
They are performed in unfamiliar and often intimidating
surroundings in their effort to simulate stresses on the conti¬
nence mechanism or defaecation.

This study represents an attempt to observe 'normai' sphinc¬
ter activity in subjects largely free from these constraints, and
has demonstrated frequent sphincteric relaxation allowing the
possibility of contact between the rectal contents and sensitive
anal -mucosa. Temperature sensation is important for sensory
discrimination and it is probable that the difference in tempera¬
ture between stool in the rectum and the anal canai would
contribute to sensory discrimination of rectal contents. It is
suggested that this would result in the central nervous system
being continually updated with information regarding the
presence and nature of rectal contents. This may reach con¬
sciousness on occasions but how often this occurs is likely to
be very variable and to depend on the activities and distractions
of the individual.

Some caution is necessary in extrapolating conclusions
regarding the movement of gut contents from manometnc data.
Movement of flatus into the anal canal has not been demon¬

strated in this study There is. however, a high probability that
this does occur, bearing in mind the proximity of the two
pressure sensors, the ease of movement of gaseous contents and
the fact that flatus was often felt on equalization of rectal and
anai pressures a few seconds before it was passed, when us
presence in the anai canal was beyond doubt.

The total range of frequency at which equalization of rectal
and sphincter pressures occurred was considerable il-41 h).
This is likely to be a reflection of the volume of flatus and stool
contents entering the rectum and therefore largely dependent
on diet9. The effect of diet was observed when one subject was
studied while on his normal diet and again after 24 hours taking
free fluids only. On his normal diet the hourly frequency of
equalization of anorectal pressure, sensation and passing of
flatus was 4-6, 2 5 and 1-4 respectively. On a free fluid diet
equalization occurred only twice in the 3 h period and flatus
was neither felt nor passed.

While rectal distension is known to cause internal sphincter
relaxation10, distension of the gut by solid and gaseous contents
some distance from the lower rectum may have an effect on
internal sphincter activity. Naudy and co-workers found dimin¬
ishing sensitivity to the threshold distension that induced
internal sphincter relaxation as the distending balloon was
moved more proximally from rectum to sigmoid colon11. They
also noted marked internal sphincter relaxation during pro¬
pulsive activity in the lower sigmoid and upper rectum. Simi¬
larly, Browning and Parks observed that propulsive colonic
activity induced by the topical application of bisacodyl caused
internal sphincter relaxation and proposed the reflex was
mediated via the myenteric plexus12. It would seem probable,
therefore, that many of the falls in sphincter pressure recorded
in this study were due to contraction or distension of the
sigmoid colon and upper rectum. Internal sphincter relaxation
induced by colonic activity may explain why 60 per cent of the
recorded sampling episodes were not associated with the
subjective awareness of rectal contents being present. If the
rectum was empty, sphinctenc relaxation induced by such
activity would not result in stimulation of the anai mucosa.

The correlation of manometric changes with the awareness
of rectal contents provides considerable support for the concept
of anorectal 'sampling' proposed by Duthie and Bennett1-3
although it does not elucidate which receptors are responsible.
We have previously demonstrated that the anal mucosa is
highly sensitive to thermal stimuli4 but it is possible that
sphincter relaxation is perceived because of changes in stretch
receptor activity in the muscles rather than any eiTect of mucosal
stimulation by the rectal contents. It is difficult, however, to
conceive how these receptors would be able to differentiate
between relaxation induced by solid or gaseous rectal contents.
Furthermore, the relaxation induced by the recto-anal in¬
hibitory reflex does not result in any sensation of flatus and in
fact is hardly ever perceived by the subject under study. In
addition to thermal stimulation, mechanical stimulation of the
anal mucosa and rectal stretch receptors are likely to be essential
in enabling rectal contents to be perceived.

Our results also shed some light on other aspects of
sphinctenc activity, and differ from findings in "laboratory'
conditions. Flatus was observed to pass as the sphincter relaxed
so that its pressure equalized with rectal pressure, which rose
only slightly compared with the drop in sphincter pressure. In
one-third of these events there was no accompanying rise in
rectal pressure at all. In contrast. Finiay ana co-workers
reported in nine subjects that the mechanism by which flatus
was continently expelled was by forcing it through a tightly
closed sphincter and concluded that 'inappropriate puborectaiis
spasm noted in the solitary rectal ulcer syndrome represents
the normai mechanism of passing flatus'14.

The rectum filled in one subject during the course of the
recording period and sphincteric activity changed considerabiv
The sphincter was seen to contract after flatus was either fell
or passed and this ma> represent contraction of the sphincter
to push back stool that had entered the anai canai when it had
relaxed in response to flatus. If this is the case. :t heips to explain
how the sphincter works to maintain continence in the presence
of a full rectum: further studies are in progress to investigate the
finding.

In conclusion, this stud> has shown that anorectal samnlme
occurs in normal umbuiaiory patients and is associated with
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the conscious awareness of flatus. In conjunction with the
thermal gradient in the anorectum and the sensitivity of the
anal canal, this supports the concept of the sensitive anal
mucosa being essential for sensory appreciation of rectal
contents.
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Single unit electrical activity has been recorded from viscerosomatic neurones in the lower thoracic spinal cord of decerebrate spinalized
cats. The responses of the cells to electrical stimulation of afferent fibres in the splanchnic (SPLN) nerve and the effects of repetitive stimulation
of somatic and visceral afferent C-fibres have been studied. Four groups of viscerosomatic neurones could be distinguished according to the
type of visceral afferent input of the cells; (1) A-only cells (32.9%), driven only by stimulation of Ad afferent Fibres in the SPLN nerve; (2)
C-only cells (3%), driven only by stimulation of C afferent fibres in the SPLN nerve; (3) A+C cells (45.7%), driven by both Ad and C afferent
Fibres in the SPLN nerve; and (4) A+C? cells (18.6%), driven by Ad visceral afferents and showing signs of responsiveness to C-fibres though
lacking a distinct response volley to visceral C-Fibre activation. Two cells of the A+C group and located in lamina I of the dorsal horn responded
to SPLN nerve stimulation in a manner consistent with the afferent fibre composition of the nerve, that is, showed evidence of strong
monosynaptic links with SPLN afferent C-fibres and weaker responses to SPLN Ad afferents. Excitability changes of viscerosomatic neurones
('wind up', 'wind down' and changes in background activity) were also observed in the majority of neurones following electrical stimulation
of somatic and of visceral afferent C-fibres. It is concluded that the functional relay of visceral afferent fibres in the spinal cord does not merely
follow a representation of the afferent fibre composition of visceral nerves. Evidence from this study suggests a strong and highly divergent
action of visceral Ad afferents in the spinal cord and a more diffuse effect of visceral C-Fibres.

INTRODUCTION

A considerable amount of attention has been paid in
recent times to the peripheral and central mechanisms of
visceral sensation and visceral pain (see ref. 11 for
references). Of particular interest for the understanding
of the initial stages of processing of visceral nociceptive
signals are the responses of spinal cord neurones to the
natural and electrical stimulation of visceral afferent
fibres. Studies of this kind have focussed on the activity
of neurones in the thoracic region of the spinal cord,
driven by visceral afferent fibres that originate from
either the cardiopulmonary region or the upper
abdomen12-14. The rationale behind these experimental
approaches is based on the clinical observations that most
visceral nociceptive signals from these regions of the
body are transmitted to the central nervous system (CNS)
via sympathetic nerves that project to the thoracic spinal
cord24.

The nociceptive innervation of upper abdominal vis¬
cera (stomach, duodenum, upper intestine, biliary sys¬
tem, pancreas) is mediated by visceral afferent fibres that
project to the lower thoracic spinal cord via the splanch¬

nic (SPLN) nerves. In the cat, 90% of these afferent
fibres are unmyelinated (C-fibres) and, with the excep¬
tion of a handful of A/5-fibres probably connected to
mesenteric Pacinian corpuscles, the remaining 10% are
small myelinated (Ad-fibres)19. However, the actual
number of visceral afferents in the SPLN nerves of the cat

is very small (estimated at not more than 5000 fibres in
each SPLN nerve)17 and HRP studies have shown, again
in the cat, that these visceral afferents constitute iess than
10% of the total afferent inflow to the lower thoracic

segments of the spinal cord10.
In contrast to these figures for the proportions of

somatic and visceral afferent fibres in peripheral nerves,
the majority of neurones in the spinal cord can be excited
by stimulation of both somatic and visceral afferent fibres
(viscerosomatic neurones). It has been reported that
60-75% of all neurones in the thoracic spinal cord of the
cat are viscerosomatic12. These figures indicate a consid¬
erable functional divergence within the CNS of the few
visceral afferent fibres present in sympathetic nerves.

Previous studies from this and other laboratories2-
61215 have reported that virtually all viscerosomatic
neurones in the spinal cord can be driven by stimulation

Correspondence: F. Cervero, Department of Physiology, University of Bristol Medical School, University Walk, Bristol BS8 1TD, U.K.
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of Ad visceral afferent fibres and that less than half of
them give additional responses to stimulation of visceral
C-fibres. This observation indicates a clear mismatch
between the proportions of Ad and C visceral afferent
fibres present in peripheral nerves and the proportions of
viscerosomatic neurones driven by these two types of
visceral afferent. These discrepancies could be due to
genuine differences in the amount of functional diver¬
gence generated by visceral Ad and C-fibres or, alterna¬
tively, to selective inhibitory effects of anaesthesia and/or
supraspinal systems on the C-fibre evoked responses of
viscerosomatic neurones.

We therefore decided to look in detail at the effects of
electrical stimulation of SPLN A- and C-fibres on the

activity of viscerosomatic neurones in the thoracic spinal
cord of the cat. To eliminate possible inhibitory effects of
anaesthesia, decerebrate animals were used. We wanted
to establish the proportions of viscerosomatic neurones
affected in any way by the activation of afferent C-fibres
which constitute the vast majority of afferent fibres in
visceral nerves. We also wanted to examine any changes
in the excitability of the neurones that could be attributed
to the stimulation of visceral afferent C-fibres. In this

respect, we have looked at the phenomena of 'wind up'
and of 'wind down' of neuronal activity induced by
electrical stimulation of visceral afferent C-fibres. In
order to eliminate possible effects mediated by supraspi¬
nal loops and to remove tonic descending inhibition22,23,
the experiments were conducted on spinalized animals.

