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The roots of certain cranial and spinal nerves are particularly
suitable for studying the growth, myellnation and maturation of
motoneuron fibres. Furthermore, their rootlets can be readily traced on
serial sections in both PtJS and CHS. Accordingly, they were used for a
series of morphometric studies analysing the developmental changes
invloved in the segregation, growth, myellnation and maturation of
central and peripheral segments of large and small motoneuron fibres
(1-9). These included analysis of age changes in the internodal
morphology of the entire myelin sheath of both the Schwann cell and the
oligodendrocyte. This permitted comparison of the myelinogenic
responses to stimuli emerging the same axon bundles, both within and
between the two classes of ensheathing cell (5,6,8,9). Extensive
statistical analysis was performed on ttie myelin sheath thickness - axon
calibre relationship for the developing internodeB of large and small
calibre motoneuron fibres (1,8,9). To test if this relationship was
constant among all motoneuron fibre bundles, its setting was compared
between nerves of similar developmental origin, peripheral distribution
and function (10). The extent to which it varied between different
levels along one and the same fibre bundle was also studied using
dorsolateral vagal rootlets (14).

A series of morphometric studies was performed on the developing
CNS-PNS transitional zones of a number of rat cranial and spinal nerves
to analyse the complex interaction, migration, and sometimes
intermingling, of central and peripheral nervous tissues during this
process (16-25). These contribute to understanding the wide variety of
forms of the mature transitional zones (15,16,20-30), whether these lie
at, peripheral to, or central to the plane of the CNS surface to which
the nerve roots or rootlets which contain them are attached. CNS-PHS
transitional node development was examined to assess the manner in which
oligodendrocytes and Schwann cells modify their developmental behaviour
in response to their unique relationship to one another in this location
(20). These studies also examined the behaviour of myelinated and
unmyelinated fibres as these pass between the CNS and PNS, whether they
cross the interface between them once only (16-21, 24, 29), or alternate
a number of times between the two tissue compartments (28). The
morphology, Including myelin-axon relationships, of isolated islands of
CNS tissue in the PNS (31) and of PNS tissue in the CNS (14, 28) was
also examined quantitatively. All of these studies on the transitional
zone, as well as one experimental study in particular (34) also dealt
with its functional, especially mechanical properties.

Extensive morphometric investigations were carried out to determine
the maturationa1 changes in axons, myelin sheaths and the relationships
between these, in rat mixed peripheral nerves (a) under control
conditions (35) and (b) in animals in which diabetes mellitus had been
experimentally induced (36).

Following an earlier investigation (11) a detailed study was
made of the age-related decrease in the degree of branching of rat
cervical ventral root axons from birtti to adulthood, to determine the
relative contributions of axon loss and Schwann cell proliferation to
axon segregation (12). In another numerical study (13), the size of the
autonomic component of the oculomotor nerve was estimated.
Other developmental studies concerned macrophages related to developing
ventral roots (32) and axon-glial relationships in the developing
vomeronasal nerve (33).



SUMMARY

1. MOTONEURON GROWTH AND MYELINATION

Ventral spinal nerve rootlets immediately distal to their emergence

from the cord constitute, in the those regions lacking an autonomic

outflow, an ideal location in which to study growth and myelination of

ventral motoneuron axons. This is because such rootlets represent the

purest available population of these axons. Furthermore, because of the

specialised nature of the developmental changes occurring during axon

segregation in that region, more morphological classes of maturing axons

can be identified there than elsewhere. Also, axon bundles and

individual axons can be easily traced between the CNS and PNS.

Accordingly, the growth, myelination and maturation of their central and

peripheral parts can be studied in detail. They consist of two fibre

classes, large (predominantly alpha) and small (predominantly gamma)

fibres. These can be readily separated from one another for morphometric

analysis of their growth and maturation.

1.1 PERIPHERAL MYELIN SHEATH GROWTH

Myelination is initiated in relation to a wide range of axon

perimeters, indicating that the stimulus emanating from the axon is not

purely mechanical2. Compaction occurs when three turns have been

formed. The myelin sheath does not grow at a uniform rate over the

entire internode3. Instead, during a substantial proportion of the

growth period, mesaxonal elongation occurs most rapidly at one level

along the internode, commonly near its middle3. There is thus a high

point of tangential elongation of the myelin leaflet. Serial section

analysis suggests that this may be located on the inner margin of the

sheath. When sheath thickness has reached about half its final value,

catch-up growth occurs towards the ends of the sheath and redresses this

imbalance, so that sheath thickness again becomes relatively uniform at

all internodal levels and uncoiling is found only at the paranodes. The

relative positions of the outer and inner ends of the mesaxon suggest

that thickness increases in bursts by the addition of integral numbers

of turns, with interspersed resting periods.
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1.2 GROWTH AND MYELINATION OF CENTRAL AND PERIPHERAL SEGMENTS OF

VENTRAL MOTONEURON FIBRES

Age-related changes in the myelin-axon relationships of whole

central and peripheral internodes of individual fibres and fibre bundles

were examined using alternate sequential series of light and electron

microscopic sections1'4-8. This permits analysis of the segregation,

growth and maturation of axons and the three-dimensional form of the

developing myelin sheath in the two different milieux, and comparison of

the responses of oligodendrocytes and Schwann cells to myelinogenic

stimuli emanating from individual axons.

The growth of large (predominantly alpha) and small (predominantly

gamma) rat motoneuron axons was studied from late fetal life to

maturity1'4-8. Overall axon perimeter distribution is unimodal up to

three days postnatum and is bimodal subsequently. Nevertheless,

presumptive large and small fibre categories can be distinguished from

one another before the bimodal distribution appears, since their degrees

of segregation differ8. By 3 days postnatum, the great majority of

presumptive large axons are either promyelin or myelinated in form. The

two populations follow separate maturation tracks subsequently, large

axons making up between 60 and 70% of the total. Large axons grow most

rapidly during the first week, small axons during the second and third

weeks postnatum1. The onset of myelination in both groups coincides

with the most rapid period of growth. Delay of the rapid growth period

of small fibres is due to a prolongation of one stage, that when they

are segregated from one another, before myelination commences.

Subsequent stages each have a similar duration to those of large

fibres8. The periods of most rapid growth in both large and small

fibres may be related to the formation of their respective terminal

connections in the muscles. Nevertheless, the nature of any causal or

instructive relationship involved remains obscure.
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Overall myelin sheath thickness distribution is initially

unimodal9. It becomes bimodal in relation to peripheral sheaths before

central, reflecting differences in growth of the myelin sheaths of large

fibres between the two locations1'9. Myelination commences in relation

to a smaller axon perimeter in small than in large fibres, showing that

the former are more myelinogenic than the latter. Marked heterogeneity

of myelin sheath dimensions was found between both types of internode as

well as within each type4-6. Central and peripheral myelination differ

substantially from one another. The onset of myelination occurs earlier

and myelin sheath maturation and growth proceed more rapidly in relation

to peripheral than to central fibre segments. Compared with their

central counterparts, peripheral sheaths are thicker (by a factor of two

for large fibres and 1.5 for small fibres) and peripheral internodes

longer (by a factor of two)9. These differences reveal different

average rates of response on the part of oligodendrocytes and Schwann

cells to myelinogenic stimuli. It is perhaps less likely to result from

differential myelinogenic stimuli emerging from central and peripheral

segments of one and the same axon. There is marked variation between

fibres, even those of similar axon calibre, in the myelinating

activities of Schwann cells and oligodendrocytes enveloping them. Thus,

the sheaths surrounding peripheral and central segments of axons of

similar calibre differ quite markedly from one another in a number of

their dimensions, including internodal length, mean internodal myelin

sheath thickness and patterns of longitudinal variation in internodal

sheath thickness. Furthermore, these parameters vary substantially

between serially adjacent pairs of oligodendrocytes or of Schwann cells

myelinating a given axon3'5'6. All of these differences emphasise the

variations which occur in the response to the myelinogenic stimuli, both

within and between the two classes of myelinating cells. These

differences are most evident during maturation but persist to a lesser

degree into maturity5'6. It is clear, therefore, that the influence of

the axon on the geometry of the myelin sheaths enfolding it is not

entirely instructive and that the varying individual responses of the

cells forming the sheaths play a considerable part in determining myelin

sheath morphology.
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Because of these morphometric differences between successive

internodes on one and the same fibre and because of differences in the

patterns of such variation between adjacent fibres, especially during

development, conduction in neighbouring axons may differ substantially.

Such differences are likely to be accentuated during development in

relation to those fibres which possess successive myelinated and

non-myelinated segments, over which conduction is saltatory and

non-saltatory, respectively. Accordingly, there is likely to be a

substantial loss of precision in the degree to which action potentials

travelling along neighbouring axons are correlated with one another,

with a corresponding loss of precision in the control of muscle

contraction.

Developing internodes bounding the CNS-PNS transitional node are

particularly heterogenous5'5. Their growth patterns different from

those at other levels of these fibres. During the first week of

myelination many otherwise relatively heavily myelinated axons possess

long unmyelinated segments immediately central to, and/or are enveloped

by non-myelinating Schwann cells immediately distal to the transitional

node. These internodes, even when myelinated, commonly show a sustained

morphological immaturity, even in the adult rat9. Thus, many display

marked longitudinal variation in sheath thickness or possess a

decremental segment over which sheath thickness gradually decreases in

the direction of the paranode.

1.3 MYELIN-AXON RELATIONSHIPS

Analysis of the statistical correlation between myelin sheath

thickness and axon perimeter permits assessment of the strength of any

causal interaction between the two2-5' 6,-11, particularly during

development. Examination of the entire fibre population of the ventral

root2-6 shows that correlation is very low during early myelination2.
This applies to both central and peripheral motoneuron axon segments'1-6'.
It is partly due to sampling immature fibres at single levels of

internodes along which internodal sheath thickness varies (see above).

A rather stronger association is found if mean internodal values for

sheath thickness and axon perimeter are correlated3'5'9. The strength
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of correlation increases during the second and third week of myelination

and has reached relatively high levels by maturity. Whether this

relationship is a causal one, the axon presumably being the main

determinant, remains uncertain. Such a statistical correlation could

exist in the absence of any causal relationship. It could result from

the concurrent growth of both axon and sheath, combined with the fact

that fibres within a given population do not mature in phase with one

another3. They enter the myelination process at different times and

cease to grow at different sizes (in terms of axon perimeter and sheath

thickness)3.

Examination of myelin sheath thickness-axon perimeter relationships

in large and small motoneuron fibres separately, shows that the

relationships for the two groups differ from one another throughout

development and at maturity9. Small fibres have relatively thicker

sheaths than large fibres. In both groups the relationship is different

for central and peripheral fibre segments and also changes during

maturation. It is therefore not permissible to make inferences from the

adult relationship regarding the relationship during development, as is

common practice. Changes in the relationship follow similar patterns

for central and peripheral fibre segments. This suggests that the

control mechanisms in both locations are closely linked. These are

likely to be exerted through the axon which is common to both sites.

Sheath thickness growth both peripherally and centrally lags behind axon

calibre growth for large fibres. The two keep pace for small fibres.

The morphological differences between central and peripheral segments of

ventral motoneuron fibres suggest that conduction velocity increases

when the impulse enters the peripheral nervous system.

The strength of the correlation between sheath thickness and axon

perimeter tends to be greater among small than large fibres and among

peripheral than central segments within each fibre class9. It changes

little with maturation in either group9. This is in sharp contrast to

the age-related increase in correlation widely reported by other workers

in studies on all fibre classes combined, which is likely to be

spurious. Such studies did not take account of the fact that

correlation analysis should properly be applied only to bivariate normal
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distributions and most axon calibre and sheath thickness distributions

are at least bimodal. Ventral motoneuron axon populations are highly-

appropriate for subdivision into two normal distributions1'3'10'11
within each of which the relationship may properly be studied. Within
each group, the parameters have a linear relationship. When these

groups are analysed separately, real differences in their myelin-axon

relationships come to light, which are obscured when both populations
are treated as one, in which a single rectilinear or curvilinear

relationship exists between the parameters. Large and small fibre

classes have different myelin-axon relationships from the earliest

stages of myelination to maturity9. The regression line relating the

two parameters has a different setting for the two groups. Small fibres

induce myelination at a smaller axon size and have relatively thicker

sheaths, compared with large fibres. In these respects, therefore, the

smaller axons are the more myelinogenic of the two. The myelinogenic

influences of both fibre classes, though related to one another, are

therefore unlikely to be identical. These differences are reflected in

the G-ratios which tend to be less for small than for large fibres9.

Similar analyses of mature myelin-axon relationships in other

nerves also demonstrate fundamental differences in the setting of the

relationship in large and small fibre classes10. In rat cranial nerves

III, IV and VI, the regression lines relating the variables are parallel

but not co-linear in each nerve. If this reflects the situation during

development, then large and small fibres may follow different maturation

tracks. Furthermore, different myelin-axon relationships hold for the

large fibre class in each of the three nerves10. Thus, it is not

permissable to assume that one and the same relationship holds for

groups of fibres in different nerves, even when they are closely similar
in respect of morphological class, central origin, peripheral

distribution, developmental environment and function10. On the other

hand, the small fibre class in cranial nerve III includes preganglionic

parasympathetic fibres which are absent from cranial nerves IV and VI.

Yet, in all three nerves similar myelin-axon relationships hold for the

small fibres. Taken together, these studies on the three cranial nerves

suggest that individual peripheral nerves may exert nerve-specific

influences, which are as yet obscure, on the myelin-axon relationship10.
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Furthermore, recent work11 shows that myelin axon relationships at
different levels along one and the same fibre bundle may differ markedly
from one another, possibly due to differing environments between the
levels.

1.4 AXON COUNTS AND FIBRE BRANCHING

In rat C7 ventral roots there is a proximodistal increase in the

numbers of axons in all categories (myelinated and various classes of

unmyelinated) examined at all stages from birth to adulthood13. Axon

branching is the most likely cause of this. The increase generally

becomes less as age advances. There is a marked loss of unmyelinated

axons during the first three weeks after birth, probably partly due to

loss of axon branches. Age changes in the proportions of less well

segregated unmyelinated axons indicate that it is axon loss and not

Schwann cell proliferation, as might be assumed, which is responsible

for axon segregation during the postnatal period13.

Cranial nerves III, IV and VI each contain a small myelinated fibre

class14 (see above). Using the proportions of large and small fibres in

all three nerves, it can be calculated that about half of the small

myelinated fibre component of the oculomotor nerve is made up of its

preganglionic parasympathetic component14.
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2. THE CNS-PNS TRANSITIONAL ZONE

2.1 TRANSITIONAL ZONE DEVELOPMENT

The primary aim of studies on the hitherto little understood

CNS-PNS transitional zone (TZ) is to define morphologically the growth,
relative movement and interaction of central and peripheral nervous

tissues as they establish their mutually exclusive territories on either
side of the CNS-PNS boundary, and to explain the wide variations in the

form of the mature TZ.

The TZ is that length of rootlet containing both central and

peripheral nervous tissue. The CNS-PNS interface may be defined as the

basal lamina covering the intricately interwoven layer of astrocyte

processes which forms the CNS surface and which is pierced by axons

passing between the CNS and PNS. That Schwann cell lying immediately

distal to the CNS-PNS interface is the transitional Schwann cell.

Nerve rootlets at first consist of bundles of bare axons16. These

become segregated by matrices of fine Schwann cell processes

peripherally and of astrocyte processes centrally. The latter may

prevent Schwann cell invasion of the CNS. Astrocyte processes branch

profusely and come to form the principal central nervous tissue

component of the TZ. Developmental changes in the TZ vary markedly

between nerves, reflecting differences in its final morphology

16'17'21'24'25. Widespread relative movements and migration of CNS and

PNS tissues take place during development, so that the

central-peripheral interface changes shape and position, commonly

oscillating along the proximodistal axis. For example, developing

cervical ventral rootlets16'17 contain a transient central tissue

projection (CTP), while that of lumbar ventral rootlets21 and to a

lesser extent that of cervical dorsal rootlets24 alternately increase

and decrease in length. In the developing cochlear nerve25, a CTP is

present before birth, but regresses before a marked distal outgrowth of

central nervous tissue along the nerve takes place, which reaches into

the modiolus during the first week postnatum. During development, some
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astrocytic tissue may even break off and migrate distally into the root,

giving rise to one or more glial islands within it.31.

During the period immediately preceding birth, Schwann cells come

to be present in very large numbers in that part of the rootlet

immediately distal to the CNS-PNS interface, the proximal rootlet

segment (PRS). Here they form prominent sleeves or clusters of closely

packed cells which intertwine with and encapsulate one another on the

rootlet surface13'19'21. Such Schwann cell overcrowding in the PRS

could result in part from distal overgrowth of the rapidly expanding CNS

around axon bundles, which might strip the Schwann cells distally off

the bundle segments so engulfed. Most cells comprising the clusters or

sleeves separate from them to segregate and envelop axon segments in the

PRS in the manner characteristic of Schwann cells. Others lose axonal

contact and lie dormant in the PRS. Morphological and morphometric

analysis of the developing TZ and PRS are thus consistent with marked

dynamic interactions between the central and peripheral tissues on

either side of the CNS-PNS interface.

The PRS differs from the remainder of the PNS in a number of

respects throughout life (see previous section) in respect of axonal

segregation and myelin sheath form1'5'3'3'9.

2.2 TRANSITIONAL NODE

The transitional node is located at the CNS-PNS interface20. The

level along the axon at which the node differentiates may be determined

by the astrocytes forming the interface, either directly, or indirectly

by determining the central limit of the Schwann cell, in close relation

to which the node differentiates20. This supports the hypothesis that

node location may be influenced by extra-axonal factors. The

presumptive bounding oligodendrocyte probably plays little or no part in

this, since it is usually separated by a long unmyelinated segment from

the presumptive node at this stage. Developmental changes in the nodal

axon resemble those of peripheral rather than central nodes. The

ensheathing cells do not substantially modify their appearance during

node development in response to their unique relationship with one
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another at the transitional node, through a wide variety of differences

in detail are found20. Astrocyte processes and basal lamina come to

form a progressively more complete barrier within the transitional node

gap between the CNS and PNS environments, as maturation progresses. At

the C7 level, they also come to form a gradually more extensive tubular
sleeve into which the transitional Schwann cell paranode is

invaginated1. Stereological analysis20 is consistent with this being

part of the distal overgrowth of central nervous tissue, referred to

above. At the deep end of the invagination they give rise to a ring of

processes which forms a collar projecting into the node gap. The

production by individual astrocytes of both sleeve and node gap

processes contradicts the binary classification of astrocytes according

to which each produces only one type of process20. Instead it suggests

the astrocyte is multipotential insofar as it may produce a variety of

processes serving a number of different structural roles, each

appropriate to the location of the cell.