Preliminary results from this study have been pub¬
lished in abstract form1.

MATERIALS AND METHODS

Experiments were conducted on 10 adult female cats with body
weight between 2.4 and 3.5 kg. All cats were decerebrated, under
halothane anaesthesia (2.5% in 1/3 02 and 2/3 N20) by removing
the forebrain rostral to the midcollicular level. Halothane anaes¬

thesia was discontinued after all surgical procedures to the animals
had been completed and at least 3 h before the beginning of
recording sessions. All animals were paralyzed with pancuronium
bromide and ventilated with a positive pressure pump. The general
methods for the monitoring and maintenance of the general state of
the animals have been described previously in detail7-8. The lower
thoracic spinal cord was exposed by a laminectomy from T9 to T,2.
A second smaller laminectomy was performed at T5-T6 to allow a
complete surgical spinalization of the animals at this level. The
animals were mounted in a rigid frame and pools were made with
skin flaps over the exposed areas of the spinal cord. Recording
stability was improved by clamping the vertebral column, by
infiltration of 3% agar around the spinal cord and by a bilateral
pneumothorax. All spinal cord pools were filled with warm paraffin
oil at 38 °C.

Recording techniques
Extracellular single unit recordings were made through glass

microelectrodes filled with 4 M NaCl (impedance measured at 1 kHz
was 8-20 M£?). Recordings were made from neurones in the right
side of the grey matter of the segment T1(). An ipsilateral dorsal

rootlet in T1() or Tn was electrically stimulated (1-3 V, 0.1 ms, 1 Hz)
through ball-tipped silver wire electrodes when searching for
neurones. Recordings were displayed on an oscilloscope and
analyzed 'on-line' and 'off-line' using a microcomputer.

Stimulation of afferent fibres
Somatic afferent fibres were activated by natural stimulation of

their receptive fields or by electrical stimulation through intradermal
electrodes. Natural stimulation included innocuous stimuli (i.e.
brushing and stroking) as well as noxious (i.e. pinching and
squeezing). Visceral afferent fibres were activated by electrical
stimulation of the ipsilateral splanchnic nerve (SPLN). In all
animals, the right greater and lesser SPLN nerves were dissected
retroperitoneally and prepared for electrical stimulation as previ¬
ously described7-8. Two stimulation regimes were used: (1) A-fibre
only, that is, an intensity sufficient to activate all A-fibres in the
nerves but below threshold for C-fibres (1-3 V, 0.1 ms); and (2)
A+C-fibre, that is, supramaximal intensity for all fibres in the
nerves (20-30 V, 0.5 ms). The intensities of stimulation for these
two regimes were adjusted by reference to a control experiment in
which averaged compound and single action potentials were
recorded from the T10 and Tn dorsal roots in response to electrical
stimulation of the SPLN nerves.

Histological methods
The position of the recording microelectrode was marked by

ionophoretic deposition of Pontamine sky blue (PSB) in the last
track of each experiment. Marks were made in this track at 1 mm
intervals. The section of the cord was removed and frozen. The

recording sites of the neurones were calculated from these spots
recovered in 50 /am sections counterstained with Haematoxylin-
Eosin.

RESULTS

Sample of neurones
The results reported in this paper are based on a

sample of 70 viscerosomatic neurones. These cells were
recorded in all laminae of the grey matter of the T10
segment of the spinal cord with the exception of laminae
II (where no viscerosomatic cells were found), IX (where
recordings were not made to avoid motoneurones) and X
(which was not reached by our electrode tracks). All
neurones were classified as viscerosomatic on the basis of
their ability to respond to natural and electrical stimula¬
tion of the skin and to electrical stimulation of the SPLN

nerve. Neurones whose activity was not affected by
supramaximal electrical stimulation of the SPLN nerve by
were not included in this sample.

The locations of the recording sites of the neurones,
the input properties of their somatic receptive fields, the
responses of the cells to electrical stimulation of the
SPLN nerve and the effects of repetitive somatic and
visceral stimulation on the background activity of the
neurones have been studied.

A and C visceral afferent input to viscerosomatic neurones
Viscerosomatic neurones were classified into 4 sub¬

groups on the basis of their responses to electrical
stimulation of A and C afferent fibres in the SPLN
nerves.
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Fig. 1. Post-stimulus time histograms (25 sweeps) of the responses
of an A-only (left) and a C-only (right) viscerosomatic neurones in
the lower thoracic spinal cord to supramaximal electrical stimulation
of the splanchnic nerves (SPLN) at the time indicated by the
arrowheads (3 pulses for the A-only neurone and one pulse for the
C-only neurone).

A-only neurones. These were neurones responding to
electrical stimulation of A-fibres in the SPLN nerve but
that did not show any further activity changes following
supramaximal stimulation of all fibres in the nerve (Fig.
1, left). The response latencies of these cells to A-fibre
stimulation (3-25 ms) and the stimulation intensities
required to activate the cells (> 1 V) are consistent with
the responses being due to the activation of visceral Ad
afferent fibres with maximal conduction velocities of 3.6
to 30 m/s (conduction distance = 90 mm).

Twenty-three neurones (32.9%) belonged to this sub¬
group of viscerosomatic cells and they were found in all
laminae of the spinal grey matter in which viscerosomatic
neurones were recorded. No preferential concentration
of this kind of cell was observed in any laminae.

The vast majority of cells in this group (16/23) had a

multireceptive somatic receptive field; two cells were

nocireceptive and 5 were mechanoreceptive.
C-only neurones. These were neurones that did not

respond to electrical stimulation of A-fibres in the SPLN
nerve but that did show a clear response to supramaximal
stimulation of all fibres in the nerve (Fig. 1, right). The
response latencies of these cells to supramaximal stimu¬
lation (50-170 ms) and the stimulation intensities re¬

quired to activate the cells (> 5 V) are consistent with the
responses being due to the activation of visceral C
afferent fibres with maximal conduction velocities of

0.5-1.8 m/s (conduction distance = 90 mm).
Only two neurones (3%) belonged to this subgroup of

viscerosomatic cells and they were found one in lamina I
(a nocireceptive neurone) and the other in lamina Vll (a
multireceptive neurone) of the spinal grey matter.

A + C neurones. These were neurones responding to
electrical stimulation of A-fibres in the SPLN nerve and

that, in addition showed a distinct and later response

following supramaximal stimulation of all fibres in the
nerve (Fig. 2). The latencies of the two components of

Fig. 2. Post-stimulus time histograms (25 sweeps) of the responses
of two A+C viscerosomatic neurones in the lower thoracic spinal
cord to supramaximal electrical stimulation of the splanchnic nerves
(SPLN) at the time indicated by the arrowheads (3 pulses for the
neurone of the left histogram and one pulse for the neurone of the
right panel). Note that the neurone of the left panel shows two
distinct peak responses separated by a period of silence whereas the
neurone of the right panel shows no such silent period between the
two peak responses.

the responses and the stimulation intensities required to
evoke them are consistent with the early responses being
due to the activation of visceral At5 afferent fibres and the

later response due to the activation of C-fibres. In some
cells the two components were separated by a silent
period (Fig. 2, left) whereas in others the two compo¬
nents were fused (Fig. 2, right).

Thirty-two neurones (45.7%) belonged to this sub¬
group of viscerosomatic cells and they were found in all
laminae of the spinal grey matter in which viscerosomatic
neurones were recorded. The majority of cells in this
group (17/32) were located in lamina VII, 7 were found
in lamina VIII, 5 in lamina I and one cell in each of
laminae III, IV and V.

The vast majority of cells in this group (25/32) had a

multireceptive somatic receptive field; 3 cells were

nocireceptive and two were mechanoreceptive. For the

SPLN

3 pulses

1 pulse

0 100 200 300 400 500

A
spin ms

Fig. 3. Dot-rasters display of the responses of an A+C visceroso¬
matic neurone to supramaximal electrical stimulation of the splanch¬
nic nerves (SPLN) at the time indicated by the arrowheads (one
pulse for the first 20 sweeps and 3 pulses for the next 20 sweeps).
Note that the cell responds to the one pulse stimulus with C-fibre
evoked time-locked spikes (the first dot is the stimulus artifact
picked up by most sweeps). The response to the 3 pulses includes
an earlier Ad evoked response and a stronger C-fibre evoked
response.
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Fig. 4. Post-stimulus time histograms (25 sweeps) of the responses
of two A+C? viscerosomatic neurones in the lower thoracic spinal
cord to supramaximal electrical stimulation of the splanchnic nerves
(SPLN) at the time indicated by the arrowheads (3 pulses). Note
that the neurone of the left panel shows no distinct peak at C-fibre
latency although the evoked activity includes late responses. The
neurone of the right panel shows no distinct peak at C-fibre latency;
the evoked activity being a post-discharge lasting longer than the
collection time.

remaining two cells, the mapping of the somatic receptive
field was incomplete for accurate classification.

It was among this group of cells that two neurones
were found whose responses were clearly consistent with
the afferent fibre composition of the SPLN nerve. Eoth
were located in lamina I and the responses of one of them
are illustrated in Fig. 3. When the SPLN nerve was
stimulated at a supramaximal intensity but with only one

pulse every 3 s, the neurone responded with a few time
locked spikes at C-fibre latencies. However, the same

supramaximal stimulus repeated as a short train of 3
impulses every 3 s evoked a larger number of time-locked
spikes at C-fibre latency but, in addition, a substantial
response at Ad latency. This suggests that the cells had
a strong monosynaptic link with SPLN C-fibres and a
weaker one with SPLN Ad-fibres requiring temporal
summation to evoke spike responses in the cell.

A + C? neurones. These were neurones responding to
electrical stimulation of A-fibres in the SPLN nerve and

that, in addition showed activity changes following
supramaximal stimulation of ail fibres in the nerve (Fig.
4). However, these changes did not take the form of a
clear volley in response to supramaximal stimulation of
the SPLN nerve. Instead, they appeared as increases in
the general level of background activity of the cell (Fig.
4, right) or as extension of the A-fibre evoked response
into the time domain of C-fibre evoked latencies (Fig. 4,
left). Therefore, although it was clear that supramaximal
stimulation of the SPLN nerve evoked further excitability
changes in these cells, it was not possible to classify these
neurones as showing a clear C-fibre evoked volley.
Thirteen neurones (18.6%) belonged to this subgroup of
viscerosomatic cells. Five were located in lamina V,
another 5 in lamina VII, two were found in lamina VIII
and one in lamina IV.