The transitional nodal axon commonly possesses surface

irregularities and traces a sinuous path around the axon1. These

features increase nodal axolemmal surface area, through which ion

movements may take place during activity, by over 50% compared with a

regular cylindrical structure.

Ventral motoneuron node packing density in the lumbar TZ is likely

to be seven times greater than in the ventral root and five times

greater than in bundles of these axons in the spinal cord29. The fact

that nodes are longitudinally offset relative to one another may help

reduce the likelihood of crosstalk between them, since they are further

apart than if they all lay in the same transverse plane of the rootlet1.

However, they are not regularly spaced in the TZ15. Three-dimensional

reconstructions show that they are commonly markedly clustered. Nodes

of large and of small fibres tend to be preferentially clustered, each

with others of its own class.
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2.3 THE MATURE TRANSITIONAL ZONE

The position and form of the mature TZ both vary markedly between
nerves. For example, in lower cervical ventral rootlets the TZ is to a

large extent sunken below the surrounding cord surface and, through it
is irregular in shape, it is approximately parallel to this16. By

contrast, it lies almost entirely within lumbar ventral rootlets which

contain a central tissue projection (OTP) commonly over 100 pm long21.
Lower cervical dorsal rootlets contain large dorsoventrally flattened

wedge-shaped CTPs which may show up to two orders of branching

distally24. The TZs of cranial nerves vary widely in form. Those of

abducent rootlets, which are small, lie in the plane of the surrounding

brainstem surface27 and resemble those of lower cervical ventral

rootlets. That of the trochlear nerve2"7 contains an extensive CTP,

resembling that of a lower cervical dorsal rootlet. This might suggest

that the presence or absence of a CTP in a motor nerve could be related

to the dorsoventral position of the attachment to the neuraxis of the

nerve containing it. However, spinal accessory rootlets, which are

attached to the upper cervical spinal cord midway between the dorsal and

ventral spinal rootlets, have TZs closely resembling those of ventral

rather than dorsal cervical rootlets30 and are not intermediate in form

between the two, as might be predicted from their location. Oculomotor

rootlets26 vary markedly in size. The larger ones tend to contain

prominent CTPs, while in some, through not all, of the smaller ones the

TZ resembles that of the lower cervical ventral rootlets, which are of

similar size. Thus, despite the close similarities between the three

nerves innervating the extraocular muscles, their TZs differ markedly

from one another. Among the sensory cranial nerve rootlets, the

cochlear nerve trunk contains a very long CTP, which comprises the

entire nerve trunk25. The TZ lies towards the distal end of this, where

the cochlear nerve branches, composed of PNS tissue, spring from its

surface. The sensory root of the trigeminal nerve is particularly large

and also contains a central tissue projection which comprises its entire

cross section over a considerable distance15. The dorsolateral vagal

rootlets are large and also contain prominent CTPs25. Hypoglossal

rootlets resemble those of the oculomotor nerve15. Examination of a

variety of cranial nerve rootlets therefore suggests that the presence

or absence of a CTP and therefore the location of the TZ within the

rootlet or at the surface of the neuraxis, respectively, may be

- 12 -



associated with rootlet size. Such a relationship would be in accord

with differences in TZ morphology between dorsal and ventral rootlets at

lower cervical cord levels and within upper thoracic ventral rootlets15.
The presence of long CTPs in lumbar ventral rootlets is the sole

exception to the otherwise rather well-defined association between TZ

morphology and rootlet size. These studies clearly show that there is
no rostrocaudal gradient of TZ size and structure along the neuraxis, as

had been believed.

Central tissue projections are almost always found to lie

eccentrically in the rootlet, closer to the deep surface of the rootlet,

i.e., that which lies nearest the surface of the neuraxis. This allows

for maximal separation of the transitional nodes from one another, by

spreading the majority of them over the extensive superficial surface of

the CTP. This minimizes any likelihood of crosstalk between them. Where

many small cervical or cranial motor rootlets emerge from the neuraxis,

the rootlet traverses an extensive pad of intricately interwoven

astrocyte processes which extends into the area of cord surface

surrounding the emergent zone of the rootlet27. Few astrocytic perikarya

occur either in these pads or in small CTPs. Instead they lie in the

CNS adjacent to the rootlet and give rise to processes which extend into

the TZ. Large CTPs contain numerous astrocyte and also oligodendrocyte

perikarya and resemble CNS tissue generally.

The TZ of dorsolateral vagal rootlets presents an order of

complexity greater than is found elsewhere25. A typical rootlet

contains a transitional zone over 300 pm long, consisting of a CTP

extending distally into the rootlet beyond the brainstem surface and a

peripheral tissue insertion extending centrally for a longer distance

along the rootlet, deep into the brainstem. The peripheral tissue

insertion is continuous with the peripheral tissue of the free rootlet

through channels traversing or running parallel to the CTP.

Accordingly, the vagal CNS-PNS interface is topologically much more

complex than those found elsewhere. In some rootlets the peripheral

tissue in the brainstem constitutes an isolated island deep within the

neuraxis. The mode of CNS-PNS transition of vagal axons reflects this

complexity. About one fifth of all those which are myelinated alternate,
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in many cases more than once, between the CNS and PNS tissue

compartments. These are myelinated by Schwann cells distal to the TZ,

by oligodendrocytes in the CTP and by one or more short intercalated
Schwann internodes in the peripheral tissue insertion. In addition, the

majority of all unmyelinated axon bundles alternate between central and

peripheral tissue compartments, also commonly more than once. Around

one fifth of peripherally unmyelinated axons have an oligodendrocytic
sheath in the central compartment. Of those axons possessing more than

one intercalated Schwann internode, over one quarter display alternation

of myelinated and unmyelinated segments in the peripheral tissue

insertion.

Astrocytes in the vagal TZ segregate PNS tissue, a role played by

sheath cells further peripherally in the vagal rootlets, as in the PNS

generally. Astrocytes form the thick multi-layered surface limiting

membrane of the CTP and also the barrier between the peripheral tissue

insertion and the surrounding brainstem, which consists only of an

attenuated layer of processes. This barrier is deficient in places,

where oligodendrocytic myelin sheaths are directly exposed to the

endoneurial space of the peripheral tissue insertion and in some

instances are apposed to myelinating or non-myelinating Schwann cells.

Such communication between the central and peripheral compartments is

unique to the vagal TZ. The findings are consistent with a range of

possible events during development, for example: considerable migration

and intermingling of central and peripheral tissues, possible overgrowth

of rootlet segments by developing myelencephalic tissue, failure of part

of the neural crest to separate form the developing neural tube, and the

origin of peripheral tissue insertion Schwann cells from the neural

tube, or combinations of these factors.

The marked offsetting of transitional nodes in the longitudinal and

transverse planes of the TZ may have a number of mechanical advantages3".
Nodes are likely to be weak points along nerve fibres since they lack

the strength provided by cytoplasm. Because of its fluid crystalline

nature it is likely that myelin provides the fibre with little tensile

strength. Offsetting may circumvent their vulnerability to

traction-induced stress and the greater tendency to snap if all lay in

the same plane. Continuity of Schwann cell and astrocytic basal laminae
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and their cross-linkage by collagen fibres may provide further

mechanical strength. The astrocytic invagination may act as a suction

cup, resisting distraction of the Schwann internode, the central end of

which is inserted into it.

2.4 ROOTLET SHEATHS, CONNECTIVE TISSUES AND BLOOD SUPPLY

The cellular sheaths surrounding lumbar ventral roots are

continuous with the pia mater in such a way that the free rootlets

comprising them are inserted under the pia mater22. This continuity may

also help to strengthen the junctional region between the CNS and PNS in

general. Further mechanical strength may be provided by the insertion

of collagen fibril bundles into clefts between the astrocyte processes

of the glia limitans and by the intricate interdigitation of rootlet

sheath cells with astrocytes in some cases. Rootlet sheaths are

fenestrated, so that their endoneurial spaces are continuous with the

subpial space. The spaces between the rootlets contain numerous

capillaries and postcapillary venules which communicate freely with

vessels in the subjacent spinal cord in the great majority of nerves

examined23. Vascularity of the TZ increases considerably during the

period when transitional nodes of small fibres become mature, which is

likely to coincide with increased neural activity. The transitional zone

continues to be richly vascularised throughout life, a feature which

supports the high level of metabolic activity associated with the

particularly high density of nodes which it contains.
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3. EXPERIMENTAL STUDIES

Traction was applied to rat C4 to T1 ventral roots to mimic the

tensile stress transmitted centrally through the brachial plexus to the

roots during violent traction injuries of the upper limb in man, which

commonly leads to rootlet avulsion from the cord34. Rupture occurs at

the rootlet-cord junction in 80% of cases. Most individual myelinated

fibres break at the transitional node. Fibre rupture at more distal

levels occurs internodally, and a length of axon commonly protrudes well

beyond the level of sheath rupture. Some sheaths break cleanly across

but the torn surfaces of others taper, perhaps because of rupture at

Schmidt-Lanterman incisures. The cellular and connective tissue rootlet

sheaths rupture where they are continuous with the pia mater. It is

clear that regeneration would take place entirely in a PNS environment.

Sprouts emerging from transitional nodes would be guided distally within

the astrocytic sleeves1'16 (2.2) into rootlets surgically apposed to the

torn transitional zone.

The effects of diabetes mellitus experimentally induced at the

prepubertal stage on the growth of axon calibre and myelin sheath

thickness where studied in motor branches and in the medial plantar

division of the rat tibial nerve35'36. Myelin sheath thickness was more

severely affected than axon size so that diabetic fibres were relatively

hypomyelinated. This was especially evident in the larger fibres. Axon

size was reduced in diabetics compared with controls at all but the

earliest stage examined, suggesting that neural growth may initially be

relatively protected. Thus, prepubertally induced diabetes has

different effects on large and small fibres. The changes also differ

from those of diabetes induced in adult animals. The control study

documents morphometrically the growth changes in the normal rat tibial

nerve during maturation and through maturity35.
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1. INTRODUCTION

Spinal motoneurones lie in both the central and the
peripheral parts of the nervous system. Their cell
bodies are situated in the ventral horn grey matter of
the spinal cord (Fig. 1). The axons to which these give
rise pass first through the CNS and then through the

PNS before reaching the muscle fibres which they
innervate. They are therefore myelinated by two
different classes of ensheathing cell—oligodendro¬
cytes centrally and Schwann cells peripherally.

Spinal motoneurone cell bodies are dispersed
within the ventral horn (Fig. 1 b, c). They give rise to
axons which converge and accumulate to form intra-

199



200 J. P. Fraher et al.

a

Fig. 1. (a) Diagrammatic transverse section of cervical
spinal cord, showing, arrangement of nerve roots, spinal
nerve trunk and ventral and dorsal primary rami, (b)
Enlargement of area outlined in (a) showing the re¬
lationships of the ventral motoneurone cell bodies
(arrowheads), intramedullary (arrow) and ventral rootlets
(asterisk), and the ventral root (double asterisk), (c) Dia¬
grammatic longitudinal section of the lumbar spinal cord,
showing the relationships of the same types of structure as
in (b). This view is longitudinal because of the marked
obliquity of the axonal paths in both CNS and PNS at this

level.

medullary bundles at the interface between the grey
matter and the white matter of the ventrolateral
funiculus. Each bundle crosses this, emerges through
the spinal cord surface and enters the PNS, where it
comprises a ventral rootlet. This remains distinct from
other similar rootlets over a variable distance before
joining with a number of them to form an aggregated
rootlet bundle. Two or more of the latter in turn fuse
to form a ventral spinal nerve root. This ends by
joining with the dorsal root to form the spinal nerve
trunk. Outside the vertebral column, ventral moto¬
neurone axons traverse the ventral or dorsal primary
rami and are distributed through the peripheral ner¬
vous system, including the limb plexuses, to the
voluntary muscles.

Morphometric studies on the peripheral segments
of spinal motoneurone axons can be most suitably
performed using ventral nerve roots or the rootlets
which join to form them. At those lumbar and
cervical segmental levels of the spinal cord which lack
an autonomic outflow, these comprise the purest
available population of ventral motoneurone axons.
Here they may be diluted only by an admixture of a
small proportion of sensory axons. Though some of
these sensory axons may be myelinated (Loeb, 1976)
many are unmyelinated (Coggeshall et al., 1977;
Coggeshall, 1986; Kim et al., 1987) and can therefore
be easily excluded from morphological and mor¬
phometric examination on this basis after all but the
earliest stages of development. Elsewhere, at all levels
of the PNS peripheral to the junction of the dorsal
and ventral roots, including the motor nerves to
muscles, substantial proportions of myelinated sen¬
sory axons are intermingled with the motor axons.
These two classes of axon cannot be reliably dis¬
tinguished morphologically. This precludes mor¬
phometric analysis of motoneurone axon maturation
at these levels.

At the segmental levels under consideration mature
ventral root axon calibre is bimodally distributed
(Fraher, 1978b, c; Fraher and Kaar, 1985; Kaar and
Fraher, 1985). Gamma axons are predominantly
responsible for the left peak of the distribution and
innervate only intrafusal muscle fibres. Alpha axons,
which innervate extrafusal muscle fibres, are repre¬
sented within the right peak of the distribution. A
third, beta, category of axon which innervates both
intrafusal and extrafusal fibres occurs widely in rep¬
tiles and amphibia (Proske and Ridge, 1974). There
is a growing body of evidence showing that a
significant proportion of mammalian motoneurone
axons are beta in type (Bessou et al., 1965; Barker
et al., 1970; Laporte and Emonet-Denand, 1976;
Laporte, 1979). Much of this has come from func¬
tional studies (Bessou et al., 1965; Emonet-Denand et
al., 1975; MacWilliam, 1975; Harker et al., 1975) and
has been confirmed by a histochemical technique
based upon glycogen depletion secondary to muscle
contraction (Barker et al., 1977). The conduction
velocities of beta axons suggest that their calibres lie
within the right hand (larger) peak of the bimodal
distribution. The proportion of large motoneurone
axons which belong to the beta class is unclear,
however. This probably varies considerably between
motor nerves, depending on the density of spindles in
the muscles which they supply. A quantitative study
(Jami et al., 1982) showed that 31% of all large
axons in the motor nerve to the cat peroneus tertius
muscle were beta in type. Electrophysiological studies
(Andrew et al., 1971) on rat tail muscle nerves
suggested that all spindle innervation was beta in
type. By contrast, it is likely that the motor nerves to
large proximal limb muscles (which contain relatively
low concentrations of spindles) have correspondingly
lower proportions of beta axons. It may be, therefore,
that the proportion of beta axons in any given ventral
spinal nerve root depends to some extent on the
distribution of the muscles innervated by the axons
comprising it. However, no data are available on this
point. Rigorous morphometric analyses of mo¬
toneurone axon development (Fraher, 1973, 1978b, c;
Fraher and Kaar, 1985; Kaar and Fraher, 1985) give
no clear indication of any heterogeneity within the
large axon class, though they readily demonstrate
differences between it and the small axon class. For
these reasons, developmental changes within the large
axon class may be regarded as indicative of both
alpha and beta axon maturation.

Intramedullary bundles and ventral rootlets both
comprise compact bundles of axons which can be
readily traced between the CNS and PNS. The former
lend themselves well to examination of the central
segments of ventral motoneurone axons, since they
and their constituent fibres generally have a relatively
straight course and so are readily serially sectioned.
Moreover, each bundle is individually continuous
with a ventral rootlet. Accordingly, central and per¬
ipheral segments of one and the same bundle can be
serially sectioned for both light and electron micro¬
scopic examination, enabling individual fibres to be
traced over several hundred micrometres of their
course in the CNS, the PNS and in the transitional
zone between them. This offers a unique opportunity
to examine the growth, myelination and maturation
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of central and peripheral segments of individual
fibres. This facilitates comparison of the responses of
oligodendrocytes and Schwann cells to myelinogenic
stimuli emerging from one and the same axon and of
the resulting changes in appearance of the two types
of cell as they lay down myelin.

Motoneurone axon maturation can be examined
more accurately in the region of the CNS-PNS
transitional zone than anywhere else, for a number of
reasons. Because of the relatively simple fibre com¬
position of ventral spinal nerve roots and because of
the unique morphological sequence of events in tran¬
sitional zone development, large and small fibre
classes can be readily differentiated from one another
well before the onset of myelination. Also, more
well-defined developmental stages of axon mat¬
uration may be distinguished there than elsewhere. In
studying these, morphological and morphometric
changes during the first few weeks postnatum are
dealt with in most detail, because it is during this
period that the complex series of events occurs which
culminates in the establishment of the essential
definitive form of the myelin sheath. However, sub¬
sequent growth changes in the definitive sheath are
also examined in depth. The present report brings
together the main findings of a series of studies on the
growth and myelination of central and peripheral
segments of rat spinal motoneurone axons (Fraher,
1972, 1973, 1976, 1978a, b,c; Fraher and Kaar, 1982,
1984, 1985, 1986; Kaar and Fraher, 1985).

Interpretation of developmental changes in spinal
motoneurone fibres in this region is influenced to a
degree by the fact that the segments studied lie on
either side of the CNS-PNS transitional zone which
is located towards the middle of the segment studied.
The unique and specialized structure of this zone
(Berthold and Carlstedt, 1977a, b; Fraher, 1978a;
Fraher and Kaar, 1982; Kaar and Fraher, 1985,
1986) modifies some aspects of the development of
the nerve fibres traversing it, especially that of the
central-peripheral transitional node of Ranvier
(Fraher and Kaar, 1984) which is bounded centrally
by an oligodendrocyte and peripherally by a
Schwann cell. Accordingly, brief outlines are given of
the structure and development of both the transi¬
tional zone and the transitional node.

2. EARLY MOTONEURONE DEVELOPMENT

Immature spinal motoneurones are derived from
proliferative precursor cells in the ventricular zone of
the ventral lamina of the developing neural tube
(Hamburger, 1977; Jacobson, 1978). They migrate
into its intermediate zone where differential changes
in number and position result in segregation of their
perikarya into groups—the motoneurone pools of the
ventral horn grey matter (Romanes, 1951, 1964;
Hamburger, 1952; Landmesser, 1978; Hollyday,
1980b; Bennett, 1983; Smith and Hollyday, 1983;
Fetcho, 1987). Each motoneurone pool is related to
an individual muscle in the periphery and occupies a
characteristic position in the ventral horn. It may
extend longitudinally over a number of spinal cord
segments. Several motoneurone pools are present at
any one level of the spinal cord. Because of this, any
given spinal nerve contains axons destined for a

number of muscles. Tracer studies have shown that
individual rootlets tend not to be specific for individ¬
ual muscles; the motoneurone outflow to a given
muscle consists of axons distributed through a num¬
ber of rootlets in which they are intermingled with
axons destined for other muscles (Bristol, 1987, un¬
published observations). Axon sorting takes place at
the limb base, within the distal spinal nerves and the
plexus region, where they converge into discrete
bundles which enter the appropriate nerve trunk,
from which they diverge more distally into the appro¬
priate muscle nerve (Lance-Jones and Landmesser,
1981a).

The developmental processes which lead to the
highly specific and stereotyped adult pattern of inner¬
vation of limb muscles are the subject of much
current investigation, most extensively in the chick
embryo (Hollyday, 1980a, 1983; Landmesser, 1980,
1984; Summerbell and Stirling, 1982).

During motoneurone differentiation, axon out¬
growth commences before dendrites appear. The
growth cones at the tips of the elongating axonal
neurites traverse the marginal zone of the ventral
lamina and emerge from the ventrolateral aspect of
the neural tube, beginning on day El3 at the devel¬
oping rat brachial level (Altman and Bayer, 1984). In
the chick embryo the first axons exit from the neural
tube opposite the cranial half of the neighbouring
somite and their growth through the sclerotome is
restricted to its cranial half (Keynes and Stern, 1985);
a molecular difference between the cranial and caudal
halves of the sclerotome may underlie this growth
restriction (Stern et al., 1986). The limb-directed
axons accumulate progressively at the ventral tip of
the myotome, where they group together. After a
substantial waiting period here, they converge on the
base of the limb bud. They enter this as two groups
of fibres, one directed towards the dorsal and the
other towards the ventral premuscle masses (Roncali,
1970; Bennett et al., 1980; Bennett, 1983; Hollyday,
1983).

Experimental evidence suggests that the devel¬
opment of the gross anatomical pattern of limb
nerves is imposed by the limb (Lance-Jones and
Landmesser, 1981b; Hollyday, 1981; Summerbell and
Stirling, 1981; Straznicky, 1983) and that, apart from
the muscle nerves, this is not dependent on the
presence of muscle tissue (Lewis et al., 1981). These
nerves provide a relatively nonspecific "highway sys¬
tem" (Landmesser, 1984) within which axons grow
along rather precise pathways (Lance-Jones and
Landmesser, 1981a). In doing so, they may respond
to specific guidance cues at the limb base and at the
origins of muscle nerves (Tosney and Landmesser,
1985b). They accurately select an appropriate muscle
nerve (Lance-Jones and Landmesser, 1981a; Tosney
and Landmesser, 1985b) limiting their ramifications
to segmentally appropriate regions within the pri¬
mary uncleaved muscle masses (Tosney and Land¬
messer, 1985a) and may even project topographically
to a specific location within a particular muscle
according to their position in the motoneurone pool
(Hardman and Brown, 1985a).

The cellular and molecular nature of the guidance
cues involved in such processes are poorly under¬
stood (Landmesser, 1986; Lockerbie, 1987). How-
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ever, Schwann cells may have an important role in
axon guidance (Keynes, 1987). They precede the
main nerves growing into the chick limb (Land-
messer, 1987; Noakes and Bennett, 1987) and invade
the early premuscle masses before the axons (Noakes
and Bennett, 1987). Furthermore, if Schwann cells
are eliminated by neural crest ablation before moto-
neurone axon outgrowth, the axons still form a
plexus which divides into dorsal and ventral
branches, but then fail to project further into the limb
(Carpenter and Hollyday, 1986). The neural crest-
derived cells exhibit strong neurone-glia cell adhesion
molecule (NgCAM) immunostaining. They may
define the major nerve trunks which axons then
follow by NgCAM-mediated adhesive interactions
(Landmesser, 1987).

The limb muscles arise by splitting and subdivision
of the condensed mesenchyme of the ventral and
dorsal premuscle masses (Shellswell and Wolpert,
1977). Myoblasts differentiate from premuscle cells,
align themselves into chains and fuse to form primary
myotubes which are formed in groups of about three
(Dennis, 1981; Bennett, 1983). The primary myo¬
tubes, together with undifferentiated cells, separate
and form muscle cell clusters bounded by a common
basal lamina, in which secondary myotubes develop.
Subsequently primary and secondary myotubes ma¬
ture to become independent filamented muscle fibres.
This process is protracted and asynchronous, extend¬
ing from El5 to the end of the first week postnatum
(Ontell and Dunn, 1978; Rubinstein and Kelly, 1981).
A typical myotube is at first innervated by a single
axon at a single synaptic site which subsequently
becomes polyneuronally innervated by a number of
motoneurones (Bennett and Pettigrew, 1974). This
polyneuronal innervation of individual synaptic sites
is eliminated progressively over a period of about 3
weeks, beginning just before birth in the rat. Synapse
elimination probably results from competition be¬
tween neurones of a motoneurone pool for synaptic
sites. This entails retraction rather than degeneration
of axon terminals, which may survive by innervating
secondary myotubes (Dennis, 1981; Bennett, 1983).

Extensive naturally occurring motoneurone cell
death occurs during development in all vertebrate
species studied (Oppenheim, 1981, 1986b; Ham¬
burger and Oppenheim, 1982; Bennett, 1983; Lamb,
1984; Purves and Lichtman, 1985) including mam¬
mals (Flanagan, 1969; Lance-Jones, 1982; Bennett,
1983; Oppenheim et al., 1986; Oppenheim, 1986a). In
the developing rat lumbar spinal cord 40-45% of the
motoneurones in the lateral motor column die be¬
tween El5 and the first day postnatum (Oppenheim,
1986a). For the mouse, over 60% of lumbar moto¬
neurones die between E13 and E18, (Lance-Jones,
1982; Oppenheim et al., 1986), with the peak at El4,
coinciding with the early stages of development of
neuromuscular contacts (Lance-Jones, 1982). Moto¬
neurone death may occur because of failure in com¬
petition for postsynaptic sites and/or for trophic
factors (Hamburger, 1975; Purves and Lichtman,
1985). Such competition may serve to match the size
of the motoneurone pool to the capacity of its
developing target (Purves and Lichtman, 1985) and
perhaps also sharpen the specificity of connection
patterns within individual muscles (Lance-Jones,

1982). The balance of evidence suggests that no
significant postnatal motoneurone cell death occurs
in the mouse (Lance-Jones, 1982), rat (Hardman
and Brown, 1985b; Oppenheim, 1986a; Janjua and
Leong, 1984; Bennett et al., 1986) or monkey (Janjua
and Leong, 1984). Thus, motoneurone cell death does
not seem to play a part in postnatal elimination of
polyneuronal innervation. Therefore these processes
may not be closely linked and may represent two
different phases of motoneurone development (Hard-
man and Brown, 1985b). The large postnatal reduc¬
tion in ventral root axon numbers (Fraher, 1974;
Bennett et al., 1983; O'Sullivan, 1988, in preparation)
predominantly involves unmyelinated axons and may
represent loss of supernumerary or distally running
collateral branches of ventral motoneurone axons.

The development of intrafusal muscle fibres closely
resembles that of extrafusal fibres (Barker and Mil-
burn, 1984). The precise sequence of developmental
events is less clear for these than for extrafusal fibres.
However, it is likely that motoneurone axon termi¬
nals are present from the beginning of spindle mor¬
phogenesis (Milburn, 1984) and that the development
of motor endplates continues during the second
postnatal week (Milburn, 1973).

The developing ventral motoneurone axon is in¬
timately related to three cell types during devel¬
opment and at maturity: astrocytes, oligodendrocytes
and Schwann cells. Neuronal and glial precursor cells
coexist in the developing ventricular zone of the
neural tube (Levitt and Rakic, 1980; Levitt et al.,
1981). The first set of glial cells to differentiate are the
radial glia which span the wall of the neural tube
(Rakic, 1972, 1981; Choi, 1981; Hajos and Basco,
1984; Fedoroff, 1986). Immature ventral moto¬
neurones may reach the intermediate zone by mi¬
grating along these (Bennett, 1983). There is also
evidence that, at El 1 in the rat, before motoneurone
outgrowth has commenced, processes of radial glia
span the pial surface of the neural tube and the
periphery in the locus of the presumptive ventral
roots, possibly detecting the pathways which axons
subsequently follow (Hockfield et al., 1986).

Radial glial cells give rise to astrocytes (Schmechel
and Rakic, 1979a, b; Hajos and Based, 1984;
Fedoroff, 1986; Munoz-Garcia and Ludwin, 1986a, b)
which may also develop by at least two other path¬
ways (Fedoroff, 1986). A variety of models has been
proposed to explain the as yet incompletely under¬
stood origins and lineage relationships of central
macroglial cells (Skoff, 1980; Hajos and Based, 1984;
Raff and Miller, 1984; Fedoroff, 1986; Munoz-Garcia
and Ludwin, 1986b; Skoff et al., 1986). It has been
proposed, for example, that in the rat optic nerve
(Raff and Miller, 1984; Miller et al., 1985) and brain
(Williams et al., 1985) one distinct lineage gives rise
to type 1 astrocytes and another (0-2A) to type 2
astrocytes and oligodendrocytes. Most of the astro¬
cytes which form the glia limitans of the adult rat
optic nerve are type 1, whereas most in the interior
are type 2 (Miller et al., 1985). Processes from type
2 astrocytes are closely related to the CNS node
of Ranvier (ffrench-Constant and Raff, 1986;
ffrench-Constant et al., 1986; Waxman, 1986) and so
the 0-2A lineage may be specialised for myelin sheath
and node formation (ffrench-Constant and Raff,



Fig. 2. (a) Tangential section through 12 day postnatum cervical glia limitans where it is pierced by ventral
motoneurone axons (triangles). Asterisks: astrocyte processes. Scale bar: 1 (im. (b) Transverse section
through an adult lumbar ventral rootlet showing the pale central tissue projection (asterisk). Arrowheads:
spinal cord surface. Scale bar: 5/im (from Fraher and Kaar, 1986). (c) Transverse section through a 12
day postnatum lumbar ventral rootlet showing a myelinated transitional internode (asterisk) lying in a
groove (arrowheads) on the surface of the pale central tissue projection. Scale bar: 5 /im (from Fraher

and Kaar. 1986).
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1986). The recently described radially orientated as¬
trocytes in the rat spinal cord (Liuzzi and Miller,
1987) contribute to the glia limitans and may be
analogous to the type 1 astrocytes of the rat optic
nerve. These are therefore likely to be involved in the
formation of the CNS-PNS transitional zone.

The appearance of oligodendrocytes around the
time of birth in the rat is correlated with the onset of
central myelination. Their numbers increase rapidly
as myelination becomes widespread (Ling, 1976;
Sturrock, 1982). Each oligodendrocyte perikaryon
gives rise to a number of cytoplasmic processes, each
of which (termed here a glial unit) typically contacts,
envelops and myelinates an axon segment (Hirano,
1981; R.aine, 1984a; Bologa, 1985; Debbage, 1986).
The average number of axons enveloped by the
cytoplasmic processes of a single oligodendrocyte
varies (Peters and Proskauer, 1969; McFarland and
Friede, 1971). Initially, the glial unit contacts only a
short segment of the axon (Seggie and Berry, 1972;
Hildebrand and Waxman, 1984) and then elongates
along the presumptive internode. It has a complex
structure at this stage, particularly towards its leading
edges (Stempak and Knobler, 1972; Knobler et al.,
1974, 1976). Initially, the axon segment lies in a
trough in the glial unit. One lip of the trough spirals
around between the axon and the other lip. Extrusion
of cytoplasm and compaction of myelin begin early
in the spiralling process.

The Schwann cell is intimately related to the
peripheral segment of the ventral motoneurone axon
(Bray et al., 1981; Aguayo and Bray, 1984; Bunge and
Bunge, 1984; Webster and Favilla, 1984). While most
Schwann cells originate from the neural crest
(Weston, 1970; Le Douarin et al., 1984) there is
evidence that a subpopulation of these peripheral
glial cells originates from the ventral part of the
neural tube (Harrison, 1924; Horstadius, 1950;
Weston, 1963, 1970). The latter would be closely
related to the peripheral axon segments under consid¬
eration. In the chick embryo following neural crest
ablation, immunocytochemically identified pre¬
sumptive Schwann cells surround the axons of the
ventral root (Rickman et al., 1985). In the case of
mammals, complex cell clusters are found in relation
to that part of the ventral spinal nerve rootlet imme¬
diately distal to the CNS surface, the Proximal
Rootlet Segment (Fraher and Rossiter, 1983a, b).
The great majority of these differentiate into rela¬
tively typical Schwann cells. In doing so, they first
express morphological and cytological features re¬
sembling those of astrocytes in the adjacent
CNS-PNS transitional zone. This transient similarity
may reflect an origin from a common stem cell within
the ventral neural tube and thus these cells may
represent a neural tube contribution to the Schwann
cell population (Fraher and Rossiter, 1983a, b).

Schwann cells proliferate actively in developing
peripheral nerves (Peters and Muir, 1959; Asbury,
1967; Webster and Favilla, 1984). A variety of mito-
genic influences, including axonal contact, have been
identified for cultured Schwann cells (Bray et al.,
1981; Aguayo and Bray, 1984; Bunge and Bunge,
1984; Meador-Woodruff et al., 1985). The control of
Schwann cell proliferation probably plays an im¬
portant role in matching their numbers to axon

populations (Bray et al., 1981; Aguayo and Bray,
1984).

The developmental relationships between Schwann
cells and bundles of axons have been reviewed re¬

cently by Webster and Favilla (1984). Groups of
them come to form sheaths around axon bundles.
Each bundle is progressively subdivided as the sur¬
rounding Schwann cells proliferate, invade it and
segregate the axons from one another. Prospectively
myelinated axons tend to be segregated out first from
the periphery of the bundle and then from
progressively deeper levels within it. Each segment of
such an axon comes to lie in a furrow on the surface
of the promyelin Schwann cell with which it has a 1:1
relationship. Where the lips of this furrow come into
apposition with one another they elongate markedly,
forming a mesaxon (see Fig. 6c). This becomes
wrapped spirally around the axon. Cytoplasm is
extruded from between its layers and compaction
occurs, producing myelin.

It has been shown that all Schwann cells have the

potential to differentiate into myelin-forming cells or
sheath cells of unmyelinated axons and that this is
controlled by the axon (Bray et al., 1981; Aguayo and
Bray, 1984). The nature of the stimulus emerging
from the axon is unclear. However, it is unlikely to
be purely mechanical or to depend rigidly on axon
calibre (Fraher, 1972; Waxman et al., 1983; Hahn
et al., 1987). The production of basal lamina by
Schwann cells plays an essential role in their ability
to ensheath and myelinate axons (Bunge et al., 1986).
The Schwann cell-axon interaction is reciprocal; a
variety of experimental and pathological models
show that a normal axonal calibre is dependent on
the presence of normal Schwann cells and myelin
sheaths (Aguayo and Bray, 1984).

3. CENTRAL-PERIPHERAL TRANSITIONAL
ZONE

At the CNS surface, where each spinal nerve
rootlet is attached, the glia limitans is modified and
is made up of a sheet of interwoven astrocyte pro¬
cesses (Fig. 2a). The superficial surface of this com¬
prises the CNS-PNS interface. Each myelinated axon
pierces it individually and where it does so its
CNS-PNS transitional node of Ranvier is situated.
The internode central to it is myelinated by a glial
unit; that distal to it is myelinated by the most
proximal Schwann cell, termed the transitional
Schwann cell. Because the interface is not flat, the
transitional nodes do not lie in the same plane, but
are distributed along a segment of the bundle of
axons comprising the rootlet. This segment therefore
contains both central and peripheral nervous tissue
and is termed the Transitional Zone (Figs 3,4).

During development of the rat transitional zone,
central and peripheral nervous tissues undergo con¬
siderable movement and their territories oscillate
relative to one another between the spinal cord and
the nerve rootlets during the first few weeks after
birth; central tissue extends distally into the nerve
rootlet to varying degrees at different stages of mat¬
uration of both lumbar and lower cervical ventral
rootlets (Fraher, 1978a; Fraher and Kaar, 1982,
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1986). In the former this process results in a transi¬
tional zone which lies entirely within the rootlet (Fig.
3). In the latter the zone comes to lie at and somewhat
deep to the surface of the surrounding cord (Fig. 4).

3.1. Lumbar Transitional Zone

In the first week after birth an astrocytic central
nervous tissue projection grows distally into the root¬
let (Fig. 3) (Fraher and Kaar, 1986). During the
second week it is retracted and becomes splayed out
just distal to the surrounding cord surface. After this
it again grows distally and forms an irregular taper¬
ing projection averaging about 100/rm long, lying
dorsally within the rootlet. This is surrounded on all
sides (especially ventrally) by the proximal ends of
peripheral transitional internodes (Figs 2b. c, 3d).
Most of these lie in open-sided grooves on its surface
(Figs 2c, 5a). Most transitional nodes lie at the
proximal ends of these. Basal lamina covers the
astrocyte processes which line the groove and is
reflected at the level of the transitional node to

become continuous with that surrounding the transi¬
tional Schwann cell. The nodes are distributed over

the surface of the central tissue projection and there¬
fore lie in the rootlets (Fraher and Kaar, 1984, 1985;
Kaar and Fraher, 1985).

3.2. Cervical Transitional Zone

A central tissue projection grows distally into rat
lower cervical ventral rootlets in the first week after
birth but progressively disappears during the second
(Fig. 4). The central ends of the most proximal
peripheral internodes, and therefore the transitional
nodes, gradually become invaginated below the level
of the surrounding spinal cord, some to depths of
50pm or more. Thus, the transitional zone sinks
progressively further below the level of the sur¬
rounding cord during maturation (Fraher, 1978a;

Fig. 3. Diagrammatic longitudinal sections through lumbar
spinal cord (asterisks) and rootlets (arrowheads) showing
changes in the form of the central tissue projection into the
rootlets during development (a-c) and at maturity (d).

Central nervous tissue stippled.

n

Fig. 4. Diagrammatic transverse sections through lower
cervical spinal cord (asterisks) and rootlets (arrowheads)
showing changes in the form of the transitional region of the
spinal attachment of ventral rootlets during development
(a-c) and at maturity (d). Central nervous tissue: stippled.