The vast majority of cells in this group (10/13) had a

s. I/p
I V. i/p

I I
A-only C—only A+C A+C?

Fig. 5. Proportions of viscerosomatic neurones with A-only, C-only,
A + C and A + C? input properties from skin (open bars) and viscera
(black bars).

multireceptive somatic receptive field and the remaining
few cells (3/13) were nocireceptive.

Proportions of neurones

Fig. 5 shows the proportions of the different subgroups
of viscerosomatic neurones classified according to their
responses to electrical stimulation of the SPLN nerves

(visceral inputs) and of the skin (somatic inputs). Only 46
cells were tested with electrical stimulation of the skin.
The vast majority (42/46) belonged to the same somatic
input subgroup as to its visceral input subgroup, that is,
an A-only neurone according to its visceral input would
also be an A-only neurone according to its somatic input.
The 4 exceptions were 3 cells that were A+C somatic but
A-only visceral and one cell that was A+C visceral but
A-only somatic.

Excitability changes
Two indicators of change in the excitability of the

neurones following repetitive supramaximal stimulation
of the SPLN nerve or electrical stimulation of the skin

were examined: (1) changes in the number of action
potentials evoked by repeated stimulation ('wind up' and

Wind — up/down Post - discharge

L Jul
w-u w-d No ch Incr Deer No ch Var

[=1 s. i/p v. i/p

Fig. 6. Left panel: percentage of viscerosomatic neurones showing
'wind up' , 'wind down' or no change on repetitive stimulation of
somatic (open bars) and visceral (black bars) afferent fibres. Right
panel: percentage of viscerosomatic neurones showing increases,
decreases, no changes or short lasting changes (Var) of background
activity for 50 s after repetitive stimulation of somatic (open bars)
and visceral (black bars) afferent fibres.
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'wind down'); (2) changes in the background activity of
the neurones.

'Wind up' and 'wind down'. These were measured by
counting the number of action potentials over a time
period of 500 ms following supramaximal electrical
stimulation of the SPLN nerve or of the skin at 1 Hz. The

presence of 'wind up' was judged by increased number of
spikes on repetitive stimulation whereas 'wind down' was
indicated by decreased number of spikes with each
successive stimulus.

As shown in Fig. 6, the most commonly observed
phenomenon was 'wind down' which was seen in 25/46
cells following SPLN nerve stimulation and in 27/43 cells
following somatic stimulation. Far fewer cells showed
'wind up' (12/46 after visceral and 7/43 after somatic
stimulation) and approximately 20% did not show any

changes.
Changes in background activity. These were assessed

by counting the total number of spikes generated by the
cells during a period of 50 s at the end of a volley of 25
electrical stimuli at 1 Hz delivered to the SPLN nerve or

to the skin at supramaximal intensity. This activity was
then compared with the level of background activity of
the cell before the application of this stimulation regime.

About half of the cells tested showed either no change
in their background activity (19/55 after visceral stimu¬
lation and 24/48 after somatic) or variable changes, that
is, short lived increases or decreases (7/55 after visceral
stimulation and 5/48 after somatic). All together this
represents 47% of the cells after visceral stimulation and
60% of the cells after somatic stimulation.

Consistent increases in background activity were ob¬
served in 19/55 cells after visceral stimulation and in 10/48

cells after somatic stimulation. On the other hand,
consistent decreases in background activity were ob¬
served in 10/55 cells after visceral stimulation and in 9/48

cells after somatic stimulation. All together, changes
were observed in 53% of cells after visceral stimulation

and in 40% of the cells after somatic stimulation.

DISCUSSION

The aim of the present investigation was to survey the
afferent fibre input properties of viscerosomatic neurones
in the thoracic spinal cord with the specific intention of
establishing the proportions of viscerosomatic neurones
driven by A<5 and C visceral afferents. Particular atten¬
tion has been paid in this study to the spinal cord actions
of afferent C-fibres of visceral origin.

Unmyelinated afferent fibres (C-fibres) form the vast
majority of afferent fibres in visceral nerves and it should
be expected that they would have a major share of the
spinal cord actions of all visceral afferents. Yet, our

investigation, reinforcing previous observations, has
shown an important discrepancy between the proportion
of afferent C-fibres in sympathetic nerves and the
proportion of spinal cord neurones clearly driven by
these afferents.

We have established in this study that not more than
half of all viscerosomatic neurones in the thoracic cord

can respond directly to the electrical stimulation of
visceral afferent C-fibres, even though these fibres
constitute more than 90% of all afferent fibres in

sympathetic nerves. We have also examined changes in
neuronal excitability induced by afferent C-fibres but not
necessarily expressed as clear-cut and time-locked exci¬
tations of spinal neurones. By using unanaesthetized,
decerebrate-spinalized cats, we have maximized the
chances of observing purely spinal mechanisms not
altered by anaesthetics or depressed by supraspinal
inhibitions. This has allowed us to determine the contri¬

bution made by supraspinal structures to phenomena
such as the increase in neuronal excitability known as
'wind up' or the appearance of long-lasting postdis-
charges following brief periods of somatic and visceral
nociceptive stimulation.

An important aspect of our investigation concerns the
criteria for identification of viscerosomatic neurones. It is

essential for the validity of our estimates that we do not
eliminate from our sample neurones that could be
affected by visceral afferent fibres. We have used
electrical stimulation of the SPLN nerves, including
greater and lesser nerves as it is well known that all
visceral afferent input to the lower thoracic cord is
mediated by these nerves12. Also, we have challenged
each spinal cord cell with different stimulation regimes
applied to the visceral nerves at different intensities,
durations and frequencies and we have validated these
regimes by recording averaged action potentials from the
dorsal roots. Furthermore, our sample of viscerosomatic
neurones shows general properties (location of cells,
somatic receptive field characteristics, latencies, etc.)
which are well in agreement with what is known about
viscerosomatic neurones from previous investigations.
We therefore believe that our population of visceroso¬
matic cells is a good representative of this neuronal
group.

The use of decerebrate-spinalized preparations, while
allowing us to examine purely spinal mechanisms and
eliminating the need for anaesthetics, could have also
introduced some undesirable factors. For instance, the
removal of descending excitation, which is known to
operate onto viscerosomatic neurones22,23 could have
made some neurones unresponsive to existing visceral
drives. However, it is also known that descending
excitation of viscerosomatic neurones is particularly
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prominent in neurones whose visceral inputs are partly or

entirely mediated via a supraspinal loop22-23. Since we
wanted to concentrate on purely spinal mechanisms, the
bias against such viscerosomatic neurones would not
seriously affect our investigation.

Visceral afferent input to viscerosomatic neurones

Confirming previous observations from this and other
laboratories we have found that not more than half of all

viscerosomatic neurones in the spinal cord can be clearly
excited by afferent C-fibres in visceral nerves. The data
from this study show that whereas virtually all viscero¬
somatic neurones could be driven by Ad visceral affer-
ents, less than 50% were directly driven by C-fibres and
about a third of all cells responded only to A<5-fibres.
These results highlight the discrepancy between the
proportions of peripheral Ad and C afferent fibres in the
SPLN nerves (10 and 90%, respectively) and the pro¬
portions of spinal neurones driven by these afferents (97
and 49%, respectively).

These results are well in agreement with previous
investigations of the afferent input properties of viscero¬
somatic neurones. Foreman's group4-6,15 have studied in
great detail visceral inputs from the cardiopulmonary
region to spinoreticular and spinothalamic tract (SRT and
STT) neurones of the upper thoracic spinal cord of cats
and monkeys. They have shown that virtually all of these
neurones can be driven by stimulation of visceral Ad
afferents but only half of them can be excited by
stimulation of visceral C afferent fibres. Ammons2,3 has

studied the responses to electrical stimulation of the renal
nerves of SRT and STT neurones in the lower thoracic

and upper lumbar segments of the cat spinal cord. He
concluded that whereas almost all cells could be driven by
Ad afferents only half of the STT and 45% of the SRT
cells were driven by afferent C fibres. Preliminary studies
of the visceral afferent input to viscerosomatic neurones
in the lower thoracic spinal cord of the rat indicate again
a preponderance of neurones driven by Ad afferent fibres
and a much smaller proportion of cells with a clear C-fibre
afferent input (B.M. Lumb, personal communication).

It is known that the total number of viscerosomatic

neurones in the spinal cord is greater than that of somatic
cells12. Therefore, the fact that a handful of Ad afferent
fibres (less than 1000 in the SPLN nerves of the cat) can
excite virtually all viscerosomatic cells must count as a
remarkable example of divergence within the spinal cord.
We know that these fibres do not arborize profusely
within the cord and that their terminations are restricted
to laminae I and V of the dorsal horn9,18. Therefore much
of this considerable divergence must be polysynaptic
involving intemeurones and projection neurones in most
spinal cord laminae.

The relatively low number of viscerosomatic cells
driven by SPLN afferent C-fibres could be due to several
different factors. Firstly, it is possible that afferent
'C-fibres of visceral origin have a more restricted distri¬
bution within the spinal cord than Ad visceral afferents.
This is, however, not supported by the recent work of
Sugiura and co-workers21 who have shown that the spinal
distribution of individual afferent C-fibres of visceral

origin extends over several segments and throughout
laminae I, V and, to a lesser extent, II. However
unlikely, the possibility remains that these C-fibres are
capable of less functional divergence than visceral Ad
afferents.

On the other hand, it could also be that some visceral
afferent C-fibres are not active under normal circum¬
stances but become functional after peripheral lesion or

injury. This interpretation is in line with the current idea
that some peripheral nociceptors become active only by
injury, lesion or inflammation of the peripheral tissue
that they innervate16,20. If this is so, then the spare

capacity of the spinal cord to respond to previously
non-functional afferent C-fibres would be considerable.

Another possible explanation could be that the actions
of afferent C-fibres of visceral origin onto viscerosomatic
neurones are not always expressed as time-locked vol¬
leys. This interpretation implies that the effects of
visceral C-fibres on sensory transmission through the
spinal cord follow a slower time course than the one nor¬

mally examined in acute electrophysiological experi¬
ments. We have shown in this study that a proportion of
viscerosomatic cells can alter their excitability in a num¬
ber of different ways following maximal stimulation of
the SPLN nerve and that these changes only appear when
C-fibres are stimulated. If we add this group of cells to
the neurones clearly driven by C-fibres the total propor¬
tion of cells affected by visceral C-fibres goes up to 67%,
a higher figure than any other from previous studies.

Finally, it is worth highlighting the fact that we have
found evidence, albeit in only two cells, for a relay of Ad
and C visceral afferents onto spinal neurones showing
properties that coincide with the afferent fibre composi¬
tion of visceral nerves. These were the two neurones

recorded in lamina I wich showed evidence of strong
monosynaptic connections with SPLN afferent C-fibres
and of weaker drives from SPLN Ad-fibres.

C-fibre induced excitability changes
We have shown in this study that repetitive stimulation

of visceral C-fibres induces excitability changes in visce¬
rosomatic neurones. These changes in excitability take
the form of 'wind up' and of 'wind down' of evoked
responses or of increases and decreases of background
activity. All these changes have been documented in
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spinal cord cells following stimulation of somatic afferent
C-fibres (see ref. 25). What we have shown here is that
visceral C-fibre stimulation can also generate excitability
changes and therefore alter the transmission of visceral
sensory information through the spinal cord. Since all our
animals were spinalized we have also provided evidence
for some components of these changes being entirely
contained within the spinal cord.

Functional relevance

We conclude that the functional relay of visceral
afferent fibres in the spinal cord does not merely follow
a representation of the afferent fibre composition of
visceral nerves. We have found some evidence for a

direct relay of visceral afferents onto spinal neurones but
this was limited to a small minority of cells located in the
superficial dorsal horn. The vast majority of spinal cord
cells were driven by Ad visceral afferents, which are a
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Mechanisms of acute

visceral pain
F Cervero
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Acute visceral pain is dull, aching, ill-defined, badly
localized and often referred to remote areas of the body.
These properties indicate that the representation of internal
organs within the CNS is very imprecise. There is evidence
for the existence of specific visceral nociceptors in some
viscera and for the existence of non-specific receptors in
other internal organs. Some visceral receptors are 'silent' in
normal viscera but become active following acute injury or
inflammation of the internal organ that they innervate. The
number of nociceptive afferent fibres in viscera is very
small but these few nociceptive afferents can excite many
second order neurones in the spinal cord which in turn
generate extensive divergence within the CNS, sometimes
involving supraspinal loops. Such a divergent input
activates several systems—sensory, motor and
autonomic—and thus triggers the general reactions that
are charactreistic of visceral nociception: a diffuse and
referred pain, and prolonged autonomic and motor activity.

Certain kinds of stimulation of internal organs can cause acute
visceral pain. These include: contractures and spasms of the
smooth muscle of hollow viscera, distension of hollow viscera,
traction or torsion of mesenteries, ischaemia, chemical irritation
of mucosae and acute inflammatory states. Other forms of internal
injury such as cutting or burning of viscera do not evoke pain and
certain internal organs, such as the liver or the lungs are insensitive
to pain, that is, the sensation of pain cannot be evoked by any form
of stimulation of these viscera.

Acute visceral pain is often very intense, vaguely localized,
referred to distant regions of the body and accompanied by power¬
ful motor and autonomic reactons, including spasms of the
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abdominal musculature and increased sympathetic outflow. Some
of these reactions can also appear following cutaneous injury but
a prominent feature of acute visceral pain is the disproportion
between the amount of internal damage and the intensity of the
accompanying reactions. For instance, a relatively minor incident,
such as the passing of a kidney stone through the ureter is one of
the most painful events experienced by humans and is always
accompanied by overpowering motor and autonomic reactions.

VISCERAL SENSORY RECEPTORS AND VISCERAL
NOCICEPTORS

Internal organs are innervated by one category of peripheral recep¬
tor whose stimulation evokes no sensations. Examples of these
receptors are the arterial baroreceptors that signal changes in blood
pressure, the carotid body chemoreceptors that signal changes in
blood gases, the lung inflation and deflation receptors that transmit
signals about pulmonary ventilation and the atrial volume recep¬
tors whose signals are used for the homeostatic control of body
fluids. Since their activation does not lead to the perception of a
conscious sensation they cannot be regarded as part of the 'sensory'
innervation of viscera but as a component of the 'afferent' inner¬
vation of internal organs. The distinction between sensory and
afferent innervation of viscera has been discussed previously in
some detail1'2 and highlights a fundamental difference between
the mechanisms of cutaneous and visceral sensation.

On the other hand, certain forms of visceral stimulation can

evoke pain (see above) which demonstrates the existence of sensory

receptors in internal organs capable of being activated by the stim¬
uli that will be perceived as painful. What is still the object of
some argument is the encoding mechanism by which visceral
afferent signals become sensory messages capable of evoking a
conscious perception. There are essentially two different mechan¬
isms for the encoding of visceral nociceptive events:

(i) receptors responsible for the sensations of visceral pain are the
same population of visceral receptors responding to innocuous stim¬
uli and responsible for visceral reflex actions. These receptors
would respond to noxious stimuli with higher frequencies of firing;

(ii) receptors responsible for the sensations of visceral pain are a
different population of visceral receptors which respond to the same
stimuli that evoke visceral reflex actions but with different thresh¬
olds or by different mechanisms. This view postulates the existence
of specific visceral nociceptors.
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There is experimental evidence for the existence of both specific
nociceptors and nonspecific sensory receptors in the viscera (e.g.
see Refs. 3-5). It is possible that both kinds of visceral receptor
act in parallel conveying information to the central nervous system
about noxious visceral events. Also, it could be that the activation
of specific visceral nociceptors results in more restricted and clear-
cut forms of visceral pain, whereas the vague and dull forms of
internal discomfort are due to general stimulation of non-specific
visceral receptors.

Some gastrointestinal sensations, such as those evoked by col¬
orectal distension, begin as non-painful feelings of distension and
evolve towards an uncomfortable and painful sensation as the
distension progresses. These properties can be paralleled by the
electrophysiological properties of some colonic receptors6 which
respond with greater impulse frequencies to colonic distensions of
increasing magnitude. On the other hand, viscera such as the gall
bladder, the biliary ducts and the ureter, from which pain is the
only sensation that can be evoked appear to be innervated by
specific visceral nociceptors7'8 (see Fig. 1). In any case, it is a

dangerous oversimplification to relate the final perception of a
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Fig. 1 Responses of a high threshold mechanosensitive unit from the guinea-pig's
ureter to controlled increases in intraluminal pressure. Probing of the receptive
field (arrow) induced long lasting after-discharges. (Modified from: Ref. 8).
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visceral sensation to the properties of the peripheral sense organ
at the origin of the sensory pathway. The final conscious percep¬
tion of visceral pain depends on the way in which the central
nervous system integrates the afferent visceral inflow, regardless
of the peripheral encoding mechanism.

Sensitization of visceral nociceptors
One possible trigger for the sensation of visceral pain could be the
sensitization of visceral nociceptors. According to this interpret¬
ation visceral nociceptors, which normally have a relatively high
threshold and respond only to intense forms of stimulation,
become abnormally sensitive by decreasing their threshold for
activation thus responding to mild forms of stimulation. As a

result, reflex activity normally triggered only by a strong stimulus
will appear now as a result of the ordinary physiological process
of internal homeostasis. This disrupts physiological patterns,
evokes abnormal motility and secretion and leads to the perception
of visceral pain.

There is considerable experimental evidence in support of the
idea of sensitization of visceral nociceptors. For instance, Haupt
et al.6 have shown that sensory receptors in the colon of the cat
become spontaneously active as a consequence of ischaemia of the
gut. In this study, ischaemia of the colon induced an increased
and irregular spontaneous activity in the sensory receptors which
became also sensitized to pressure and chemical stimuli.

In a study of the afferent innervation of the ureter, Cervero and
Sann8 have also demonstrated a similar mechanism. They used an
in vitro preparation of the guinea-pig ureter with an intact nerve

supply and measured the distension thresholds of mechanosensi-
tive afferent fibres with receptive fields in the wall of the ureter.
They found that if the ureter was not perfused intraluminally with
oxygenated fluid the afferent fibres showed a higher background
activity and a lower pressure threshold than in preparations in
which the ureters were perfused with oxygenated fluid at a physio¬
logical flow rate (Fig. 2). They concluded that an insufficient oxy¬

gen supply, reproducing the conditions of in vivo ischaemia,
sensitized the high threshold nociceptors in the ureter to a lower
threshold and to a greater responsiveness.

'Silent' nociceptors
Over the last few years, a number of experimental studies on the
innervation of deep and visceral structures have provided evidence
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Fig. 2 Distribution of the response thresholds to intraluminal pressure increases
of ureteric afferent units. Top: low threshold units (U-1); bottom: high threshold
units (U-2-II); middle: U-2 units from experiments in which the mucosa of the
ureter was not perfused with oxygenated saline solution (U-2-I). {From: Ref 8).

for the existence of sensory receptors that are only activated by
persistent damage or inflammation of the tissue that they innervate
(see Ref. 9). These are believed to be 'silent' nociceptors, normally
unresponsive to physiological forms of stimulation but being able
to respond to mild stimuli when the tissue suffers persistent
damage.

The largest amount of evidence so far for the existence of silent
nociceptors comes from studies on the sensory innervation of the
joints10 but this kind of nociceptor has also been found in the
colon and urinary bladder.11 Receptors in the wall of the bladder
have been found which could not be activated in the normal state

but that became responsive to bladder distension and contraction
following the induction of an inflammation of the bladder with
turpentine.

PERIPHERAL AND CENTRAL DISTRIBUTION OF
VISCERAL AFFERENT FIBRES

It has been known for some time that the total number of primary
afferent fibres involved in the transmission of visceral nociceptive
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information is quite small.12 This low density of innervation is
particularly striking when taking into account the large surface
area of the viscera and is probably the reason for the diffuse nature
of visceral pain. Recent studies, using neuronal tracing and label¬
ling methods, have established that visceral afferent fibres consti¬
tute less than 10% of the total afferent inflow to the thoraco¬
lumbar spipal cord.13 It must be noted that this region of the
spinal cord receives its somatic input from the body areas with the
poorest sensory discrimination (i.e. the back and the abdomen),
whereas the visceral input to the thoraco-lumbar cord mediates
pain from all upper abdominal organs including the stomach, the
duodenum, the biliary tract, the pancreas and the small intestine.
Yet the former sensations require 90% or more of the total afferent
input to the spinal cord whereas all visceral pain from the upper
abdomen is mediated by less that 10% of all spinal afferents.