Fraher and Kaar, 1982). The invagination sur¬
rounding the central end of each transitional
Schwann cell internode (Fig. 5b) has an outer astro¬
cytic wall lined by basal lamina. At its deep end the
basal lamina is continuous with that surrounding the
Schwann cell. The space between the two layers of
basal lamina is continuous with the extracellular

space of the PNS and contains collagen. It is likely
that the invaginations develop as a result of distal
growth of astrocyte processes rather than of proximal
movement or active ingrowth of transitional
Schwann cells into the CNS (Fraher and Kaar, 1982).

Fig. 5. Diagrams showing the relationships between longi¬
tudinally sectioned myelinated ventral motoneurone axons
and astrocytes in (a) lumbar and (b) cervical transitional
zones. Astrocyte processes: stippled; basal lamina: dotted;
spinal cord surface: arrowheads; surface of central tissue
projection: arrowed; Schwann cell myelin: asterisks; oli¬

godendrocyte myelin: double asterisks.



Fig. 6. (a-d) Electron micrographs showing transversely sectioned axons (asterisks) in the rat cervical
ventral root: (a) bare, unsegregated and apposed to one another, (b) at the promyelin stage, (c) during
segregation by a typical Schwann cell and during early myelination, (d) in the most proximal segment of
the rootlet where they are segregated by a Schwann cell matrix (triangles), (e) Electron micrograph
showing transversely sectioned central segments of ventral motoneurone axons (asterisks) separated by
astrocytic processes (triangles). Scale bars: 1 (im [(a,b) from Fraher, 1974; (d) from Fraher and Rossiter,

1983a; (e) from Fraher and Kaar, 1986].
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Fig. 7. Electron micrographs of presumptive Schwann cells arranged as (a) a cluster and (b) an epithelioid
sheath on the most proximal parts of a lower cervical and a lumbar rootlet, respectively. Scale bars:

(a) 1 /im; (b) 5 nm [(a) from Fraher and Rossiter, 1983a].
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Developmental changes in overall transitional zone
morphology at this cord level probably result more
from active growth and reorganisation of astrocyte
processes than from distal migration of astrocyte cell
bodies, since the majority of the latter remain in the
spinal cord throughout (Fraher and Kaar, 1982,
1986).

Transitional nodes in a typical rat lower cervical
rootlet lack a clear pattern of distribution (Fraher,
1978, unpublished observations). Neighbouring
nodes are markedly out of register with one another
and are not distributed in relation to an inverted
dome, as illustrated by Moll and Meier (1983).

It is noteworthy that cylindrical invaginations
similar in form to those described here envelop the
proximal ends of peripheral transitional internodes in
a wide variety of locations: ventral spinal nerve
rootlets (Fraher, 1978a; Fraher and Kaar, 1982,
1984, 1986); dorsal spinal nerve rootlets (Steer, 1971;
Berthold and Carlstedt, 1977a, b; Carlstedt, 1981;
Moll and Meier, 1983; Fraher and Sheehan, 1986,
1987) and cranial nerves (Maxwell et al., 1969;
Nemecek et al., 1969; Ross and Burkel, 1971;
Rossiter and Fraher, 1988, in preparation).

4. AXON SEGREGATION AND
TRANSITIONAL NODE DEVELOPMENT

4.1. Axon Segregation

The early stages of large and small fibre maturation
are indistinguishable. The establishment of a 1:1
relationship between a Schwann cell and an axon
segment peripherally or between an oligodendrocytic
glial unit and an axon segment centrally are necessary
prerequisites for myelination. This comes about
through axon segregation. At first the axons are bare
(Fig. 6a) and directly apposed to one another both
centrally and peripherally. During the last week of rat
foetal life peripheral axon segments begin to be
segregated from one another as Schwann cells prolif¬
erate and invade the axon bundles. Throughout most
of the ventral root, this process occurs in a manner
similar to that in the PNS generally (Fig. 6a-c). In the
proximal part of the ventral rootlet immediately
adjacent to the CNS, the sequence of events is
different, however. Schwann cell perikarya at first lie
on the surface of the axon bundle as complex clusters
at lower cervical levels (Fig. 7a) (Fraher and Rossiter,
1983a, b) or as an epithelioid sheath at lumbar levels
(Fig. 7b) (Fraher and Kaar, 1986). They give rise to
fine processes which interweave to form a matrix
separating individual axons from one another (Fig.
6d) (Fraher and Rossiter, 1983a, b). These processes
are gradually withdrawn as the Schwann cells invade
the bundles and segregate the axons until each axon
segment attains a 1:1 relationship with an enveloping
promyelin Schwann cell.

At and deep to the transitional zone, segregation of
central segments of motoneurone axons begins as
astrocyte processes invade the bundles, gradually
isolating the axons from one another. These processes
form a matrix resembling that produced by the
transitional Schwann cell (Fig. 6e). Like many
other aspects of ventral motoneurone maturation,
segregation proceeds more slowly centrally than

peripherally. At birth in lower cervical rootlets, when
66% of peripheral axon segments have reached the
promyelin stage, only 60% of central axon segments
have reached the stage of even having astrocyte
processes apposed to them (Fraher, 1976).

4.2. Onset of Myelination

The general features of myelination of central and
of peripheral (Fig. 6a-c) segments of ventral moto¬
neurone axons resemble the processes as they typi¬
cally occur in the corresponding part of the nervous
system (Geren, 1954; Peters and Muir, 1959;
Robertson, 1962; Cravioto, 1965; Bunge, 1968; Web¬
ster, 1971; Raine, 1984a; Hildebrand and Waxman,
1984; Webster and Favilla, 1984).

Initial contact between the central part of the axon
and the glial units which subsequently myelinate it
takes place at or just before birth (Fraher, 1976;
Fraher and Kaar, 1985). The most distal glial unit
contacts a short segment of the axon at some consid¬
erable distance, in some cases 50 /rm or more, central
to the CNS-PNS interface. The intervening length of
axon is enveloped by astrocyte processes (Figs 8a,
9a). With maturation, the glial unit elongates towards
the CNS-PNS interface (Fig. 8b) and begins to
myelinate the axon, excluding the astrocyte processes
from contact with it as it does so. These changes are
facilitated by the lack of specialisations between the
axolemma and either the paranodal pockets of the
glial unit or the astrocyte processes. Distal extension
ceases when the glial unit reaches the CNS surface at
the central margin of the transitional node (Fig. 9c)
(Fraher and Kaar, 1984). The movement may be
terminated by contact inhibition with the transitional
Schwann cell.

By contrast, the transitional Schwann cell extends
up to the CNS-PNS interface from the beginning of
segregation onwards. From the earliest stages of
myelination its myelin sheath comes to within a few
micrometres of the interface (Figs 8, 9a, c). As with
the segregation process, peripheral segments tend to
be more advanced than central in their myelination.
This tends to commence a little earlier in relation to

peripheral than to central internodes at both cervical
(Fraher, 1976) and lumbar (Fraher and Kaar, 1986)
levels. Ensheathment of successive segments of one
and the same axon may be markedly different while
distal extension of the glial unit is taking place. Axons
having a substantial bare segment enveloped only by
astrocyte processes are already undergoing rapid
myelination at other central and peripheral levels (see
Fig. 16a).

4.3. Transitional Node Development

Many ultrastructural studies have described the
morphological and quantitative features of devel¬
oping and mature nodes of Ranvier, both in the PNS
(Geren-Uzman and Nogueira-Graf, 1957; Elfvin,
1961; Landon and Williams, 1963; Williams and
Landon, 1963; Berthold and Skoglund, 1967,
1968a, b; Berthold, 1968a, b; Allt, 1969; Phillips et al.,
1972; Stampfli and Uhrik, 1980; Waxman and Foster,
1980; Wiley-Livingston and Ellisman, 1982; Uhrik
and Stampfli, 1981; Landon, 1981; Ghabriel and Allt,



Fig. 8. (a,b) Diagrammatic longitudinal sections through developing segments of ventral motoneurone
axons, central (left) and peripheral (right) to the CNS-PNS interface (arrowheads), (c-f) Diagrammatic
longitudinal sections showing stages in ventral motoneurone transitional node development. Astrocyte
processes: stippled; myelin: black; basal lamina: dotted; Schwann cell: asterisks; oligodendrocytic glial

unit: triangles; Ax: axon [(c-f) from Fraher and Kaar, 1984],

1982; Raine, 1982; Berthold and Rydmark, 1983a, b;
Rosenbluth, 1983a; Tao-Cheng and Rosenbluth,
1982, 1983) and in the CNS (Metuzals, 1963; Bunge,
1968; Conradi, 1969; Hildebrand, 1971a, b; Phillips et
al., 1972; Peters et al., 1976; Rosenstein and Leure-du
Pree, 1976; Hirano and Dembitzer, 1978; Hildebrand
and Waxman, 1984). The transitional node between
the central and peripheral nervous systems has been
less extensively studied. Aspects of its structure have
been dealt with in studies of the transitional zone as

a whole (Maxwell et al., 1969; Nemecek et al., 1969;
Ross and Burkel, 1971; Steer, 1971; Fraher, 1978a;
Carlstedt, 1981; Fraher and Kaar, 1982; Moll and
Meier, 1983). Detailed studies of the transitional
node have dealt with its development and mature
form in rat lumbar ventral roots (Fraher and Kaar,
1984) and its appearance in adult cat sacral dorsal
roots (Berthold and Carlstedt, 1977b).

Maturation of nodes of large fibres precedes that
of nodes of small fibres. The two classes can be
distinguished on the basis of axon circumference
from about the end of the first week postnatum.
Before this, however, fibres can be assigned with
considerable certainty to one or other class by com¬
bined analysis of their axon calibre and ensheathment
(see Section 6).

4.3.1. Node location

The transitional node develops immediately distal
to the level at which the axon pierces the astrocytic
membrane forming the central-peripheral interface
(Fraher and Kaar, 1984). It differentiates in that axon
segment which is enfolded by the cytoplasmic collar
forming the central end of the transitional Schwann
cell (Figs 8, 9b, c). The oligodendrocyte is separated
from the developing node by a substantial length of
axon enveloped by astrocyte processes (Figs 8, 9a)

(Fraher, 1976, 1978a, b, c; Fraher and Kaar, 1982).
Developing nodes with such an axon segment central
to them are termed presumptive (Fraher and Kaar,
1984).

The factors determining which axon segments
differentiate into central or peripheral nodes have not
been fully elucidated. Nodal development involves
the progressive differentiation of spatial hetero¬
geneity in the macromolecular architecture of the
various (nodal, paranodal and internodal) regions
of the axolemma (Ellisman, 1979; Waxman, 1981;
Ritchie and Chiu, 1981; Rosenbluth, 1981, 1983a,
1984; Waxman and Ritchie, 1985). The influences of
central and peripheral glial cells on this process are
not completely understood, some aspects being inde¬
pendent of, and others dependent upon their presence
(Rosenbluth, 1983b; Tao-Cheng and Rosenbluth,
1983; Waxman et al., 1983: Waxman, 1984; Black et
al., 1985, 1986; Black and Waxman, 1986). Whereas
the results of several studies support the hypothesis
that node position is determined by the axon (Wiley-
Livingston and Ellisman, 1980; Black et al., 1982;
Tao-Cheng and Rosenbluth, 1982; Waxman et al.,
1982, 1983; Le Beau et al., 1987) other evidence
suggests that the myelinating cell (Oldfield and Bray,
1982; Tao-Cheng and Rosenbluth, 1983; Rosenbluth,
1984) and/or the astrocyte (Rosenbluth et al., 1985)
dictate this. The unique features of CNS-PNS transi¬
tional node development lend support to the latter
possibility. Its location is subject to more constraints
than that of nodes elsewhere in either the CNS or the
PNS. From the earliest stage at which it is demon¬
strable by transmission electron microscopy, the
differentiating transitional nodal axon segment has a
precise and constant relationship to the astrocyte
processes comprising the CNS-PNS interface. Fur¬
thermore, it is intimately related to the Schwann
collar during its early maturation. It seems likely,



Fig. 9. (a-g) Electron micrographs of developing transitional nodes, (a) Longitudinal section showing an
oligodendrocyte paranode (arrowheads) central to a segment of axon surrounded by astrocyte processes.
Asterisk: developing transitional node; arrows: spinal cord surface. Scale bar: 5 (im. (b) Transverse section
showing discrete subaxolemmal plaques (arrows) in a developing nodal axon. Scale bar: 1 /im.
(c) Longitudinal section showing Schwann collar (triangles) and cytoplasmic pockets (sections through
the successive turns of the marginal cytoplasmic spiral) of a transitional Schwann cell. Scale bar: 1 /im.
(d) Longitudinal section showing a stack of desmosomes between cytoplasmic pockets of a Schwann cell.
Scale bar: 1 (im. (e) Longitudinal section showing axonal scalloping (arrows), continuous subaxolemmal
undercoating (double arrows) and periaxonal granular material (arrowheads) at the transitional node.
Scale bar: 1 /im. (f) Longitudinal section showing dense bands (arrows) between Schwann cell plasma
membrane and axolemma. Scale bar: 1 /im. (g) Longitudinal section of oligodendrocyte paranode (above)
and part of axon (below). Its cytoplasmic pockets (asterisks) are larger than their peripheral counterparts
and some lie external to the remainder Scale bar: 1 /im. (h) Longitudinal section through a short
transitional internode undergoing early myelination (right). Further distally (left) the axon is surrounded
by a Schwann cell which produces a thicker myelin sheath. The transitional node lies immediately to the
right of the figure. Scale bar: 1 /im. (i) Longitudinal section through a short myelinated transitional
internode. Serial thin sections showed that the transitional node lies at the level of the right of the figure.
Scale bar: 5/im [(a-c, e.g) from Fraher and Kaar, 19S4; (d-f) from Fraher, 1973; (h,i) from Fraher and

Rossiter, 1983b],
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Fig. 10. Electron micrographs of maturing transitional nodes, (a) Longitudinal section. The myelin
sheaths of both Schwann cell (left) and oligodendrocyte (right) turn steeply in towards the axolemma.
(b) Longitudinal section. Terminal pockets, having lost contact with the axolemma, become arranged as
wheatears (arrows), (c) Schwann cell (right) and astrocytic (left) basal laminae (arrowheads) are
continuous with one another within the transitional node gap. (d) Longitudinal section of open type of
transitional node of a large fibre. Schwann myelin is to the left, oligodendrocytic myelin to the right,
(e), (f) The Schwann collar (asterisk) is first retracted (e) from the nodal axon and gives rise to a number
of blunt processes (arrows). These are replaced by microvilli (f) which arise from an increasing proportion
of the perimeter of the Schwann collar as age advances, (g) Longitudinal section showing a prominent

axonal protrusion (asterisk). Scale bars: 1 fim [(b-g) from Fraher and Kaar, 1984],
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Fig. 11. Three-dimensional reconstructions of typical definitive transitional nodal axon segments. (a,b)
Photographs of opposite sides of a reconstruction of the nodal region of a small fibre. Areas of the axon
covered by terminal pockets of the oligodendrocyte (O) and the Schwann cell (S) are shown in black. The
undercoated nodal axolemma is shown in white. It is divided into areas overlain by structures in the node
gap space. Details of these are shown in (c), which is a plane projection of the axon surface. Areas in
black: as in (a,b); circles: areas of axolemma overlain by microvilli; crosses: areas of axolemma overlain
by astrocyte processes; dots: areas of axolemma overlain by Schwann cell collar. (d,e) Photographs of
opposite sides of a reconstruction of the nodal region of a large fibre. Nodal axolemma and areas of the
axon covered by oligodendrocyte and Schwann cell pockets are shown as in (a,b) above. Two axonal
protrusions (P,) and (P2) are present. The plane projection of the axon surface (f) shows the areas overlain
by the Schwann collar, microvilli and astrocyte processes according to the convention in (c) above. One
of the axonal protrusions (P,) is covered by astrocyte processes on one side and by microvilli on the other.

An astrocyte process is apposed to the tip of the other (P2) (from Fraher and Kaar, 1984).
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therefore, that extra-axonal influences may determine
which segment of the ventral motoneurone axon
differentiates into the transitional node. Astrocytes
may determine its position directly. Alternatively
they may have an indirect influence: by resisting the
tendency of the Schwann cell to invade the CNS
(Blakemore and Patterson, 1975; Gilmore et al., 1982;
Blakemore, 1984) they may determine the location of
its central end, the Schwann collar, which may itself
directly influence nodal axon differentiation. Oli¬
godendrocytes, being separated from the early devel¬
oping transitional node by a considerable distance,
are unlikely to play a part in determining its location.

4.3.2. Node maturation

The development of paranodal specialisations be¬
tween the axon and the Schwann cell (Fig. 9c-f)
resembles that occurring generally in developing
peripheral internodes (Fraher and Knar, 1984). The
sequence of nodal axonal changes resembles that of
developing peripheral rather than central nodes: early
in development axon calibre is reduced relative to
that at internodal levels and subaxolemmal dense
undercoating appears as discrete plaques (Fig. 9b)
which subsequently coalesce (Fig. 9e). The sub¬
axolemmal plaques resemble those seen in
freeze-fracture preparations of peripheral nodes
(Wiley-Livingston and Ellisman, 1980). Axonal spe¬
cialisations appear soon after the Schwann collar
envelops the axon. The ensheathing cells do not
substantially modify their behaviour in response to
their unique relationship with one another at the
transitional node (Fraher and Kaar, 1984). Each type
performs largely in accordance with descriptions of
its behaviour (Berthold, 1968a, b, 1974a, b; Allt,
1969; Webster, 1971; Fraher, 1973; Peters et al., 1976;
Hirano and Dembitzer, 1978) when it bounds a
developing node with another cell of its own class.

The central boundary of the node is determined,
and the node is then termed definitive (Figs 8c, 9c,
10a) when the glial unit completes its distal extension
along the central axon segment. The first such nodes
appear at 6 days and belong to large axons. These
subsequently mature further. The number of turns
comprising the sheaths, and therefore terminating at
the paranodes bounding the transitional node, in¬
creases very substantially. Despite this, the length of
axon to which they are related increases only slightly
if at all (Fraher, 1973; Kaar, 1984). Their terminal
pockets become more and more crowded and many
lose contact with the axolemma to become arranged
in a wheatear fashion (Fig. 10b). Furthermore, the
angles which the sheaths make as they turn inwards
towards the axon increase to 90° or more for the
majority of alpha fibres (Fig. 10a, c). In a substantial
minority, however, these angles remain lower
(30°-60°), the node gaps then being relatively open
(Fig. lOd). In this respect, large transitional nodes
differ from large nodes peripherally (Berthold, 1978)
and centrally (Phillips et al., 1972) in both of which
angles of around 90° are the rule. Transitional nodes
remain symmetrical; central and peripheral sheaths
turning inwards through similar angles.