Although visceral afferent fibres represent a very small pro¬

portion of the total afferent inflow to the spinal cord, it is well
known that these few fibres can activate a large number of neu¬
rones in the cord through extensive functional divergence. 1'2>4-5
These central actions are expressed as increases in the excitability
of somatic and autonomic reflexes occurring in parallel with the
unpleasant sensory experience. Thus, the activation of visceral
nociceptors evokes persistent increases in muscle tone, changes in
viscero-motor and viscero-secretory reflexes and profound cardio¬
vascular alterations as well as a strongly aversive sensation of pain.

It is surprising that these large and generalized effects can be
triggered by such a small number of visceral primary afferent
fibres. Morphological studies on the mode of termination of vis¬
ceral afferent fibres within the spinal cord indicate that the wide¬
spread effects caused by the activation of visceral nociceptive
afferents are not mediated by extensive anatomical divergence of
the visceral projection but are probably the consequence of func¬
tional divergence of visceral impulses within the spinal cord. The
anatomical pattern of termination of visceral afferent fibres within
the spinal cord has been examined in sacral, lumbar and thoracic
region of the spinal cord in several animal species.14 Visceral
afferent fibres display a consistent pattern of central termination
throughout the spinal cord with areas of projection in Laminae I
and V but sparing the intermediate dorsal horn (Laminae II, III
and IV). Contralateral projections of afferent fibres in the splanch¬
nic nerve have also been described. Visceral afferent fibres reach
the dorsal horn via Lissauer's tract and join medial and lateral
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bundles of fine fibres that run along the edges of the dorsal horn.
Fibres from these bundles penetrate the grey matter and terminate
within Laminae I and V of the dorsal horn (Fig. 3).

CENTRAL MECHANISMS OF ACUTE VISCERAL PAIN

Dorsal horn and other spinal cord neurones can be classified into
two main groups depending on the presence or absence of an

excitatory visceral input. Some neurones are not driven by visceral
afferent fibres and can only be excited from their somatic receptive
fields (somatic neurones). Other cells have, in addition to their
somatic input, an excitatory visceral drive (viscero-somatic neu¬

rones). Thus, visceral sensations can only be mediated through
convergent signals via somatosensory pathways. No evidence has
been found for the presence of a sensory pathway exclusively con¬
cerned with the transmission of visceral sensory signals. In agree¬
ment with the anatomical data on the mode of termination of
somatic and visceral afferent fibres within the spinal cord, the
locations of somatic and viscerosomatic neurones show a differen¬
tial distribution within the spinal grey matter. Somatic neurones
are mainly located in Laminae II, III and IV of the dorsal horn
whereas viscero-somatic cells are located in Lamina I, Lamina V
and in the ventral horn. The majority of somatic cells are mechano-
receptive, that is, capable of responding to low intensity mechan-

Fig. 3 Reconstruction from 3 (left) and from 7 (right) 80 pm transverse serial
sections of the projections of somatic (left) and visceral (right) afferent fibres to the
T9 segment of the spinal cord of the cat. Horseradish peroxidase was applied to
the intercostal nerve of the T9 spinal segment (left) and to the splanchnic nerve
(right). (Modified from: Ref. 24).
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ical stimulation of the skin but not to noxious stimulation. In

conti'ast, most viscero-somatic cells are driven by somatic nocicep¬
tors either exclusively or in addition to their low threshold
inputs.15

In the lower thoracic spinal cord, about 30% of all viscero¬
somatic neurones have been found to respond to distension of the
gall bladder and of the biliary ducts.15 All these cells were excited
at noxious levels of distension, i.e. levels of biliary pressure which
evoked pseudaffective reflexes, including transient changes in
blood pressure. Similarly, spinothalamic tract cells in the sacral
spinal cord of the monkey can be excited by noxious stimulation
of the testicles.16 Thus, it would appear that for those organs from
which the only sensation that can be evoked is that of pain, noxious
intensities of stimulation are necessary to excite viscerosomatic
neurones in the spinal cord.

A different pattern of activation of spinal cord neurones has
been reported using distension of the colon as a visceral stimulus.17
In this case, several populations of cells could be distinguished
depending on their threshold responses to colonic distension and
on the adaptation rate of the neuronal discharge. Some of these
cells responded to low intensity distensions of the colon and
increased their levels of firing at higher, noxious, intensities. Other
cells, however, responded only to noxious distension of the large
intestine. It is possible that the cells that respond to innocuous
stimulation of the colon are not concerned with sensation from
this organ but with the regulatory aspects of gastrointestinal func¬
tion. On the other hand, it is important to realise that non-painful
sensations of colorectal distension can be perceived normally and
that these sensations can become painful if the distension increases
or persists. Therefore, there is a parallel between the neuronal
responses described above and the psychophysics of the sensations
evoked by colorectal distension.

The observations that visceral afferent fibres converge onto som¬

atosensory spinal cord neurones, that most of these neurones have
a somatic nociceptive input, that the visceral input to these cells
is also of nociceptive nature, and that some of these viscero¬
somatic cells project through nociceptive pathways provide strong
experimental support for all the main postulates of the 'conver¬
gence-projection' theory of referred visceral pain.18 The referral
of the visceral sensation is therefore the consequence of the acti¬
vation of pathways normally concerned with the integration of
somatic nociceptive signals. These pathways will be activated by
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their visceral inputs with a very different spatial and temporal
pattern than that normally generated by their cutaneous drives. In
particular, many more cells will be activated by a visceral noxious
stimulus and over a greater region of the spinal cord than by
somatic stimuli. Because of the large number of cells activated by
a visceral noxious stimulus, the sensation is usually felt in a large
area of the body whose overall size depends on the intensity of the
noxious stimulus.

Central modulation of viscero-somatic neurones

It is known that a volley of impulses arriving in the spinal cord
via somatic or visceral afferent fibres inhibits the response of a
viscero-somatic neurone to a second volley in any of its peripheral
drives.15 This inhibition, which can last for up to one second, is
produced by a neuronal network wholly contained within the spi¬
nal cord, as can be shown by the fact that spinalization of the
experimental animals does not eliminate these inhibitory effects.
Therefore, the activation of spinal viscero-somatic neurones by
any of their inputs will produce a subsequent reduction in the
excitability of these cells to further afferent impulses.

Examination of the input properties of viscero-somatic neu¬

rones, their ascending projections and the nature and strength of
their supraspinal control have revealed several categories of visc¬
ero-somatic neurone that can be reduced to two very broad
groups:19

(i) Viscero-somatic neurones with a restricted visceral input
and subject to descending inhibitory control. These neurones are
a minority among viscero-somatic neurones and are located mainly
in the superficial dorsal horn. They are activated by ipsilateral
visceral afferent fibres and have restricted somatic receptive fields
from which they can only be driven by noxious stimulation of the
skin. Neurones in this region of the dorsal horn are known to
project to the brain via spino-thalamic pathways and seem to be
part of the nociceptive-specific system of the superficial dorsal
horn.20

These cells are subject to segmental inhibitory controls and to
descending inhibition of supraspinal origin.21'22 They can be
inhibited by electrical stimulation in the Nucleus Raphe Magnus
(NRM) and it is likely that this inhibition originates from NRM
cell bodies. These cells are good candidates for a transmission
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Class 2, lamina V

GB = +
—-After gallbladder stimulation

During spinal block

Initial receptive field

Fig. 4 Changes in the size of the cutaneous receptive field of a viscerosomatic
neurone from the thoracic spinal cord of the cat. The black area represents the size
of the receptive field prior to any stimulation. This receptive field increased in size
to the continuous/dotted border following a 3 minute period of noxious distension
applied to the gall bladder. After recovery, spinalization of the animal increased
the receptive field size from the black area to the dotted line area. The neurone
was Multireceptive (Class 2), was located in Lamina V and could be driven by
noxious stimulation of the gall bladder. (Unpublished work from: Laird and
Cervero).

system that could mediate the more immediate sensory effects
resulting from visceral noxious stimulation.

(ii) Viscero-somatic neurones with a diffuse visceral input and
subect to descending excitatory and inhibitory control. These are
neurones located in the deep dorsal horn and in the ventral horn
and driven by bilateral visceral inputs. They are the most numer¬
ous group of viscero-somatic neurones, have large and multirecep¬
tive somatic receptive fields often involving inputs of deep somatic
origin and their visceral inputs are mediated or reinforced by sup¬

raspinal loops.21'22 A proportion of them project to the Reticular
Formation of the brain stem and its seems that their descending
excitation originates from rostral medullary centres.

These cells have their excitability increased by visceral nociceptive
stimulation and remain in a highly excitable state as a consequence
of their spinal-bulbo-spinal positive feedback loops. Current work
in our laboratory (Laird & Cervero unpublished) has shown that
the cutaneous receptive fields of viscero-somatic neurones in the
thoracic spinal cord of the cat can increase in size following noxi-
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ous stimulation of the visceral input to the cells (Fig. 4). This
increase persists for some time after the stimulation and can also
be expressed by reversible spinalization of the experimental ani¬
mals, a procedure known to release tonic descending inhibition on

spinal cells. It is therefore conceivable that these cells could be
concerned with the processing of signals that lead to the cutaneous
hyperalgesia and the persistent increases in motor and autonomic
reflex activity that are so characteristic of acute visceral pain.