The Schwann and astrocytic processes related to
the node also change substantially during maturation

(see Fig. 8) (Fraher and Kaar, 1984): the Schwann
collar is retracted from the nodal axon and eventually
gives rise over nearly all of its circumference to
microvilli which project into the node gap (Fig.
lOe, f).

Astrocyte processes form a progressively more
complete barrier within the transitional node gap
between the environments of the CNS and PNS. In

having this close relationship to astrocyte processes,
transitional nodes resemble those occurring in the
CNS (Hildebrand, 1971a, b; Raine, 1984b; Waxman
and Black, 1984; Waxman, 1986). It has been pro¬
posed that a probable nervous system cell adhesion
molecule (the J1 glycoprotein) (Kruse et al., 1985) is
concentrated on perinodal astrocyte processes and
may play an important role in the development
and/or maintenance of the CNS node (ffrench-
Constant et al., 1986).

Astrocyte processes also project distally in in¬
creasing numbers forming a progressively more com¬
plete tubular sleeve around the node gap (Fig. 8c—f).
This isolates each node from its neighbours. The
barrier which this constitutes may reduce loss of ions
by passive diffusion out of the node gap and the
surrounding space. Furthermore, astrocyte processes
may have an ion-buffering function, such as has been
proposed for those processes related to CNS nodes
(Raine, 1984b) and for retinal glial cells (Newman,
1985, 1986). The likelihood of crosstalk between the
densely packed transitional nodes is likely to be
correspondingly diminished.

The production of perinodal processes by astro¬
cytes whose cell bodies lie in the glia limitans would
seem to be in conflict with the binary classification of
astrocytes by Miller et al. (1985). The former charac¬
teristic is a feature of their type 2 astrocyte, the latter
of their type 1. Transitional zone astrocytes therefore
possess features of both putative classes.

Where Schwann cell and astrocytic basal laminae
are continuous, they extend into the node gap as a
circumferential trough (Fig. 10c) or a disc-like par¬
tition. A thin layer of granular material surrounds the
nodal axolemma (Fig. 9e). This may correspond to
the mucopolysaccharide layer which may act as a
buffer in the node gap (Landon and Langley, 1971;
Landon and Hall, 1976).

Maturation of transitional nodes of small axons

resembles in general that of nodes of large axons.
However, they differ in a number of significant
respects (Fraher and Kaar, 1984). For example, their
node gaps are more frequently open in type; micro¬
villi arise from only 50% of the circumference of the
mature Schwann collar, and the latter also gives rise
to large frond-like processes extending into the node
gap. Perinodal processes are less densely packed than
in relation to nodes of large axons, as was found by
Rydmark and Berthold (1983) in relation to PNS
nodes.

4.3.3. Nodal axon morphology
The shape of the nodal axon departs from that of

a regular cylinder in a number of ways, such that its
surface area is increased (Fig. 11): the strip of nodal
axolemma commonly traces a sinuous path around
the axon. The nodal margins of the Schwann cell and
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oligodendrocyte bounding this strip tend to be recip¬
rocally curved so that its longitudinal extent changes
relatively little around the axonal circumference. In
some cases the sinuosity is marked and the node is
then set very obliquely relative to the axon. The
axolemmal surface bears numerous low irregularities.
It also gives rise to more substantial nodal pro¬
trusions (Fig. lOg) which may be pedunculated or
villous in shape. By contrast, those at central nodes
are spine-like (Rosenstein and Leure-du Pree, 1976)
and those at peripheral nodes are spine-like or
finger-like (Uhrik and Stampfli, 1981; Berthold and
Rydmark, 1983a, b). In some cases the nodal surface
irregularity is further exaggerated as the axon tapers
over the extent of the node and the adjoining para-
nodes. In the cervical region the axon commonly
changes course sharply at the transitional node,
adding a further level of complexity to its nodal
geometry. Nodal protrusions become less frequent
with age. Calculations based on a small number of
reconstructions of large transitional nodes (Kaar,
1984) suggest that nodal surface irregularities of the
types mentioned result in an axolemmal area up to
50% greater than that calculated as the product of
node length and circumference, based on a cylindrical
segment. The true axolemmal area available for ion
movement during depolarisation and repolarisation
may therefore be considerably greater than simple
calculations of nodal dimensions suggest.

4.3.4. Node distribution

Nodes are not uniformly distributed along the
length of the transitional zone (Fig. 12). Their longi¬
tudinal distribution on the CNS-PNS interface can

be determined using computer-assisted three-
dimensional reconstructions derived from alternating
sequential series of thin and semi-thin sections (Bris¬
tol and Fraher, 1987). Nodes of both large and small
fibre types are not regularly spaced relative to the
longitudinal axis of the rootlet. There is a marked
tendency for both to be concentrated in the distal half
of the transitional zone. Few small nodes occur close
to either the central or the peripheral end of the zone.

The three-dimensional spacing of nodes within
individual rootlets, estimated as the distance between
each node and its nearest neighbour, using the coor¬
dinates of each node determined from the three-
dimensional reconstructions, showed the overall
mean distance between each node and its nearest

neighbour to be 12.7 nm (standard deviation +
6.7 nm) with a range of 2.5-52.7 /im (Bristol, 1987,
unpublished observations).

There is a tendency for nodes with associated large
nearest-neighbour distances to be located at either the
central or the peripheral end of the transitional zone.
Centrally these large values reflect node separation in
the transverse plane of the zone; peripherally they
represent longitudinal separation of nodes.

4.4. Recurrent Branches

Recurrent collateral branches (Fig. 13) arise at the
transitional nodes of an increasing proportion of
large axons as age advances (Fraher and Kaar, 1984).
None are seen before 12 days. After 20 days they arise
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Fig. 12. Longitudinal distribution of nodes in successive
tenths of lumbar CNS-PNS transitional zones, recon¬
structed from alternating sequential series of thin and
semi-thin sections, using a Kontron-IPS automatic image
analysis system. Ordinate: numbers of nodes; abscissa:
distance along the transitional zone (the central end of
which coincides with the origin). Nodes of large axons:
stippled; nodes of small axons: black, nodes of both types

combined: white; arrowhead: spinal cord surface.

from 5 to 8% of large transitional nodes. They
therefore seem to arise de novo during postnatal life
at definitive nodes. The branch is of smaller calibre
than the parent axon. The majority immediately turn
centrally, are myelinated by a glial unit (Fig. 13a) and
run with the intramedullary axon bundle towards the
ventral horn grey matter. They resemble collaterals
arising from alpha motoneurone axons (Conradi,
1969; Cullheim and Kellerth, 1978a, b; Saito, 1979).
A small number pursue a more complicated looping
course, a substantial part of which lies in the PNS
(Fig. 13b). Though they arise at a transitional node
they run distally, unmyelinated, within the central
tissue projection over a considerable distance and
then enter the PNS. Here each axon pursues a highly
tortuous course in the transitional zone and is my¬
elinated by a short Schwann cell, before re-entering
the CNS, where the fibre is myelinated by a glial unit
and passes centrally as described above.

Fig. 13. Diagrammatic longitudinal sections through lum¬
bar spinal cord (asterisks) and a lumbar ventral rootlet
(arrowhead) including the central tissue projection, showing
the courses of two types of collateral branch (a,b) arising at
the transitional nodes of large axons. Central nervous tissue:
stippled; peripheral nervous tissue: white; myelin: black;

Schwann cell nucleus: arrow.
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5. MYELIN SHEATH GROWTH

5.1. Ventral Root Internodes in General

The general ultrastructural features of the devel¬
oping myelin sheaths, axons, Schwann cells and
peripheral nodes of Ranvier within the root are
closely similar to those described by, for example,
Peters and Muir (1959), Cravioto (1965), Berthold
(1968a, b), Elfvin (1968), Berthold and Skoglund
(1968a, b), Conradi and Skoglund (1969), Peters and
Vaughn (1970) and Hildebrand (1971a, b). However,
growth patterns of myelin sheaths throughout most
of the ventral root differ in some respects from those
of the most proximal peripheral internode which the
transitional Schwann cell produces. Both of these in
turn differ from myelin sheath growth in internodes
surrounding the central segments of ventral moto¬
neurone axons (Fraher, 1973, 1978b, c; Fraher and
Kaar, 1985).

Initial myelin sheath thickness increase occurs by
the addition of new turns at a relatively uniform rate
over most of the length of the Schwann cell. Com¬
paction usually takes place only after three turns of
the mesaxon have been formed and rapidly involves
most of the length of the sheath (Fraher, 1972). By
the time the fourth turn has been added, compaction
has extended to within a few micrometres of the
presumptive bounding node. Thus, the earliest com¬
pact myelin sheaths consist of a similar or unvarying
number of turns over a substantial fraction of the
entire presumptive internodal length (Fig. 14a). The
uncoiled Schwann cell at this stage has a trapezoidal
outline, the outer margin being longer than the inner
(see Fig. 18a).

Further increase in sheath thickness involves the
addition of new turns over its entire length but not
at the same rate in all its parts. The Schwann cell
develops a high point of mesaxonal elongation and
myelin formation at one level along its length. This
is most often located towards its middle, but in some
cases is relatively close to one of the bounding nodes

(Fig. 14a). Sheath thickness increases most rapidly
here, less so at other levels and therefore comes to
vary along the length of the internode. The additional
turns responsible for this variation lie mostly internal
to, but in some cases also external to, the other turns
comprising the sheath (Fig. 17a, b). Accordingly, the
unwound Schwann cell has a flattened diamond

shape at this stage (Fig. 18b) (Fraher, 1973).
Subsequent increase in sheath thickness redresses

this imbalance. New turns are added more rapidly
towards the bounding nodes than elsewhere and all
sheath levels gradually come to consist of a roughly
equal number of turns about the end of the first week
postnatum (Fig. 14a). The unrolled sheath con¬
sequently again becomes trapezoidal in outline (Fig.
18c). This remains the case throughout its subsequent
growth.

These longitudinal variations in sheath thickness
mean that over most of the internode during the first
week postnatum, the inner and outer Schwann cell
cytoplasmic compartments do not lie parallel to the
axon as in the mature sheath (Fig. 18c). Instead, they
spiral around it. Most of the length of the internodal
axon is overlain by the uncoiling turns of the helices
of cytoplasm towards both ends of the Schwann cell.
Consequently, when they are represented as being
unwound (Fig. 18b) they lie obliquely relative to the
axon. As age advances, it becomes progressively
easier to identify a level of transition between more
and less tightly coiled segments of the Schwann cell
cytoplasmic helix (Fig. 14b). With time, an increasing
proportion of internally ending turns comes to make
up the former, which becomes progressively more
tightly wound and comes to constitute the paranodal
helix. Concurrently, the latter becomes more loosely
coiled and eventually consists of few if any turns.

At all stages, including the earliest, when sheath
thickness is relatively uniform at all internodal levels
the inner and outer levels of the mesaxon lie preferen¬
tially in the same quadrant relative to the transverse
plane of the fibre (Fraher, 1972). This suggests that
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Fig. 14. (a) Age changes in longitudinal myelin sheath thickness variation along maturing peripheral
internodes at mid-ventral root levels from the earliest stages (top) to maturity (bottom). The node
coincides with the origin in each example. Ordinates: myelin sheath thickness (lamellae); abscissae: length
(im). (b) Age changes in the distances from the mid-level of the node (arrowheads) at which turns of
the myelin sheath terminated from the earliest stages (top) to maturity (bottom) (based on Fraher, 1973).
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Fig. 15. (a) Longitudinal sheath thickness variation and variability in length of transitional cervical
Schwann cell internodes during early myelination. Unmyelinated internodes: dotted; transitional nodes:
arrowheads, (b) Age changes in longitudinal sheath thickness variation over decremental (D) and irregular
(I) segments of large and small fibres, central (left) and peripheral (right) to the transitional node
(arrowhead). Ordinates: myelin sheath thickness (lamellae); abscissae: length (n m) [(a) from Fraher,

1978b; (b) from Fraher and Kaar, 1985],

circumferential elongation of the mesaxon at these
stages occurs in units consisting of an integral num¬
ber of turns and perhaps also that the addition of
each new turn is followed by a resting period. A
similar relationship between inner and outer me-
saxonal ends was found in central sheaths by Peters
(1964).

5.2. The Proximal Peripheral Internode

The general features of the development of the
most proximal peripheral myelin sheath, produced by
the transitional Schwann cell, resemble those de¬
scribed above, but there are significant differences
nonetheless. A large proportion of proximal periph¬
eral internodes differ significantly in their devel¬
opment from typical internodes more distally in the
rootlet and in the remainder of the PNS. Many are
shorter than average and may remain unmyelinated
for a time even when serially adjacent internodes of
the same fibre are heavily myelinated peripherally
and centrally (Figs 9h, 15a). Even when these transi¬

tional internodes become myelinated they commonly
remain shorter and may have thinner sheaths than
those adjacent to them (Fig. 9i). Furthermore, in
about 50% of transitional sheaths in the lumbar
region, substantial variation in longitudinal sheath
thickness, such as is found elsewhere only during
development, persists throughout life. This results in
marked irregularity of sheath thickness in the juxta-
nodal region (Fig. 15b) or in a decremental segment
between 20 and 30 /im long (Fig. 15b; Table 1). Over
the latter the sheath gradually unwinds in the direc¬
tion of the CNS-PNS transitional node (Fraher and
Kaar, 1985) and its thickness correspondingly de¬
creases (Table 1).

The decremental segment can be clearly
differentiated from the adjoining paranode on a
number of grounds: firstly, at the junction of the two
the spiral suddenly becomes much less tightly wound
when traced between the paranode and the decremen¬
tal segment. Secondly, the decremental segment lacks
the morphological features characteristic of the
paranode (Schnapp and Mugnaini, 1978; Wiley-



Development of Ventral Spinal Motoneurone Fibres 219

(b)

"oLr
!0] ,gL

10]oil—

30
20-
10-

0

40

20

0

SCALE (Lim)
100

20t

ot

LENGTH

200

Fig. 16. (a) Age changes in longitudinal myelin sheath thickness variation along maturing central
internodes of lower cervical ventral motoneurone axons, from the earliest stages (top) to maturity
(bottom), (b) Patterns of longitudinal variation in myelin sheath thickness along entire internodes during
myelination. Left: PNS; right: CNS; broken lines: non-compact myelin; continuous lines: compact myelin;
dotted: bare axon segments. The transitional node coincides with the origin. Ordinates: myelin sheath

thickness (lamellae); abscissae: length (/im) (from Fraher, 1978a,b).

Livingston and Ellisman, 1980; Rosenbluth,
1983a, b). Thirdly, in the decremental segment the
pitch of the spiral changes little along its length,
whereas it tends to become progressively more tightly
wound towards the nodal end of the paranode.

The number of turns which unwind over the lum¬
bar decremental segment becomes greater as age
advances in both large and small fibre groups (Table
1). Persistence of the decremental segment represents
a sustained morphological immaturity in the most
proximal peripheral part of the ventral rootlet, which
also lags behind the remainder of the PNS in numer¬
ous other aspects of its development (Fraher and
Rossiter, 1983a, b). In the cat it also continues to

display immature features insofar as its internodal
lengths tend to remain shorter than average
(Carlstedt, 1980).

5.3. The Distal Central Internode

As the distal central internode elongates towards
the CNS-PNS boundary its sheath thickness in¬
creases. From the earliest stages this tends to occur
more towards the middle of the glial unit than
elsewhere (Fig. 16a), but a substantial proportion of
sheaths are thickest close to one end of the internode

(Fig. 16b). A significant number of turns at first end
externally (Fig. 17d). As a result, the outline of the

Fig. 18. Diagrams showing the general form of the unrolled Schwann cell (a-c) and oligodendrocytic glial
unit (d-f), including their compact myelin (black) in the earliest stages of compact sheath maturation (a,d),
shortly afterwards (b,e) and towards the fully mature stage (c,f) (see text) (from Fraher, 1973, 1978a).
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Table 1. Mean Decrease in Myelin Sheath Thickness
over Central and Peripheral Decremental Segments,
Expressed as Number of Lamellae and as a Percentage

of the Mean Internodal Sheath Thickness

Mean Decrease
Central Peripheral

Fibre
Class

Age
(days) Lamellae % Lamellae %

Large 6 4 40 7 30
12 6 32 6 15
20 15 37 11 18

300 11 18 17 15

Small 12 3 25 4 21
20 8 35 6 21

300 16 30 14 21

From Fraher and Kaar (1985).

unrolled glial unit is oval, the strip of cytoplasm
bounding it being more convex along its outer than
its inner edge (Fig. 18d). As maturation proceeds
sheath thickness increases and comes to vary less than
previously along the length of the internode (Fig.
16a) as in peripheral sheaths. Eventually, longitudinal
variation over much of the internode becomes only
slight, as the outer and inner margins of the unrolled
glial unit come to run almost parallel to one another
(Fig. 18f). However, many sheaths continue to pos¬
sess irregular and decremental segments in the vicin¬
ity of the transitional node (Fig. 15b).

5.4. Comparison of Peripheral and Central
Myelin Sheath Maturation

In the earliest stages of myelination, central sheaths
vary substantially in thickness along their length,
whereas peripheral sheaths do not (Fraher, 1973,
1978b, c). A greater proportion of turns end exter¬
nally (Fig. 17b, d) in central sheaths than in periph¬
eral. Turns commonly end internally (Fig. 17a, c) in
both. Consequently, unrolled Schwann cells and glial
units differ in their morphology (Fig. 18a, d). Over
the next phase of maturation there is substantial
longitudinal variation in sheath thickness in both
locations (Fig. 18b, e). After this, however, sheaths of
both types come to consist of a more nearly uniform
number of turns at most internodal levels (Fig.
18c, f). As with other developmental changes, this
trend proceeds much more slowly centrally than
peripherally: it reaches similar stages peripherally at
6 days and centrally only at 12 days.

In addition to being more mature at a given age
than the central sheath, the peripheral sheath on a
given axon is also considerably thicker. There is much
variation between fibres in the extent of this
difference at all stages over the first two weeks
postnatum (see Fig. 20). This reflects the wide vari¬
ation in the relative responses of Schwann cells and
glial units to the myelinogenic stimulus emanating
from one and the same axon. Despite this, the average
responses of the two classes of myelinating cell to the
stimulus bear a similar relationship to one another at
all stages. Overall, the ratio of mean central to mean
peripheral sheath thickness varies only between 0.48
and 0.56 over the first 2 weeks postnatum, when the
most fundamental events of the myelination process

Table 2. Ratio of Mean Cen¬
tral to Mean Peripheral
Myelin Sheath Thickness for

Large and Small Fibre
Classes

Age Fibre Class
(days) Large Small

6 0.44
12 0.42 0.64
20 0.57 0.64

300 0.49 0.66

From Fraher and Kaar

(1985).

are taking place (Fraher, 1978b). Though the ratios
for large and small fibre classes differ, each changes
little with age (Table 2). The mean rate of addition
of new turns to peripheral sheaths is therefore greater
than that for central sheaths by a fixed amount for
both fibre classes over the period studied.

Further variation in the response to the my¬
elinogenic stimulus is found between two or more
cells of the same class myelinating serially adjacent
segments of the same axon over at least the first half
of the myelination process (Figs 15a, 19, 20) (Fraher,
1978b, c). Patterns of longitudinal sheath thickness
variation in adjacent pairs of Schwann cells or of glial
units bear no necessary relationship to one another.
Of successive developing peripheral or central inter-
nodes, some may be heavily myelinated, others less
so, or even unmyelinated. Though the lengths of both
glial units and Schwann cells during the early stages
of myelination vary markedly, there is a clear ten¬
dency for the latter to exceed the former (Fraher,
1978b, c).

6. DIFFERENTIATION OF LARGE
AND SMALL AXONS

6.1. Morphological and Morphometric Classes
in Development

Initially ventral motoneurone axon calibre and
myelin sheath thickness are both distributed uni-
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Fig. 19. Variability in length and myelin sheath thickness of
serially adjacent lower cervical central internodes at 6 days
postnatum. Left: PNS; right: CNS; arrowheads: CNS-PNS
transitional nodes; bare segments: dotted. Ordinates: myelin
sheath thickness (lamellae); abscissae: length (p. m) (from

Fraher, 1978b).



Fig. 17. (a-d) Longitudinal sections of peripheral (a,b) and central (c,d) internodes showing turns of the
mesaxon ending internally (arrows) (a,c) and externally (arrowheads) (b,d). (e) Transverse section of 3
day cervical intramedullary bundle close to the spinal cord surface, showing a dilated axon segment

(asterisk). Scale bars: 1 /im [(b) from Fraher, 1973; (c,d) from Fraher, 1978a].
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Fig. 20. Longitudinal sheath thickness variation in successive lower cervical central and peripheral sheaths
of individual fibres at 6 days postnatum. Left: PNS; right: CNS; arrowheads: CNS-PNS transitional node.

Ordinates: myelin sheath thickness (lamellae); abscissae: length (/im) (from Fraher, 1978a).

modally. About one week after birth both distribu¬
tions become bimodal. Previous to this, five distinct
morphological stages of ventral motoneurone axon
maturation, based on the mode of ensheathment by
the Schwann cell, can be identified in the region of the
rat central-peripheral transitional zone (see Section
4) (Kaar and Fraher, 1985). Each axon can be classi¬
fied as (i) bare, when apposed to its neighbours; (ii)
segregated, when separated from all its neighbours by
the Schwann matrix; (iii) promyelin; (iv) at the pre¬
sumptive node stage (see Section 4.3.1), or (v) at the
definitive node stage (see Section 4.3.2). The sequence
of these classes corresponds to successive stages of
fibre maturation and therefore identifies the axon's

stage of maturation relative to the others in the
rootlet.

This type of analysis of fibre classes was first used
to examine the early growth of maturing large and
small axons by Fraher and Kaar (1985). Previous
studies on the development of bimodal axon calibre
distribution (Skoglund and Romero, 1965; Sturrock,

1975; Arees, 1978; Berthold and Carlstedt, 1982;
Berthold et al., 1983) had been restricted to the
myelinated stages. Moreover, studies of axon calibre
extending over the onset of myelination (Friede and
Samorajski, 1967; Fraher, 1972; Hildebrand and
Hahn, 1978; Schroder et al., 1978; Friede and
Bischausen, 1980) were restricted to populations of
relatively large fibres.

6.2. Early Axon Maturation

At late foetal stages when all ventral motoneurone
axons are segregated, their circumference distribution
is unimodal and is accurately characterised by a
narrow, high-peaked normal curve (Fig. 21). With
maturation, the calibre distribution of segregated
axons at first broadens, and its mean value reaches a
maximum between 1 and 3 days postnatum. Sub¬
sequently its breadth decreases as each enlarging
axon attains a 1; 1 relationship with an enveloping
Schwann cell and so differentiates into the promyelin
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Fig. 21. Percentage frequency histograms showing age changes in the circumferences of segregated (segr.)
and promyelin (promy.) lumbar ventral motoneurone axons at the ages indicated (from Kaar and Fraher,

1985).
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Table 3. Percentage Frequencies of Segregated Axons and of Lumbar
Spinal Motoneurone Axons Possessing Presumptive and Definitive Tran¬

sitional Nodes at Each Age

Age Presumptive node Definitive node
(days) Segregated Promyelin Myelinated Small Large

20 (foetal) 100 — — — —

1 94.6 5.4 — — —

3 40.4 29.1 30.5 — —

6 14.7 21.1 29.5 — 33.4
12 — 8.7 10.4 15.7 65.2
20 — — — 34.0 66.0

300 — — — 36.0 64.0

From Kaar and Fraher (1985).

class. This class first appears shortly after birth and
the calibre of its axons gradually increases with time.
As development proceeds and as axons differentiate
out of this class by becoming myelinated, the calibre
of promyelin axons in turn decreases. Similarly, the
calibre of myelinated axons possessing presumptive
transitional nodes first increases but then decreases as

nodes mature and axons differentiate out of it. Age
changes in the proportions of the various axon classes
are shown in Table 3 and Fig. 23. Segregated axons
are present up to 3 days postnatum and promeylin
axons are seen only between 1 and 12 days.

6.3. Growth of Large and Small Axons

On the basis of their calibre, presumptive large and
small motoneurone axons cannot be distinguished
from one another at first. Axon growth is rapid over
the first three weeks postnatum and it is in the early
part of this period that the two populations become
differentiated from one another in terms of calibre.
This process is manifested first in broadening of the
unimodal distribution in the immediate postnatal
period and then in its transformation to a bimodal
form between 3 and 6 days (Fig. 22).

However, before the two axon classes can be
distinguished from one another on the basis of calibre
distribution, their growth can be studied separately
by following in detail age changes in the proportions
of the axon population in the various morphological
ensheathment classes (Table 3, Fig. 23) and in axon
circumference (Table 4).

From the later developmental stages examined it is
clear that large axons mature more rapidly than small
axons. Knowing this, and knowing also that the
former comprise some 70% of the total axon popu¬
lation in the mature ventral rootlets, the two classes
of axon can be identified on the basis of the mor¬

phological classification given in Section 6.1., before
the axon calibre distribution becomes bimodal. Using
these criteria, the development of presumptive large
axons may be traced as follows.

At 1 day it is likely that large axons are all
promyelin in form, since this group has the largest
calibre and is the most advanced morphologically at
this stage. At 3 days the presumptive large axon class
is represented by two groups (Table 3): (i) those
which are myelinated and possess presumptive transi¬
tional nodes, and (ii) those which are promyelin
axons. The first are morphologically the most mature
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imposed curves fitted by computer, showing age changes in
overall axon circumference of lumbar ventral motoneurone
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Fig. 23. To illustrate age changes in the proportions of the
various classes of large and small lumbar axons ensheathed
by the transitional Schwann cell. White: segregated axons;
crosses: promyelin axons; stippled: myelinated axons pos¬
sessing presumptive nodes; black: myelinated axons pos¬

sessing definitive nodes (from Kaar and Fraher, 1985).
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Table 4. Data for Axon Circumference (/im) in Pooled Animals at the Ages
Indicated. Mean Values (x), Standard Error of the Mean (S.E.M.) and the
Number of Axons Examined at each Stage (n) are given for Central and
Peripfieral Levels of Fibres in the Classes Indicated. In the Case of My¬
elinated Fibres, the Value used for each Axon was itself the Mean of Several

Measurements at Different Levels along the Axon

Fibre Class
Age

(days)
Central
S.E.M.

Peripheral
S.E.M.

Segregated 20 (foetal) 2.9 0.02 612 2.9 0.02 643
1 3.6 0.05 481 3.5 0.05 373
3 3.6 0.12 222 3.7 0.10 232
6 3.2 0.08 57 3.0 0.08 56

Fibres possessing presumptive node
Promyelin I 4.2 0.14 28 4.3 0.12 31

3 4.1 0.10 150 4.6 0.09 161
6 4.0 0.28 86 4.2 0.26 92

12 3.6 0.13 30 3.4 0.09 33

Myelinated 3 6.2 0.09 120 6.3 0.08 165
6 6.1 0.13 83 7.3 0.12 94

12 5.1 0.19 48 5.4 0.16 50

Fibres possessing definitive node
Small 12 4.5 1.0 177 4.9 1.4 36

20 6.2 1.2 131 7.2 2.8 76
300 9.7 2.6 106 11.6 3.9 77

Large 6 6.6 1.3 242 6.8 1.1 95
12 9.4 1.8 456 9.7 1.6 208
20 13.0 2.4 258 14.0 2.7 99

300 25.7 5.5 184 30.7 8.7 144

From Kaar and Fraher (1985).

group of axons at this stage and are therefore likely
to belong to the large class. Three further obser¬
vations support this: firstly, they comprise the group
having the greatest mean circumference at this age;
secondly, their mean circumference is already
significantly greater than that of myelinated small
axons when the latter possessing definitive nodes are
first observed, at 12 days (Table 4); thirdly, the
circumference distribution of the myelinated 3 day
axons is shifted to the right relative to that of the
myelinated small axons at 12 days (Fig. 24). The
second, promyelin group, are also likely to be pre¬
sumptive large axons for two reasons: firstly, the
combined proportion which they make up with my¬
elinated axons possessing presumptive transitional
nodes is similar to that eventually made up by all
axons in the large class; secondly, they have a
greater calibre than segregated axons at the same age
(Table 4).

Myelinated axons which possess presumptive tran¬
sitional nodes at 3 days probably mature into those
which possess definitive nodes at 6 days, which are
likely to belong to the large class. In support of this
is the finding (Table 3) that the two make up a similar
proportion (ca. 30%) of the total at their respective
ages. Furthermore, the axons which are promyelin in
form at 3 days probably mature into those which are
myelinated and which possess presumptive tran¬
sitional nodes at 6 days, since the proportion of the
total which both groups make up (ca. 30%) is similar
at both stages.

Presumptive large and small axon classes can there¬
fore be distinguished from one another shortly after
birth. The former undergo a growth spurt in the
immediate postnatal period. By 3 days all possess a
1:1 axon to Schwann cell ratio and half are my-
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Fig. 24. Percentage frequency histograms for the circum¬
ferences of peripheral segments of lumbar myelinated axons
possessing presumptive or definitive transitional nodes at
the ages indicated. Large fibres: white; small fibres: black

(from Kaar and Fraher, 1985).
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elinated. By 6 days most or all have become my¬
elinated, though only about half possess a definitive
transitional node. By this stage also, myelinated large
axons have come to make up their definitive propor¬
tion of all ventral root axons, namely 60-70%.
Furthermore, they are by now also clearly
differentiated from the small axon class by their
calibre and they comprise the larger right hand
portion of the bimodal distribution (Figs 22, 24). The
small axons are still unmyelinated at this stage. The
differentiation of the two axon classes from one

another is therefore well established when the mean

diameters of the two groups are 2/im and 1 nm,
respectively, and before axons of the small class have
begun to be myelinated.

In their subsequent maturation the two classes
continue to diverge morphologically from one an¬
other. At 6 days and subsequently, all axon calibre
distributions are bimodal. Growth changes in the two
classes can be readily followed from then on (Fig. 24)
since they are morphometrically distinct from one
another. The overall distribution is assumed on the
basis of probability plots as described by Cox (1966)
to correspond to a mixture of random samples from
two normally distributed populations, each with its
own mean and variance (Kaar and Fraher, 1985).
Estimates of the mean and standard deviation of each
normal distribution contributing to the bimodal dis¬
tribution, as well as of the mixing proportion where
the two distributions overlap, may be obtained by
an iterative method, based on the EM algorithm
(Dempster et al., 1977) enabling almost all fibres to
be assigned unequivocally to either the large or the
small class (Kaar and Fraher, 1985). The calibre
distribution of each class of axon is accurately char¬
acterised by a normal curve (Fig. 22). The two curves
overlap only to a small extent and separate
progressively further from one another with age. The
principal morphological features of large axons are
present by 12 days, when all possess definitive nodes.

Maturation of the small axon class may also be
followed from Table 3 and Fig. 23. These mature
later than the large axons. At 3 days most or all are
included in the segregated category. By 6 days, half
or more have matured to become promyelin in form
and have presumptive transitional nodes. At 12 days
about half have become myelinated and have
definitive nodes. By 20 days all have matured to this
stage. The relative delay in maturation of small axons
therefore probably results from prolongation of the
segregated stage of their development: about 40% of
them continue to be at the segregated stage up to 6
days postnatum. By contrast, all large axons have
matured beyond the segregated stage by 3 days
postnatum. Since both groups become segregated
over the last few days of foetal life, this phase of
development is about twice as long for small as it is
for large axons.

Having thus determined the presumptive identity
of the axons in the various classes, mean circum¬
ferences can be estimated for central and peripheral
segments of each axon class at each of the ages
studied (Fig. 25). From these estimates growth rates
can be calculated (Fig. 25). Large axon calibre
increases at a similar, steady rate over the periods up
to 20 days postnatum. By contrast, small axon calibre
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increases most rapidly in the period between 12 and
20 days postnatum. Thus, growth of these axons is
retarded during the period immediately preceding the
onset of their myelination and is most rapid during
their final maturation period. Once both classes of
axon have become myelinated and possess definitive
nodes, they increase progressively in calibre with
time.

6.4. Comparison of Peripheral and Central Axon
Calibre

Segregated and promyelin axons have similar cir¬
cumferences centrally and peripherally (Table 4). By
contrast, both large and small axons have on average
a significantly greater calibre peripherally than cen¬
trally, though the magnitude of the difference varies
substantially between axons (Fraher, 1978; Kaar and
Fraher, 1985). Though central and peripheral axon
calibre distributions resemble each other, the former
is shifted to the left relative to the latter. Both axon

segments grow in a similar fashion (Fig. 25). Growth
rates resemble one another but tend to be somewhat
greater for peripheral than for central segments of
large axons. There is no clear tendency for central
and peripheral segments of small axons to grow at
different rates.

Early in development a proportion of axons are
markedly dilated over a length of a few micrometres
immediately deep to the central-peripheral interface
(Fig. 17e). The dilated segment appears normal and
is sharply demarcated from the remainder of the
axon. It is commonly myelinated to an extent similar
to that in the adjacent non-dilated segments. The



Development of Ventral Spinal Motoneurone Fibres 227

proportion of axons with dilated myelinated seg¬
ments decreases with age, from 25% at 3 days to 5%
at 12 days.

6.5. Comparison of Peripheral and Central
Myelin Sheath Growth

Overall myelin sheath thickness distribution is ini¬
tially unimodal (Fig. 26). It becomes bimodal, in
relation to peripheral fibres before central, reflecting
differences in myelin sheath growth of large fibres
between the two locations (Fraher and Kaar, 1985).
At all stages peripheral sheaths are thicker than
central for both large and small fibre classes. How¬
ever, the difference between the two is greater among
the former (Table 2). The daily rate of increase is
greater peripherally than centrally within both classes
(Fig. 25). Among the large fibre class, that for
peripheral sheaths declines progressively over each of
the intervals studied, while that for central sheaths
declines more slowly, remaining relatively high in the
interval between 12 and 20 days. By contrast, the
daily rate of increase in small fibre sheath thickness
is greatest between 6 and 12 days and declines
progressively with age both centrally and periph¬
erally.

7. MYELIN SHEATH
THICKNESS-AXON CALIBRE

RELATIONSHIPS

7.1. SCATTERGRAMS AND CORRELATION COEFFICIENTS

The scattergrams relating sheath thickness to axon
circumference (Fig. 27) reflect the interaction of the
two parameters over time. The point cluster for small
fibres tends to lie below and to the left of the

corresponding cluster for large fibres at each age.
With maturation, the clusters of plot points for both
groups shift upwards and to the right and tend to
separate from one another, though this process re¬
mains incomplete. Correlation tends to be stronger
for small than for large fibres (Table 5). Correspond¬
ingly, the scattergrams for the former are less diffuse
than those for the latter. Moreover, central distribu¬
tions show a greater degree of scatter than peripheral
and this is also reflected in lower correlation
coefficients (Table 5).
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Fig. 26. Superimposed percentage frequency histograms
showing the myelin sheath thickness distribution for small
(black) and large (white) fibres, at central (CNS) and
peripheral (PNS) levels at the ages indicated (from Fraher

and Kaar, 1985).

For both fibre classes, the strength of the cor¬
relation between sheath thickness and axon circum¬
ference shows some tendency to decrease with age for
peripheral segments and to remain low for central
(Table 5). Peripheral sheath thickness is therefore
most strongly related to the calibre of the enveloped
axon around the time of onset of myelination (Fraher
and Kaar, 1985). This finding, using separated large
and small fibre groups, is in sharp contrast to the
findings of a great number of other studies (e.g.,
Samorajski and Friede, 1968; Friede and Samorajski,
1968; Fraher, 1972, 1973, 1976; Low, 1976) which

Table 5. Linear Correlation and Regression Statistics Relating Myelin Sheath Thickness to

Axon Circumference

Fibre Age Central Peripheral
Type (days) n P r a b n P r a b

Large 6 85 * 0.19 4.8 0.4 95 ** 0.73 -6.4 3.3
12 344 ** 0.15 12.1 0.5 201 ** 0.35 21.9 1.5
20 233 ** 0.35 12.4 1.3 98 ** 0.65 19.9 2.4

300 180 ** 0.23 38.4 0.5 137 ** 0.62 73.9 1.0

Small 12 63 ** 0.40 3.9 1.4 40 ** 0.83 -8.6 4.4
20 144 ** 0.54 2.1 2.2 76 ** 0.85 0.7 3.4

300 101 *♦ 0.56 12.1 2.5 76 ** 0.69 21.5 3.2

n: Number of pairs; P: statistical significance of relationship.
* Moderately significant (0.05 > P > 0.01).
** Highly significant (P < 0.01).

r, Correlation coefficient, a, Intercept of regression line wih Y-(myelin sheath) axis, b, Slope of
regression line.