Taking into account these experimental observations on the
spinal and supraspinal integration of visceral sensory systems, a
model can be proposed that addresses the way in which visceral
nociceptive signals, including those of visceral origin are pro¬
cessed. In this model, the perception of visceral pain is the conse¬

quence of the activation of a sensory channel driven by somatic
and visceral inputs. The final perception depends on the interac¬
tion between the incoming excitation from viscera and the seg¬
mental and supraspinal inhibitory systems triggered by other
peripheral inputs. In addition, descending excitatory systems are

responsible for the presence of sustained activity within the system
that may be expressed as enhanced motor and autonomic reflexes
or as persistent pain (see Refs. 4 and 23 for further details).
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340 Brain-Gut Interactions

I. INTRODUCTION

The gut supplies the central nervous system (CNS) with a considerable amount of
information about the events taking place in and around it. These signals reach the CNS via
primary afferent neurons projecting in sympathetic and parasympathetic nerves. Some of
these sensory signals are used exclusively for regulatory purposes, and trigger reflex actions
of the autonomic nervous system (ANS) on the smooth muscle, on the mucosa, or on the
enteric nervous system. Furthermore, most of the regulatory functions of the alimentary
canal take place without the subject being aware of them. On the other hand, the extrinsic
sensory innervation of the GI tract includes some pathways responsible for the perception
of visceral sensations, the most frequent and overpowering of which is gastrointestinal pain.

In the following pages the mechanisms of GI pain will be discussed with special emphasis
on the neurophysiology of the peripheral and central pathways that mediate the transmission
and modulation of nociceptive signals from the gut. These mechanisms can be divided into
systems operating at peripheral level, that is, the signaling of nociceptive events in the gut,
and systems that receive and modulate this information in the CNS, that is. the integration
and perception of nociceptive events in the brain.

II. WHAT'S IN THE GUT

A. TYPES OF SENSORY RECEPTOR

Sensory receptors in the walls of the gut or in the mesenteries are connected to two
different kinds of afferent nerve fiber. Some of these afferent fibers have their nerve cell
bodies in the gut, within the submucosal and myenteric plexi of the enteric nervous system.
It is generally thought that these neurons of the enteric nervous system do not send axonal
projections to the CNS. The area of influence of this kind of afferent neuron is limited to
the enteric plexus or includes, at most, the prevertebral ganglia of the ANS where their
axonal projections make contact with postganglionic efferent neurons.1 For this reason it is
unlikely that myenteric afferent neurons could play a direct role in the transmission of
sensory nociceptive information to the CNS.

The second group of gut afferent neurons have their cell bodies in spinal and cranial
ganglia. Their peripheral branches run in sympathetic and parasympathetic nerves and their
central projections reach the brainstem and the spinal cord. These afferent neurons are part
of a primary afferent system similar to that innervating the skin and other somatic structures.
Clinical studies using a combination of stimulation and blocking techniques have repeatedly
shown that many forms of abdominal pain are evoked by stimulation of sympathetic but not
of parasympathetic nerves, and are relieved by section or blockade of sympathetic but not
of parasympathetic nerve trunks.2 Therefore, it would appear that many forms of gastroin¬
testinal pain are signaled by afferent fibers in sympathetic nerves and that the afferent
innervation mediated by parasympathetic nerves is largely concerned with regulatory, but
not sensory, aspiects of gut physiology.

B. VISCERAL NOCICEPTORS
Visceral nociceptive events can be encoded by two different classes of sensory receptor:

1. Nonspecific receptors: These are sensory receptors that respond to both noxious and
innocuous intensities of stimulation and could therefore mediate both, the sensations
of visceral pain and the triggering of physiological reflex actions. These receptors
respond to noxious stimuli with higher frequencies of firing.

2. Specific nociceptors: These are receptors that respond to the same stimuli that evoke
visceral reflex actions but with a higher threshold. Therefore, they would only be
responsible for the signaling of visceral nociceptive events.
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FIGURE 1. High threshold biliary afferents. The step changes in biliary pressure are dis¬
played above the rate of firing of two single units from high threshold afferents (A and B).
Samples of spike recordings corresponding to different levels of biliary pressure are shown
in C. B and C are from the same unit. (From Cervero, F., Pain. 13, 137. 1982. With
permission.)

There is some experimental evidence for the existence in the gut of both specific no¬
ciceptors and nonspecific sensory receptors (see Reference 3 for a detailed review). High
threshold receptors have been described in the biliary system responding to intense me¬
chanical stimulation of the gallbladder and bile ducts4 (Figure 1). On the other hand, the
colon appears to be innervated by small myelinated afferent fibers with a wide range of
mechanical thresholds5 and by unmyelinated afferent fibers with high mechanical thresholds.
In addition, many gut afferents are chemosensitive and can be easily activated by compounds
such as bradykinin or histamine, which are naturally released by local tissue damage or
inflammation.

There is still some argument as to the relevance of low and high threshold GI receptors
to regulatory mechanisms and to the perception of visceral pain. High threshold receptors
seem to be better suited to signal nociceptive events but the fact that nonspecific receptors
in the colon can also encode noxious intensities of visceral stimulation indicates a role for
this category of receptor in nociception and pain.

C. SENSITIZATION OF VISCERAL NOCICEPTORS
One possible trigger for the sensation of abdominal pain could be the sensitization of

gut nociceptors. According to this interpretation gut nociceptors, which normally have a
relatively high threshold and respond only to intense forms of stimulation, become abnormally
sensitive by decreasing their threshold for activation thus responding to mild forms of
stimulation. As a result, gut reflex activity normally triggered only by a strong stimulus will
appear now as a result of the ordinary physiological process of digestion. This disrupts
digestive patterns, evokes abnormal gut motility and secretion and leads to the perception
of abdominal pain.

There is considerable experimental evidence in support of the idea of sensitization of
visceral nociceptors. For instance, Haupt et al.6 have shown that sensory receptors in the
colon of the cat become spontaneously active as a consequence of ischemia of the gut. In
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342 Brain-Gut Interactions

this study, ischemia of the colon induced an increased and irregular spontaneous activity in
the sensory receptors which became also sensitized to pressure and chemical stimuli.

In a study of the afferent innervation of the ureter, Cervero and Sann7 have also dem¬
onstrated a similar mechanism. They used an in vitro preparation of the guinea pig ureter
with an intact nerve supply and measured the distension thresholds of mechanosensitive
afferent fibers with receptive fields in the wall of the ureter. They found that if the ureter
was not perfused intraluminally with oxygenated fluid the afferent fibers showed a higher
background activity and a lower pressure threshold than in preparations in which the ureters
were perfused with oxygenated fluid at a physiological flow rate. They concluded that an
insufficient oxygen supply, reproducing the conditions of in vivo ischemia, sensitized the
high threshold nociceptors in the ureter to a lower threshold and to a greater responsiveness.
This study, in a viscus outside the gastrointestinal tract, shows that sensitization of visceral
nociceptors is a widespread feature of the innervation of several internal organs and could
be responsible for exaggerated responses of the viscera to normal forms of stimulation.

D. "SILENT" NOCICEPTORS
Over the last few years, a number of experimental studies on the innervation of deep

and visceral structures have provided evidence for the existence of sensory receptors that
are only activated by persistent damage or inflammation of the tissue that they innervate.
These are believed to be "silent" nociceptors, normally unresponsive to physiological forms
of stimulation but being able to respond to mild stimuli when the tissue suffers persistent
damage.

The best evidence so far for the existence of silent nociceptors comes from studies on
the sensory innervation of the joints. The properties of articular sensory receptors have been
examined using a model of experimental arthritis in which the knee joint of the cat undergoes
acute inflammation following the injection of kaolin and carrageenan.8 Using this model,
Schaible and Schmidt9 have described the existence of unmyelinated afferent fibers in the
knee joint which are unresponsive to innocuous and noxious movements of the joint in the
normal state but that become sensitive to such movements within a few hours of the induction
of experimental arthritis. Their evidence shows that these receptors were quite insensitive
prior to the inflammation and highly responsive to normal articular movements once the
inflammation developed.

This kind of silent nociceptor has also been found in the colon and urinary bladder
(Janig, personal communication). In these studies, still in progress, receptors in the wall of
the bladder were found which could not be activated in the normal state but that became

responsive to bladder distension and contraction following the induction of an inflammation
of the bladder with turpentine.

Although there is still no direct evidence for such a silent nociceptor in the small intestine,
the fact that these receptors have been found in different organs and in several locations
would suggest that they may represent a general category of sensory receptor. However,
their role in gut sensory and motor mechanisms remains, at present, speculative.

E. PERIPHERAL DISTRIBUTION OF GASTROINTESTINAL AFFERENT
FIBERS
Visceral primary afferent fibers projecting to the CNS via sympathetic nerves have their

cell bodies in thoracolumbar spinal ganglia and their central projections enter the spinal cord
at levels between T2.3 and L,.3.

It has been known for some time that the total number of primary afferent fibers involved
in the transmission of gastro-intestinal nociceptive information is quite small. Recent studies,
using neuronal tracing and labeling methods, have established that visceral afferent fibers
constitute less than 10% of the total afferent inflow to the thoracolumbar spinal cord.10 This
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low density of innervation is particularly striking when taking into account the large surface
area of the gastrointestinal tract and is probably the reason for the diffuse nature of gas¬
trointestinal pain.

It must be noted that this region of the spinal cord receives its somatic input from the
body areas with the poorest sensory discrimination (i.e.. the back and the abdomen), whereas
the visceral input to the thoracolumbar cord mediates pain from all upper abdominal organs

including the stomach, the duodenum, the biliary tract, the pancreas, and the small intestine.
Yet the former sensations require 90% or more of the total afferent input to the spinal cord
whereas all visceral pain from the upper abdomen is mediated by less than 10% of all spinal
afferents.

It is, then, abundantly clear that the gastrointestinal tract has an extremely low density
of sensory innervation, particularly by those afferent fibers that mediate the sensations of
visceral pain. This explains why large areas of the gut appear to be insensitive or require
considerable stimulation before giving rise to pain. One such form of stimulation is the
intense and persistent contraction of the intestinal wall that evokes colic pain. These con¬
tractions activate maximally and simultaneously the few nociceptive afferent fibers present
in a given loop of intestine, and in this way evoke painful sensations in synchrony with the
motor events. Smaller, irregular, or less persistent contractions are probably insufficient to
excite enough afferents with the intensity or synchrony necessary to activate nociceptive
pathways in the central nervous system.

III. WHAT'S IN THE BRAIN

A. SPINAL CORD TERMINATION OF GASTROINTESTINAL AFFERENT
FIBERS
Visceral afferent fibers represent a very small proportion of the total afferent inflow to

the spinal cord. However, it is known that these few fibers can activate a large number of
neurons in the spinal cord.11 The central actions of nociceptive visceral afferents are expressed
as increases in the excitability of somatic and autonomic reflexes occurring in parallel with
the unpleasant sensory experience. Thus, the activation of visceral nociceptors evokes per¬
sistent increases in muscle tone, changes in visceromotor and viscerosecretory reflexes, and
profound cardiovascular alterations as well as a strongly aversive sensation of pain.