From Fraher and Kaar (1985).
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Fig. 27. Scattergrams relating mean internodal sheath thickness to mean internodal axon circumference
(calculated from non-paranodal levels) for (a) peripheral and (b) central segments of large and small fibres,

at the ages indicated (from Fraher and Kaar, 1985).

state that the strength of the correlation increases
with age. These authors, however, examined the
strength of the association in all fibres together and
the increase found may be a consequence of the larger
increase in the ranges of values for both sheath
thickness and axon circumference in pooled fibres,
compared with the separated large and small groups.
The age-related increase which these authors report
may therefore be spurious, because correlation anal¬
ysis should be applied only to bivariate normal
distributions (Sokal and Rohlf, 1969; Bronson et al.,
1978) as in the study by Fraher and Kaar (1985).

7.2. Regression Lines

It has generally been assumed that a single statisti¬
cal relationship exists between myelin sheath thick¬
ness and axon circumference both during devel¬
opment and in the adult (Friede and Samorajski,
1967; Williams and Wendell-Smith, 1971; Boyd and
Kalu, 1973; Sima, 1974; Fraher, 1972, 1976; Berthold

and Carlstedt, 1977a, b; Berthold, 1978; Hildebrand
and Hahn, 1978; Friede and Bischausen, 1980; Biscoe
et al., 1982; Berthold et al., 1983). In recent years, a
number of authors have proposed a curvilinear or
hemisigmoidal relationship between sheath thickness
and axon calibre in adult peripheral (Boyd and Kalu,
1973; Sima, 1974; Berthold and Carlstedt, 1977;
Berthold, 1978; Arbuthnott et al., 1980; Biscoe et al.,
1982; Berthold et al., 1983) and central (Berthold and
Carlstedt, 1977a, b; Hildebrand and Hahn, 1978)
fibres. These reports suggest that the underlying
relationship between the parameters varies con¬
tinuously with fibre size. Previous developmental
quantitative studies have also generally assumed that
there is a single relationship between the parameters
for all fibres throughout development, both periph¬
erally (Friede and Samorajski, 1968; Fraher, 1976,
1978b) and centrally (Fraher, 1976). The various
approaches adopted in all of these papers suffer from
the drawback that treating the fibres as a single group
for the purpose of examining sheath thickness-axon
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CNS PNS

Fig. 28. Regression lines relating myelin sheath thickness to
axon circumference for central (CNS) and peripheral (PNS)
segments of large (continuous lines) and small (broken lines)
fibres at the age indicated (days postnatum) (from Fraher

and Kaar, 1985).

calibre relationships, may obscure real differences
which come to light only when large and small fibre
classes are examined separately in accordance with
rigorous statistical practice (Fraher and Kaar, 1985;
Kaar and Fraher, 1985).

Large and small fibres have different sheath
thickness-axon circumference relationships through¬
out life (Fig. 28, Table 5). This is reflected in
differences in the regression lines relating the two
parameters. Comparison of the linear regression
equations for large and small fibres at each age by the
Indicator Variable technique shows that these
differences are statistically significant (Fraher and
Kaar, 1985). The sheath thickness-axon circum¬
ference relationship has a different setting among the
two classes of fibres. The regression lines for small
fibres are steeper than, and lie to the left of, those for
large fibres. Myelin sheaths of small axons therefore
tend to be thicker than those of large axons of a
similar calibre. Furthermore, small axons induce
myelination at a lower axon circumference value than
is the case with large axons. In these senses, therefore,
the small axons are the more myelinogenic of the two.

The myelinogenic influences of large and small
axons, though related to one another, are therefore
unlikely to be identical, since the settings for the
sheath thickness to axon circumference relationships
remain different throughout life. The two fibre popu¬
lations are therefore distinct from one another
throughout maturation and it is unlikely that any flux
of fibres takes place from one class to the other as was
suggested by Berthold et al. (1983).

Central and peripheral fibre segments have
different sheath thickness-axon circumference re¬

lationships (Fig. 28, Table 5). Comparison of periph¬
eral with central regression lines shows that the
former are statistically significantly steeper and lie
well above the latter, among both large and small
fibre classes. Thus, the sheath around a peripheral
axon segment of a given calibre is thicker than that
around a central axon segment of the same calibre.
This shows that the responses of the glial units and
Schwann cells to the myelinogenic stimulus are set at
different levels.

Table 6. The Ratio g of Axon to Fibre Diameter for the
Fibre Classes Shown

Age Central Peripheral
(days) Small Large Small Large

6 — 0.94 — 0.84
12 0.88 0.90 0.83 0.78
20 0.86 0.87 0.80 0.78

300 0.80 0.88 0.73 0.80

From Fraher and Kaar (1985).

The slopes of the regression lines tend to decrease
with age for both central and peripheral segments of
large fibres. Accordingly, an axon of a given calibre
tends to be associated with a thinner sheath at later
stages than at earlier. No clear trend of this sort is
found among the small fibre group.

7.3. G-ratio

The g-ratio, relating axon diameter to total fibre
diameter was calculated using estimated axon di¬
ameters derived from the measured axon circum¬
ference values, assuming a circular profile (Table 6)
(Fraher and Kaar, 1985). There is some tendency for
the g-ratio to decrease with age in both axon classes
and the trend is clearer for small than for large fibres.
Central values are about 10% greater than periph¬
eral, reflecting the tendency for central fibre segments
to have thinner sheaths than peripheral. The g-ratio
tends to be less in the small than in the large group.
The tendency for a decrease in g-ratio with decrease
in fibre size in peripheral axons is in agreement with
the findings of Gasser and Grundfest (1939), Taylor
(1942) and Williams and Wendell-Smith (1971). G-
ratios lie close to the optimal values calculated by
Rushton (1951) and Smith and Koles (1970).

8. FUNCTIONAL CORRELATES

8.1. Transitional Zone Morphology

The marked offsetting of transitional nodes relative
to one another may have a number of functional
advantages. Firstly, their distances from their nearest
neighbours are greater than if they all were to be in
the same transverse plane through the rootlet. This
increased separation may prevent crosstalk between
neighbouring nodes in a region where they are very
highly concentrated. Secondly, offsetting of nodes
circumvents the vulnerability to traction-induced
stress and the tendency to snap which would result if
all lay in the same plane. A node is likely to be a point
of weakness along a nerve fibre since it lacks the
strength provided by Schwann cell myelin and cyto¬
plasm. This is especially likely in the cervical region
where fibres undergo a sharp change of direction as
they emerge from the cord. This commonly occurs at
the node. Furthermore, cervical transitional nodes
are subject to tensile stress transmitted centrally
through the roots during the extremes of movement
of the upper limb; in man, violent stress on the upper
limb may lead to avulsion of the rootlets at their
spinal cord attachment (Sunderland, 1978). Thirdly,
where the central ends of peripheral internodes lie in
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grooves or invaginations of the CNS surface, astro¬
cytic and Schwann cell basal laminae are sometimes
fused or linked by spiralling collagen fibres which
anchor them together. This arrangement may further
mechanically resist distal traction on the nodes.
Fourthly, the astrocytic invagination may act as a
suction cup to resist distraction of the internode,
thereby limiting tension on the vulnerable node.

8.2. Decremental Segment

The presence of decremental segments in the cen¬
tral and peripheral myelin sheaths bounding the
transitional node emphasizes the non-uniform nature
of individual myelin sheaths (Waxman, 1972), and
also that axons may have other functions in addition
to being simple line transmitters (Waxman, 1975).
The two essential features of the decremental segment
are (i) a reduced number of lamellae and (ii) a thinner
myelin sheath compared with the remainder of the
internode. Because of these differences it is to be

expected that the passive electrical properties of the
decremental segment would differ from those of the
remainder. Since the sheath is thinner in the decre¬
mental segment its electrical resistance would be less
and therefore the radial current flow through it could
be greater than elsewhere along the internode. Also,
the electrical capacitance of the decremental segment
would be greater, since capacitance is inversely re¬
lated to sheath thickness. As a result the velocity of
impulse conduction over decremental segments is
likely to be slower than in typical internodes. In
addition it is to be expected that the amplitude of the
action potential would decrease more markedly over
the decremental segment than over the typical inter¬
node (Huxley and Stampfli, 1949). Because of the
observed differences in sheath thickness, these effects
are likely to be greater in absolute terms centrally
than peripherally. Furthermore, they are likely to
affect small fibres relatively more than large fibres.
This is because the longitudinal distance over which
unwinding occurs is similar in both groups, but
internodal lengths are shorter on small fibres cen¬
trally (Hess and Young, 1949, 1952; McDonald and
Ohlrich, 1971; Murray and Blakemore, 1980) and
peripherally (Vizoso and Young, 1948; Fullerton and
Barnes, 1966). Consequently the proportion of the
internode over which the sheath unwinds is greater
for small than for large fibres.

8.3. Nerve Conduction

There is likely to be a large increase in the conduc¬
tion velocity of nerve impulses in all fibres on passing
from the central into the peripheral nervous system,
for three reasons. Firstly, sheath thickness and axon
circumference are both greater peripherally than cen¬
trally. Secondly, the g-ratio for central fibre segments
is greater than that for peripheral. Thirdly, internodal
length is likely to be considerably greater peripherally
than centrally (Fraher, 1978c; Carlstedt, 1980; Mur¬
ray and Blakemore, 1980). All these features are
positively associated with greater conduction velocity
along nerve fibres (Paintal, 1978; Waxman, 1980).
The difference may be somewhat greater for large
than for small fibres, since the relative increase in

sheath thickness peripherally is greater in the former
group. A different pattern of variation occurs in
dorsal lumbosacral roots in the adult cat in which
sheaths are thicker centrally than peripherally and
axon circumference does not change between the two
locations (Berthold and Carlstedt, 1977b, 1982). Con¬
sequently conduction velocity is likely to be lower
peripherally than centrally in that location. During
development, however, the pattern of difference in
conduction velocity in the cat may resemble that
occurring throughout life in the rat; the above
authors found that developing central sheaths are
relatively shorter and thinner than peripheral sheaths.

Impulse conduction is also likely to be influenced
by differences between fibres in the degree of longi¬
tudinal internodal variation in myelin sheath thick¬
ness as well as in internodal length itself. Both of
these vary substantially between successive central
and peripheral internodes of one and the same fibre
during the first half of the myelination process. The
patterns of such variation themselves differ between
individual fibres of a given bundle, suggesting that
conduction in axons of similar calibre may differ
substantially. These differences are further accen¬
tuated in those fibres which possess successive my¬
elinated and non-myelinated segments, over which
conduction is likely to be saltatory and non-saltatory,
respectively. Furthermore, bare segments vary in
length between fibres. Accordingly, during the early
stages of myelination there is likely to be a decrease
in precision in the degree to which impulses travelling
along a group of fibres are related to one another,
with a consequent loss of precision in the control of
muscle contraction, especially in early postnatal life.

Electrical interaction between myelinated fibres
has been investigated by several authors (Blair and
Erlanger, 1932, 1940; Rosenblueth, 1941, 1944;
Marrazzi and Lorente de No, 1944). Such interaction
may lead to either subthreshold excitability changes
in inactive fibres adjacent to active fibres or to the
transmission of impulses between adjacent fibres. The
latter was demonstrated only in instances where nerve
excitability was artificially increased. Subthreshold
interaction in a nerve trunk leads to synchronisation
of impulses in adjacent fibres (Katz and Schmitt,
1940, 1942). Since transitional nodes are closely
packed, interaction between them is possible. This
could lead to synchronisation of impulses in these
fibres. However, this possibility has to remain specu¬
lative until the electrophysiological properties of the
transitional zone, in particular those of the perinodal
astrocyte processes, which form sheaths around indi¬
vidual transitional nodes and therefore isolate them

structurally from their neighbours, are determined.

8.4. Neuromuscular Development

In attempting to correlate neural with muscular
development, it must be remembered that stages in
the former are relatively clear-cut but the latter is a
protracted and asynchronous process. Thus, while
myotube formation begins on E15 in the extensor
digitorum longus muscle of the rat hindlimb (Rubin¬
stein and Kelly, 1981) muscle cell clusters are still
present in this muscle postnatally, comprising 40%,
2% and 1% of the basement membrane-bound
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profiles at 2, 5 and 8 days postnatum, respectively
(Ontell and Dunn, 1978). Furthermore, muscle cells
and neuromuscular junctions are seen at different
stages of development in one and the same muscle
during late foetal and early postnatal life (Dennis,
1981; Bennett, 1983). Close membrane contacts be¬
tween axons and myotubes are first seen at El5 in rat
hindlimb muscles (Rubinstein and Kelly, 1981) and at
El6 in rat intercostal muscles (Kelly and Zacks,
1969). As these contacts mature, secondary myotubes
form within muscle cell clusters and become inner¬
vated up to approximately 10 days postnatum (Ontell
and Dunn, 1978). An additional difficulty in cor¬
relating neural and muscular development arises
from the polyneuronal innervation of individual syn¬
aptic sites. This persists during the second and third
weeks postnatum as each muscle fibre comes to be
innervated by a single axon (Dennis, 1981; Bennett,
1983). The maximum rate of large axon growth (Kaar
and Fraher, 1985; Fraher and Kaar, 1985) is closely
related in time to the rapid disappearance of extra-
fusal muscle cell clusters and to the concomitant
increase in the number of independent filamented
muscle fibres in the rat hindlimb during the early
postnatal period. The delay in maturation of small
axons is associated with a delay in growth of their
circumferences. This proceeds relatively slowly for a
time and accelerates between 12 and 20 days. Its
timing may also be related to the formation of their
terminal connections: in the rat hindlimb, while
neuromuscular junctions are seen initially at the polar
regions of intrafusal muscle fibres at birth, they are
not fully developed until approximately 12 days after
birth (Milburn, 1973) when accelerated maturation of
small fibres is occurring. These temporal correlates
between large axon and extrafusal muscle cell mat¬
uration on the one hand, and between small axon and
intrafusal neuromuscular maturation on the other,
reflect the fact that the large and small axons corre¬
spond in substantial measure to the alpha and
gamma classes, respectively.

9. CONCLUSIONS

1. Ventral spinal nerve rootlets immediately distal
to their emergence from the cord constitute, in those
regions lacking an autonomic outflow, an ideal lo¬
cation in which to study growth and myelination of
ventral motoneurone axons. This is because such
rootlets represent the purest available population of
these axons and also, because of the specialised
nature of the developmental changes occurring dur¬
ing axon segregation in that location, more mor¬
phological classes of axon maturation can be
identified there than elsewhere. Furthermore, axon
bundles and individual axons can be easily traced
between the CNS and PNS. Accordingly, the mat¬
uration of their central and peripheral parts can be
readily compared.

2. During early maturation Schwann cells form
complex clusters on the surface of the rootlet and
segregate axons within it in a complex fashion. These
clusters may represent a neural tube contribution to
the Schwann cell population.

3. CNS-PNS transitional nodes of Ranvier are

located at the CNS-PNS interface. These nodes are

markedly offset relative to one another, a feature
which is likely to increase mechanical strength at the
CNS-PNS junction, which is vulnerable to tensile
stress. Insertion of Schwann cell internodes below the
general level of the CNS surface as well as attach¬
ments between Schwann cell and astrocytic basal
laminae also protect this region against damage.
Furthermore, offsetting of nodes also lessens the
possibility of crosstalk between them in this region
where they are very highly concentrated.

Transitional node location may be determined in
part by the astrocytes forming the CNS-PNS inter¬
face, either directly, or indirectly by determining the
position of the central limit of the most proximal
peripheral Schwann cell. The latter may in turn
influence differentiation of the transitional node,
which constantly takes place in the axon segment
enveloped by a thin collar of Schwann cell cytoplasm
which surrounds the axon and abuts on the
CNS-PNS interface. Oligodendrocytes are less likely
to have a role to play in node location, since their
processes do not reach the vicinity of the nodal axon
until the essential features of its differentiation have
been completed.

Maturation of the transitional nodes of large and
small fibres follows a similar course. However, the
nodal ends of both bounding myelin sheaths slope
inwards more gently towards the axon in the latter
than in the former. Consequently the node gap of the
latter is substantially more open to the surrounding
extracellular space than that of the former. The node
gap of a substantial proportion of large axons is also
more open than is the case with typical peripheral
nodes of this axon class.

The transitional nodal axon surface departs from
that of a regular cylinder in a number of ways so as
to substantially increase the surface area of its axo-
lemma and therefore the area through which ions
may diffuse during nodal activity: it possesses irregu¬
lar undulations as well as sessile and pedunculated
projections. Furthermore, many axons change direc¬
tion sharply at the transitional node, further in¬
creasing its surface area. The nodal axolemma com¬
monly does not follow a circumferential path but
instead traces a sinuous course around the axon.

Recurrent axon branches grow out from an in¬
creasing proportion of transitional large nodes as
development progresses. These run centrally towards
the ventral grey matter of the spinal cord. Most
remain in the CNS throughout their course. How¬
ever, some enter the PNS and pursue a tortuous
course there before looping back into the CNS.

4. Study of axon bundles in the region of the
CNS-PNS transition enables individual axons to be
traced over the entire lengths of a number of inter¬
nodes in both central and peripheral parts of their
courses, by means of alternating sequential series of
light and electron microscopic sections.

Myelin sheath growth follows similar patterns cen¬
trally and peripherally. Sheaths on either side of the
transition, as well as further distally in the ventral
roots, do not grow at a uniform rate over the entire
internode. Instead, during a substantial proportion of
the growth period, sheath thickness increases most
rapidly at one level of the internode. As a result, in
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the majority of sheaths, thickness is greatest towards
the middle of the internode and decreases gradually
in the direction of the bounding nodes. This decre-
mental segment extends over a large proportion of
the length of the internode. In a substantial propor¬
tions of internodes the level of maximum sheath
thickness lies close to one or other bounding node.
This indicates that most internodes, both peripheral
and central, possess a high point of rotatory (my¬
elinating) activity during a considerable proportion
of the myelination process. Later, however, sheath
growth in other parts of the internode catches up,
resulting in a relatively uniform sheath thickness
throughout most of its length. Internodes bounding
the transitional node are an exception to this, how¬
ever, as the decremental segment persists and con¬
tinues to extend over a substantial proportion of the
internode, even at maturity. The persistence of a
decremental segment may allow greater radial current
flow and some decrease in conduction velocity in
those regions bordering the CNS-PNS transitional
zone than in typical internodes. This is likely to be
greater centrally than peripherally and in small rather
than in large fibres.