It is surprising that these large and generalized effects can be triggered by such a small
number of visceral primary afferent fibers. Recent morphological studies on the mode of
termination of visceral afferent fibers within the spinal cord indicate that the widespread
effects caused by the activation of visceral nociceptive afferents are not mediated by extensive
anatomical divergence of the visceral projection but are the consequence of functional
divergence of visceral impulses within the spinal cord. The anatomical pattern of termination
of visceral afferent fibers within the spinal cord has been examined in sacral, lumbar, and
thoracic regions of the spinal cord in several animal species.12 It is clear from all these
studies that visceral afferent fibers, including those from the gastrointestinal tract, display
a consistent pattern of central termination throughout the spinal cord with areas of projection
in laminae I and V but sparing the intermediate dorsal horn (laminae II, III, and IV).
Contralateral projections of afferent fibers in the splanchnic nerve have also been described.

Comparative studies of the distribution of the somatic and visceral primary afferent input
to the thoracic spinal cord have reported that the density of the visceral projection to the
dorsal horn is substantially lower than that of the somatic input.13 This indicates that the
few visceral afferents that project to each thoracic segment do not branch extensively within
the cord. Visceral afferent fibers reach the dorsal horn via Lissauer's tract and join medial
and lateral bundles of fine fibers that run along the edges of the dorsal horn. Fibers from
these bundles penetrate the grey matter and terminate within laminae I and V of the dorsal
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FIGURE 2. A viscero-somatic neuron of the thoracic spinal cord of the cat. A: Location of the cell in Lamina
I of the dorsal horn. B: Restricted cutaneous receptive Field from which the cell could only be activated by noxious
stimuli (nociceptor specific). C: This cell responded to electrical stimulation of the ipsilateral splanchnic nerve but
not of the contralateral splanchnic nerve. D: inhibition of the visceral response by electrical stimulation in the
nucleus raphe magnus. (Modified from Cervero, F. and Lumb, B. M., J. Physiol., 403, 221, 1988.)

horn. Many of the fine afferents that terminate in the deep dorsal horn (lamina V) contain
substance P and have been shown to be largely of visceral afferent origin.14

B. SPINAL MECHANISMS OF GASTROINTESTINAL PAIN

Although the number of visceral afferent fibers entering the spinal cord is very small
in relation to the number of somatic afferents, a large proportion of spinal cord neurons

respond to stimulation of visceral afferent fibers. For instance, up to 75% of the neurons in
the lower thoracic spinal cord can be activated by stimulation of afferent fibers in the
splanchnic nerve15 which make up less than 7% of the total number of dorsal root afferents.
TJ(B disproportion indicates the presence of extensive functional divergence of the visceral
input within the spinal cord.

Dorsal horn and other spinal cord neurons can be classified into two main groups
depending on the presence or absence of an excitatory visceral input. Some neurons are not
driven by visceral afferent fibers and can only be excited from their somatic receptive fields
(somatic neurons). Other cells have, in addition to their somatic input, an excitatory visceral
drive (viscerosomatic neurons). Thus, visceral sensations such as gastrointestinal pain can
only be mediated through convergent signals via somatosensory pathways. No evidence has
been found for the presence of a sensory pathway exclusively concerned with the transmission
of visceral sensory signals.

Examination of the input properties of viscerosomatic neurons, their ascending projec¬
tions, and the nature and strength of their supraspinal control have revealed several categories
of viscerosomatic neuron that can be reduced to two very broad groups:

1. Viscerosomatic neurons with a restricted visceral input and subject to descending
inhibitory control (Figure 2). These neurons are a minority among viscerosomatic
neurons and are located mainly in the superficial dorsal horn. They are activated by
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FIGURE 3. Viscero-somatic neuron with suprasegmental descending excitation. A: Somatic
receptive field of the neuron and B: location of its recording site in the spinal cord. C:
Dotraster display of the responses of the neuron to supramaximal electrical stimulation of
the splanchnic nerve (SPLN) before, during and after reversible spinalization. D: Peristimulus
time histograms of the responses to stimulation of the splanchnic nerve shown in C. (From
Tattersall, J. E. H., Cervero, F., and Lumb, B. F., J. Neurophysiol., 56, 785, 1986. With
permission.)

ipsilateral visceral afferent fibers and have restricted somatic receptive fields from
which they can only be driven by noxious stimulation of the skin. Neurons in this
region of the dorsal horn are known to project to the brain via spinothalamic pathways
and seem to be part of the nociceptive-specific system of the superficial dorsal horn.16
These cells are subject to segmental inhibitory controls and to descending inhibition
of supraspinal origin.1718 They can be inhibited by electrical stimulation in the nucleus
raphe magnus (NMR) and it is likely that this inhibition originates from NRM cell
bodies. These cells are good candidates for a transmission system that could mediate
the more immediate sensory effects resulting from visceral noxious stimulation.

2. Viscerosomatic neurons with a diffuse visceral input and subject to descending exci¬
tatory and inhibitory control (Figure 3). These are neurons located in the deep dorsal
horn and in the ventral horn and driven by bilateral visceral inputs. They are the most
numerous group of viscerosomatic neurons, have large and multireceptive somatic
receptive fields often involving inputs of deep somatic origin, and their visceral inputs
are mediated or reinforced by supraspinal loops.1718 A proportion of them project to
the reticular formation of the brain stem and it seems that their descending excitation
originates from rostral medullary centers. These cells will have their excitability in¬
creased by visceral nociceptive stimulation and will remain in a highly excitable state
as a consequence of their spinal-bulbo-spinal positive feed-back loops. It is therefore
conceivable that they could be concerned with the integration of the nonsensory com¬

ponents of visceral pain, i.e., the persistent increases in motor and autonomic reflex
activity that are so characteristic of visceral nociception.
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Taking into account these experimental observations, it is proposed thai the perception
of visceral pain is the consequence of the activation of a sensory channel driven by convergent
somatic and visceral inputs. The final perception depends on the interaction between the
incoming excitation from viscera and the segmental and supraspinal inhibitory systems
triggered by other peripheral inputs. In addition, descending excitatory systems are respon¬
sible for the presence of sustained activity within the system and may be expressed as
enhanced motor and autonomic reflexes or as persistent pain.
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9 Gut Sensitivity
F. Cervero

INTRODUCTION

Abdominal pain is a symptom frequently reported by patients suf¬
fering from irritable bowel syndrome (IBS). However, numerous
anatomical and functional investigations in these patients have
failed to find a unique gut lesion to which the feeling of pain could
be attributed. It is conceivable that the abdominal pain felt by IBS
patients could be the consequence of an increased sensory aware¬
ness induced by a more excitable central nervous system (CNS). If
this is the case, then the symptom of abdominal pain would not be
due to a peripheral lesion but to an abnormal CNS, and it is well
known that some neurological and psychological disorders induce
such central alterations of pain perception. However, it is also
possible that functional disorders at the bowel level, including
motor and biochemical dysfunctions, could result in the activation
of sensory receptors in the gut responsible for the triggering of pain
sensations. For instance, increased or abnormal motility can evoke
colicky pain, as can the presence within the environment of the
sensory receptors of compounds such as histamine, serotonin or
certain neuropeptides. For the purposes of this chapter I will deal
exclusively with those forms of peripheral activation of the sensory
pathways that mediate the feeling of abdominal pain, particularly
of gut pain. However, one must bear in mind that there may be an

important central component in the abdominal pain felt by IBS
patients, and that this central component could be part of a more
general dysfunction of the CNS to which symptoms other than pain
can also be attributed. (For a more detailed account of the peri¬
pheral and central mechanisms of gastrointestinal pain, see Cervero,
1988.)

In this chapter I will review some aspects of the sensory in¬
nervation of the gut, particularly in relation to the perception of
pain. The functional properties of sensory receptors in the gut,
their mechanisms of activation and the effects of alterations in
their environment will be considered. The experimental information
available on the functional properties of visceral sensory receptors

83
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84 has sometimes been obtained from viscera belonging to other
chapter 9 internal systems (such as the genitourinary system). Therefore, and
Gut Sensitivity when appropriate, analogies will be drawn between the innervation

of the gut and that of other viscera.

SENSORY INNERVATION OF THE GUT

Sensory receptors in the walls of the gut or in the mesenteries are
connected to two different kinds of afferent nerve fibre. Some of
these afferent fibres have their nerve cell bodies in the gut, within
the submucosal and myenteric plexi of the enteric nervous system
(ENS). It is generally thought that these neurones of the ENS do not
send axonal projections to the CNS. The area of influence of this
kind of afferent neurone is limited to the enteric plexus or includes,
at most, the prevertebral ganglia of the autonomic nervous sys¬
tem (ANS) where their axonal projections make contact with
postganglionic efferent neurones (Szurszewski, 1981). For this
reason it is unlikely that myenteric afferent neurones could play a
direct role in the transmission of sensory nociceptive information to
the CNS.

The second group of gut afferent neurones have their cell bodies
in spinal and cranial ganglia. Their peripheral branches run in
sympathetic and parasympathetic nerves and their central pro¬
jections reach the brainstem and the spinal cord. These afferent
neurones are part of a primary afferent system similar to that
innervating the skin and other somatic structures. Clinical studies
using a combination of stimulation and blocking techniques have
repeatedly shown that abdominal pain is evoked by stimulation of
sympathetic but not of parasympathetic nerves, and is relieved by
section or blockade of sympathetic but not of parasympathetic
nerve trunks (White, 1943). Therefore, it seems that most forms of
gastrointestinal pain are signalled by afferent fibres in sympathetic
nerves, and that the afferent innervation mediated by parasym¬

pathetic nerves is principally concerned with regulatory, but not
sensory, aspects of gut physiology.

PERIPHERAL INFLUENCES ON GUT SENSORY
RECEPTORS

Most of the functional alterations of the gut observed in patients
suffering from IBS are probably the consequence of abnormal reflex
activity. It is often the case that altered patterns of gut motility and
secretion are interpreted as failures of the effector mechanism, i.e.
the smooth muscle cell, the secretory cell or the efferent innervation
of these two elements. Yet it is not always considered that an
abnormal efferent activity can be triggered by afferent signals
generated by the activation of sensory receptors which are either
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Fig. 9.1. The response of an afferent fibre from the rat's small intestine to intra¬
arterial injection of substance P (2 nmol). Note that afferent activity was preceded by
an increase in tension. Imp/s = impulses per second. (Redrawn with permission from
Cervero & Sharkey, 1988.)

sensitized or desensitized. It is, indeed, possible to evoke an ab¬
normal reflex mediated by a perfectly normal smooth muscle or

secretory cell, but one that is responding to an abnormal afferent
barrage. This interpretation can also help to explain the sensory

symptom of IBS, i.e. the abdominal pain, as a consequence of
altered responsiveness of the sensory receptor.

These two different mechanisms of activation of a local motor

reflex in the gut have been demonstrated in a recent experimental
study of the sensory innervation of the small intestine of the rat
(Cervero & Sharkey, 1988). Using an in vitro preparation of rat
ileum with an intact nerve supply, it was possible to observe the
responses of sensory receptors in the gut to mechanical stimulation
of the intestine and to the application of biologically active com¬
pounds (Figs 9.1 & 9.2). For instance, intra-arterial injection of
substance P resulted in an excitation of the afferent fibre that

appeared as a consequence of the smooth muscle contraction
induced by substance P (Fig. 9.1). In this case it is clear that
substance P, normally released from intestinal afferent fibres fol¬
lowing intense stimulation, had a direct action on the smooth
muscle of the intestine, and that the response of the sensory recep¬
tor followed the contraction of the gut. This is therefore an indirect
action on the afferent fibre induced by an effector mechanism.

However, in other cases, such as with the application of brady-
kinin, the response of the receptor preceded the contraction of the
muscle (Fig. 9.2). This indicates a direct mechanism of action of this
compound on the sensory terminals, which in turn trigger a local
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Fig. 9.2. The responses of an afferent fibre from the rat's small intestine to intra¬
arterial injection of (a) a saline control, and (b) bradykinin at the doses shown. Note
that tension in the smooth muscle increases always after the increase in activity of
the afferent fibre. Imp/s = impulses per second. (Redrawn with permission from
Cervero & Sharkey, 1988.)

reflex observed as a contraction of the smooth muscle. In this case

the origin of the effect is in the sensory receptor and the activa¬
tion of the muscle is a consequence of the discharge induced by
bradykinin in the sensory receptor.

These results show that functional alterations of gut motility and
secretion can be the consequence of either an abnormal functioning
of the effector cells, or of changes in the responsiveness of the
sensory receptors in the gut which are normally responsible for the
triggering of local reflex action. Both forms of alteration can coexist
and both can be induced by the release of naturally occurring
compounds in the gut, such as bradykinin or substance P.

SENSITIZATION OF VISCERAL NOCICEPTORS

There are essentially two different mechanisms for the encoding of
visceral nociceptive events.
1 Receptors responsible for the sensations of visceral pain are
the same population of visceral receptors responding to innocuous
stimuli and responsible for visceral reflex actions. These receptors
respond to noxious stimuli with higher frequencies of firing.
2 Receptors responsible for the sensations of visceral pain are a
different population of visceral receptors which respond to the
same stimuli that evoke visceral reflex actions but with different
thresholds or by different mechanisms. This view postulates the
existence of specific visceral nociceptors.
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There is experimental evidence for the existence in the gut of 87
both specific nociceptors and non-specific sensory receptors (see chapter 9
Janig & Morrison, 1986). High threshold receptors have been Gut Sensitivity
described in the biliary system responding to intense mechanical
stimulation of the gall bladder and bile ducts (Cervero, 1982). The
colon appears to be innervated by small myelinated afferent fibres
with a wide range of mechanical thresholds (Blumberg et al.,
1983) and by unmyelinated afferent fibres with high mechanical
thresholds. In addition, many gut afferents are chemosensitive
and can be easily activated by compounds such as bradykinin or

histamine, which are naturally released by local tissue damage or
inflammation.

One possible mechanism for the feeling of abdominal pain and
the functional disorders of gut motility associated with IBS could
be the sensitization of gut nociceptors. According to this inter¬
pretation, gut nociceptors—which normally have a relatively high
threshold and respond only to intense forms of stimulation—
become abnormally sensitive by decreasing their threshold for
activation, thus being sensitive to mild forms of stimulation. As
a result, gut reflex activity, normally triggered only by a strong
stimulus, appears now as a result of the ordinary physiological
process of digestion. This disrupts digestive patterns, evokes ab¬
normal gut motility and secretion and leads to the perception of
abdominal pain.

This interpretation fits well with the concept of a gut that has
become abnormal by giving exaggerated responses to mild stimuli.
The intestinal responses are appropriate and always due to the
activation of functionally adequate reflex pathways. However, as
the sensory receptors are sensitized, such responses are exaggerated
and out of proportion in relation to the originating stimulus.

There is considerable experimental evidence in support of the
idea of sensitization of visceral nociceptors. For instance, Haupt
et al. (1983) have shown that sensory receptors in the colon of the
cat become spontaneously active as a consequence of ischaemia of
the gut. In this study, ischaemia of the colon induced an increased
and irregular spontaneous activity in the sensory receptors, which
became also sensitized to pressure and chemical stimuli.

In a study of the afferent innervation of the ureter, Cervero and
Sann (1989) have also demonstrated a similar mechanism. They
used an in vitro preparation of the guinea-pig ureter with an intact
nerve supply, and measured the distension thresholds of mechano-
sensitive afferent fibres with receptive fields in the wall of the ureter.
They found that, if the ureter was not perfused intraluminally with
oxygenated fluid, the spontaneous activity of the afferent fibres was
higher and their pressure thresholds were lower than in prepara¬
tions in which the ureters were perfused with oxygenated fluid
at a physiological flow rate (Fig. 9.3). They concluded that an
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Fig. 9.3. Distributions of the response thresholds to intraluminal pressure increases
of ureteric afferent fibres. Top: U-1 fibres with low thresholds; Middle: U-2, fibres
recorded in preparations without intraluminal perfusion; Bottom: U-2,, fibres
recorded in preparations with intraluminal perfusion. (Redrawn with permission
from Cervero & Sann, 1989.)

insufficient oxygen supply, reproducing the conditions of in vivo
ischaemia, sensitized the high threshold nociceptors in the ureter to
a lower threshold and to a greater responsiveness. This study, in a
viscus outside the gastrointestinal tract, shows that sensitization of
visceral nociceptors is a widespread feature of the innervation
of several internal organs and can be responsible for exaggerated
responses of the viscera to normal forms of stimulation.

Over the last few years, a number of experimental studies on the
innervation of deep and visceral structures have provided evidence
for the existence of sensory receptors that are only activated by
persistent damage or inflammation of the tissue that they innervate.
These are believed to be silent nociceptors, normally unrespon¬
sive to physiological forms of stimulation and only coming into
activation when the tissue suffers persistent damage.

If such silent nociceptors were to be brought into action in
patients suffering from IBS, this could explain the symptoms of
abdominal pain and the abnormal reflex activity of the gut. This
interpretation is in line with the concept of a new or normally not
present mechanism being responsible for the abnormal gut. When
silent nociceptors are activated, new reflexes develop and the CNS
receives information not previously available. Therefore, these are
not exaggerated responses to a normal stimulus but entirely new
responses induced by novel sensory signals.

The best evidence so far for the existence of silent nociceptors
comes from studies on the sensory innervation of the joints. The

SILENT NOCICEPTORS
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properties of articular sensory receptors have been examined using 89
a model of experimental arthritis in which the knee joint of the cat chapter 9

undergoes acute inflammation following the injection of kaolin and Gut Sensitivity
carrageenin (Schaible &C Schmidt, 1985). Using this model, Schaible
and Schmidt (1988) have described the existence of unmyelinated
afferent fibres in the knee joint which are unresponsive to in¬
nocuous and noxious stimulation of the joint in the normal state,
but that become sensitive to such movements within a few hours of
the induction of experimental arthritis. Their evidence shows that
these receptors were quite insensitive prior to the inflammation
and highly responsive to normal articular movements once the
inflammation developed.

This kind of silent nociceptor has also been found in the colon
and urinary bladder (W. Janig, personal communication). In these
studies, still in progress, receptors in the wall of the bladder were
found which could not be activated in the normal state but that
became responsive to bladder distension and contraction following
the induction of an inflammation of the bladder with turpentine.

Although there is still no direct evidence for such a silent nocicep¬
tor in the small intestine, the fact that these receptors have been
found in different organs and in several locations would suggest
that they may represent a general category of sensory receptor.
However, their possible role in gut sensory and motor mechanisms
and in the physiopathology of conditions such as IBS remains, at

present, speculative.

CONCLUSIONS

There is no doubt that a number of gut alterations can result in the
perception of abdominal pain and that some of these dysfunctions
could account for the pain reported by IBS patients. However, since
the pathophysiology of IBS is not yet fully understood, and neuro¬

logical and psychological syndromes can also result in abnormal
pain perception, it is necessary to keep in mind that the abdominal
pain felt by IBS patients could have an important central com¬
ponent. The extent and relevance of peripheral vs. central factors
in the genesis of IBS pain remains to be established.

Functional alterations of gut motility and secretion can be due to
dysfunction of the effector cell and/or to abnormal sensitivity cf
sensory receptors. The latter can be the consequence of a direct
action of peripherally released compounds on the sensory endings.
Such abnormal sensitivity can then evoke reflex actions in the gut
that are either inappropriate or exaggerated.

There is considerable experimental evidence in favour of the
concept of sensitization of visceral nociceptors. This implies a
reduction in the activation threshold of visceral nociceptors and an
increase in their excitability. Sensitized nociceptors are thus able to
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90 respond to innocuous stimuli which may then evoke pain and
chapter 9 abnormal reflex actions.
Gut Sensitivity Recent studies using experimental models of inflammation have

demonstrated the existence of silent nociceptors, i.e. nociceptors
that are normally unresponsive but that come into play as a result
of prolonged stimulation or inflammation. Such category of sensory
receptor could be responsible for some of the symptoms of IBS by
evoking an abnormal reflex and sensory activity as a consequence
of a persistent peripheral lesion (functional or anatomical) of the
gut.
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