Central and peripheral myelination differ substan¬
tially from one another. The onset of myelination
occurs earlier and myelin sheath maturation and
growth proceed more rapidly in relation to peripheral
than to central fibre segments. Compared with their
central counterparts, peripheral sheaths are thicker
and peripheral internodes longer. These differences
reveal different average rates of response on the part
of oligodendrocytes and Schwann cells to my-
elinogenic stimuli. It is perhaps less likely to result
from differential myelinogenic stimuli emerging from
central and peripheral segments of one and the same
axon. There is marked variation between fibres, even
those of similar axon calibre, in the myelinating
activities of Schwann cells and oligodendrocytes en¬
veloping them. Thus, the sheaths surrounding periph¬
eral and central segments of axons of similar calibre
differ quite markedly from one another in a number
of their dimensions, including internodal length,
mean internodal myelin sheath thickness and patterns
of longitudinal variation in internodal sheath thick¬
ness. Furthermore, these parameters vary substan¬
tially between serially adjacent pairs of oligo¬
dendrocytes or of Schwann cells myelinating a given
axon. All of these differences emphasise the vari¬
ations which occur in the response to the my¬
elinogenic stimuli, both within and between the two
classes of myelinating cells. These differences are
most evident during maturation but persist to a lesser
degree into maturity.

In relation to individual large and small fibres,
mean internodal sheath thickness, axon calibre and
internodal length all tend to be significantly greater
peripherally than centrally. However, the magnitudes
of the differences in relation to each of these par¬
ameters vary considerably from fibre to fibre, again
emphasising the wide variation in activity on the part
of the myelinating cells.

Bfcause of these morphometric differences between
successive internodes on one and the same fibre and
because of differences in the pattern of such variation
between adjacent fibres, especially during devel¬

opment, conduction in neighbouring axons may
differ substantially. Such differences are likely to be
accentuated during development in relation to those
fibres which possess successive myelinated and non¬
myelinated segments, over which conduction is salta¬
tory and non-saltatory, respectively. Accordingly,
there is likely to be a substantial loss of precision in
the degree to which action potentials travelling along
neighbouring axons are correlated with one another,
with a corresponding loss of precision in the control
of muscle contraction.

5. By using the wide range of morphological devel¬
opmental classes of axon which are uniquely avail¬
able in the CNS-PNS transitional region, maturing
large and small fibre classes can be distinguished from
one another and their development traced separately
during the first week postnatum, when the overall
axon calibre distribution is still unimodal.

Large fibres mature rapidly after birth. They un¬
dergo a marked increase in axon calibre in the
immediate postnatal stage. This is associated with
their rapid morphological maturation, whereby all
become bimodal. This growth spurt occurs at the
time of the rapid disappearance of extrafusal muscle
cell clusters and the concomitant increase in the
number of independent filamented muscle fibres in
time of the rapid disappearance of extrafusal muscle
cell clusters and the concomitant increase in the
number of independant filamented muscle fibres in
the early postnatal period. Small axon maturation
takes place later than that of large axons. This is
associated with a prolongation of the earlier stages of
the process. The later stages are similar in duration
to equivalent stages of large axon maturation, and
occur during weeks 2 and 3 postnatum. This corre¬
sponds roughly to the period of differentiation of
neuromuscular junctions between gamma axons and
intrafusal fibres of the muscle spindles in the rat.
Thus, important milestones in motoneurone mat¬
uration and significant events of neuromuscular
differentiation are to a substantial degree correlated
in time. Nevertheless, the nature of any causal or
interactive relationship involved remains obscure.

6. Axon calibre within each class of fibre is
significantly greater peripherally than centrally and
axon growth rates are more rapid in the former
location.

7. Small axons are more myelinogenic than large
axons: myelination commences in relation to a
smaller axon calibre in the former. Both fibre groups
continue to have different myelin sheath
thickness-axon circumference relationships through¬
out development and also at maturity. Small fibres
have relatively thicker sheaths than large fibres. In
both groups the relationship is different for central
and peripheral fibre segments. Moreover, it changes
during maturation. For these reasons it is not per¬
missible to make inferences from the adult sheath
thickness-axon circumference relationship regarding
the relationship during development, as has been
done by a number of authors. Furthermore, because
the relationship is different between large and small
fibres, it is not appropriate to base extrapolations
regarding relationships at the onset of myelination on
data derived exclusively or largely from one or other
fibre class, except at very early stages of myelination.
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Age changes in the sheath thickness-axon calibre
relationship follow similar patterns for central and
peripheral fibre segments, suggesting a close linkage
between the control mechanism in both locations.

The strength of the correlation between sheath
thickness and axon circumference tends to be greater
among small than large fibres and among peripheral
than central segments within each fibre class. It
decreases with age peripherally and remains low
throughout centrally. This is in sharp contrast to the
age-related increase in correlation widely reported in
the literature in studies on all fibre classes combined.
Such studies did not take account of the fact that
linear correlation analysis should properly be applied
only to bivariate normal distributions, as is the case
when large and small groups are studied separately.
It should not be applied to bimodal distributions. The
widely reported age-related increase in correlation is
therefore likely to be spurious and to result from the
inappropriate statistical treatment which the applica¬
tion of such analysis to bimodally distributed data
entails. Examining the relationship in both classes
separately enables their differentiation to be analysed
more thoroughly than if that of all fibres together is
examined.

8. The g-ratio tends to decrease with age in both
large and small classes and is somewhat greater
centrally than peripherally within each class. There is
likely to be a large increase in conduction velocity in
all fibres on passing from CNS to PNS, because
differences in axon calibre, sheath thickness, g-ratio
and internodal length are all such as to bring this
about.
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INTRODUCTION

The present study consists of a detailed investigation, in the rat, of the changes
occurring in axon calibre during and immediately after the initiation of the myelina¬
tion process. The subsequent growth of both axon and myelin sheath during the first
17 days after birth has also been followed. The electron microscope was used, since
it allows great precision in the measurement of myelin sheath thickness and the
circumference of both myelinated and unmyelinated axons. Light microscopic
measurements of sheath thickness are inaccurate, particularly during the period
studied. Previous studies of a related kind have not paid much attention to the period
immediately prior to myelination and to the very earliest stages of myelination.

For the purpose of the investigation certain terms are defined as follows:
(i) Compact myelin is present only when two parts of the spiral mesaxon separated

by one turn have coalesced so that both period and intraperiod lines have appeared.
Such fibres are called myelinated.

(ii) Non-compact myelin is present when either the mesaxon describes less than one

complete turn about the axon or the mesaxon has completed one or more spiral turns
about its axon but has nowhere condensed to give rise to period and intraperiod lines.
Such fibres are included among the unmyelinated fibres.

(iii) Promyelin fibre: detailed accounts of the morphological changes occurring in
transverse sections of peripheral nerves during their maturation have been given by
Peters & Muir (1959) and Cravioto (1965). In almost all cases it is only when the
axon : Schwann cell ratio has reached unity that myelination begins. Those axons
which are prospectively myelinated, together with their Schwann cells, are called
promyelin fibres. This term (Friede & Samorajski, 1968) refers to a large unmyelinated
fibre in intimate contact over the whole of its circumference with one Schwann cell,
the cytoplasm of which contains abundant organelles. In all cases studied the
axon:Schwann cell ratio was 1:1.

METHODS AND OBSERVATIONS

The ventral roots of the lower cervical (C6-C8) spinal nerves of eight albino rats
of the same highly inbred strain were used in the investigation. These roots were
chosen in order to provide a relatively uniform sample of predominantly somatic
efferent fibres of variable length.

All specimens were subject to the same standardized technique throughout all
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stages from anaesthetization to viewing and photography with the electron micros¬
cope. The does were given a good adequate diet before and during gestation and
while suckling the young. All young were kept in the same environment up to the time
of sacrifice. Their post-partum ages at death were: 0-1 hour, 25-26 hours, 48-49
hours, 72-84 hours, 97-98 hours, 8-8-fc days, 17-1days. These ages are subsequently
referred to as: newborn, 1, 2, 3, 4, 8 and 17 day old respectively.

Spinal nerve roots are very delicate (Gamble, 1964), having a low density of
collagen. Because of this the fibres were fixed in situ by perfusion with a solution of
4 % paraformaldehyde and 0-5 % glutaraldehyde in phosphate buffer at a pH of 7-2
through the left ventricle under ether anaesthesia. In this way the effects of mechanical
deformation were reduced. Perfusion began about 15 seconds after the skin had been
incised and within 5 seconds of opening the thoracic cavity. The degree to which the
anterior spinal artery was later found to have been cleared of blood was taken as an
indication of the effectiveness of perfusion and only those specimens in which it had
been fully cleared were processed further.

The spinal medulla and nerve roots in the meninges were exposed by bilateral
laminectomy; the spinal nerve trunks were cut across with a very fine knife in such a

way as to avoid placing longitudinal stress on them. The first 12 or 14 spinal medul¬
lary segments together with their attached roots, the most proximal parts of the spinal
nerves and the meninges covering all of these were isolated and removed en bloc.
After osmication, the specimen was subdivided into its member segments by making
a transverse cut between the points of attachment of rootlets contributing to adjacent
roots.

In order to facilitate sectioning of the ventral roots in a plane as close as possible
to the transverse, note was taken of the three-dimensional orientation of each ventral
root with respect to its segment, of its curvature and shape and those of its constituent
rootlets, and of the orientation of each segment in the final Araldite bath.

Electron microscopy
All sections were cut on a Porter-Blum MT-1 microtome. In each case the portion

of the root studied lay one third of the way from the points of attachment of the
rootlets to the spinal medulla to the junction of the dorsal and ventral roots. The free
portion of the root was used since there is no proof that the composition of its
component rootlets is similar. In order to ck^k that the plane of section was

nearly transverse, thick (0-5-1 -0//m) sections were v. -t and stained with a mixture
of 0-8 % toluidine blue and 0-2 % pyronin B. Ultrathin sections were st lined with
0-2 % lead citrate for 2 minutes and then with uranyl acetate (saturated solution in
50 % ethanol) for 10 minutes, and were examined in a Vickers M6 electron micros¬
cope.

Fixation and preservation were satisfactory in all cases, being very good for those
roots up to and including 8 days old. Those of 17 days showed some shrinkage, with
axons which were on the whole more irregular in outline than those of the younger
rats, perhaps due to dehydration and shrinkage of the axoplasm (see Figs. 1-8).

A montage was made of each root by serially photographing it at x 6000 or
x 8000 with subsequent enlargement. In the case of those from the newborn, 1
and 4 day old animals the whole of the selected root was used in making the montage,



Figs. 1^1. Representative areas from the newborn (Fig. 1), 1 (Fig. 2), 2 (Fig. 3)
and 3 (F ig. 4) day old roots.



Figs. 5-8. Representative areas from the 4 (Fig. 5), 8 (Fig. 6) and 17 (Figs. 7, 8) day old roots.

J. P. FRAHER



Early myelination of anterior root fibres 103
but in the 8 and 17 day old approximately 80 and 90 % respectively of their fibres
were photographed. In the remaining three examples (which include two at 3 days
old) smaller montages were made of a number of widely scattered areas.

At each age, the fibres studied were taken from every part of the root in order to
compensate for possible differences between fibres belonging to different bundles or
sectors (Donovan, 1967).

Before inclusion in the study each fibre was checked for the absence of significant
artefacts or unusual myelin forms, examples of which are shown in Figs. 9-19. Long,
redundant tails of myelin (Fig. 9), forms similar to that shown in Fig. 11, and isolated
rings (Fig. 13) occurred fairly frequently and were almost certainly not artefacts
produced by preparation. Even so, all fibres showing any of these forms were
excluded, as were those which showed the more obviously artefactual forms (Figs. 10,
12, 14, 15). However, the presence of small foci of separation of laminae (Fig. 16) was
not used to exclude fibres in the case of the 17 day old specimens. Such foci were
presumably artefacts, being distinguished from incisures of Schmidt-Lantermann by
the absence of cytoplasmic elements between the laminae and by the fact that several
layers of compact myelin separate the spaces. They probably resulted from strains
in the sheath due to changes in dimension during preparation (Finean, 1958:
Williams & Wendell-Smith, 1960).

Very frequently a sheath made up of ten turns or less consisted of compact myelin
■ for more than three-quarters of its circumference, while the lamellae in the remainder
were separated by Schwann cell cytoplasm (Fig. 17). Because of the ordered appear¬
ance and smooth curvature of the membranes and the normality of the intervening
cytoplasm in this arc such fibres were included in the study. This feature represents
a normal phase in sheath maturation (Figs. 18, 19).

Each fibre was also checked in order to ensure that its plane of section was near to
the transverse. It can be simply calculated that if the plane of section of a cylindrical
fibre is angled away by 25° or less on either side of the transverse, the observed value
for the circumference exceeds the actual by 5-2 % or less. For 35° deviation the excess
is less than 12%. The excess increases more and more rapidly as the angulation
increases. Cylindrical fibres sectioned obliquely present an elliptical outline.

Some obliquely sectioned neurotubules can be seen in most axons which have
been cut transversely. It was considered a sufficient reason for excluding a fibre from
the study if more than a small proportion of the neurotubules were cut obliquely and
the long axes of the resulting profiles were approximately parallel to one another.

If a large proportion of sectioned fibres close to one another were elliptical and the
long axes of those ellipses were parallel to one another, it was assumed that these
fibres were in reality cylindrical but had been sectioned obliquely. Such fibres were
not studied. However, when only a small proportion of scattered fibres were elliptical
on cross-section, it was assumed that they had been cut obliquely only if the neuro¬
tubules varied in such a way as to suggest this and the myelin sheath was thicker at
either end of the long diameter of the ellipse than at either end of the short diameter;
in such cases they were excluded from the study. Otherwise they were taken to be
really elliptical on transverse section and were included.

Fibres sectioned through a node of Ranvier or a paranodal region were also
omitted. In the older rats no paranodal sections were seen which resembled those
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fibres were in reality cylindrical but had been sectioned obliquely. Such fibres were
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Figs. 9-19. Unusual myelin forms and artefacts. The presence of such features as are shown in
Figs. 9-15 excluded a fibre from the study (see text). Foci of separation in the sheaths of 17 day
old fibres (Fig. 16) did not exclude a fibre from the study (see text). Fibres whose sheaths included
features such as are evident in Figs. 17, 18 and 19 were included in the study (see text).
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described by Hess & Young (1952), Williams & Landon (1963) and Landon &
Williams (1963).

Of all fibres photographed 23 % were excluded on one or more of the above
grounds. The percentages excluded varied among the roots from 19 to 27 %.

It follows from Sanders's (1947) study of the behaviour of the ratio 'g' (axon
diameter/total diameter) and the 'area ratio' (sheath area/axon area) that correlation
of simple measurements of sheath thickness with some estimate of axon calibre
would give the most useful results.

Serial light microscope sections reveal that a nerve fibre can maintain a non-
circular outline over a considerable length. An elliptical outline is one example, and
it was found that such an outline is usually not associated with a change in the position
of a fibre relative to its neighbours in its bundle. It is difficult to represent the calibre
of such fibres, or of those with profiles resembling rounded hexagons or triangles, by a
single arbitrary measurement purporting to be equivalent to the diameter of a
circular fibre. For this reason axon calibre was in each case estimated by measuring
circumference.

In order to estimate the degree of myelination the number of completed turns of
the mesaxon was counted in preference to simply measuring the sheath thickness,
which changes considerably during fixation, dehydration and embedding (Finean,
1958; .Villiams & Wendell-Smith, 1960). This procedure avoided complications due
to the effects of slight variations in preparation time, of different reactions in the
myelin to the various steps of the preparation process at different ages, or of varia¬
tions in the concentration of fixative actually reaching the nerve fibres.

Thus sheath thickness was measured in units independent of shrinkage or swelling,
though the measurement of axon circumference is inevitably influenced by such
factors. Hursh (1939), in a study on 16 day old kitten and on cat spinal root material,
found nerve fibre diameter to be increased during osmic acid fixation by 2-2 + 0-5 %
and decreased by about 8 % during the whole of fixation and dehydration. He found
that shrinkage of connective tissue accounted for a considerable part of the shrinkage
of root bundles.

Each myelinated nerve fibre included in the present study was given a reference
number and the following data were collected:

(i) The circumference of each axon was measured in mm using a map meter. The
reading so obtained was expressed in ym correct to the nearest 0-1 /im by using
correction factors calculated from prints of a calibration grid (2160 lines/mm)
photographed under the same conditions of magnification as the root at each
photographic session.

(ii) The number of turns of compact myelin was counted from the negative plate
using a dissecting microscope in conjunction with a horizontal illuminated ground
glass screen.

In the roots taken from the newborn, the 1 and 4 day old rats, the following data
were collected for those unmyelinated fibres meeting the criteria for promyelin fibres:
(i) the circumference was measured and converted to ym as for the myelinated fibres.
(ii) the number of spiral turns of the mesaxon around the axon was counted and
rounded down to the nearest quarter turn completed.

As estimates of central tendency and dispersion, the means and standard deviations
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Tables 1-5. Examples of data collected from electron microscopic
montages of roots (see text)

(s — standard deviation of axon circumference; n = no. of fibres studied.)
Table 1. Rat no. 1, newborn

Mean
axon

circumfer-
Turns ence (/tm) s n

Promyelin 3-7 0-85 42
3 4-1 0-84 36
4 4-2 0-78 39
5 4-4 101 22
6 4-8 0-49 12
7 4-4 0-51 16
9 4-3 0-75 9

Table 2. Rat no. 2, age 1 day
Mean
axon

circumfer¬
Turns ence (/im) s n

Promyelin 4-7 114 63
3 5-4 1-81 42
4 5-6 1-37 43
5 6-3 1-52 46
7 5-9 1-39 36
9 6-4 1-24 34

11 6-5 1-54 2S
13 5-7 1-32 10

Table 3. Rat no. 6, age 4 days
Mean
axon

circumfer¬
Turns ence (/im) s n

Promyelin 3-8 101 10
3 4-4 0-74 6
4 4-9 1-02 8
5 4-3 0-60 8
6 5-9 1-92 9
8 5-1 1-34 10

10 5-0 1-17 19
12 5-8 2-07 22
14 5-2 0-94 28
15 5-8 1-45 38
16 5-5 1-04 42
17 5-8 118 37
19 6-0 1-69 23
21 5-6 1-25 40
22 5-8 0-63 12
23 5-9 0-83 14
24 6-3 1-48 10
25 6-6 0-88 8
26 6-3 0-67 10
28 5-7 0-69 8
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Table 4. Rat no. 7, age 8 days

107

Mean
axon

circumfer-
Turns ence (/tm) s n

3 3-3 0-99 9
5 40 0-37 4
8 3-4 0-73 5

13 3-9 0-95 7
15 4-8 2-04 9
19 5-8 1-98 12
20 6-4 1-02 13
22 6-5 2-11 16
24 6-5 1-43 16
26 6-9 1-61 22
28 6-9 1-99 21
30 8-1 1-51 24
32 7-8 1-70 25
34 8-5 1-28 21
36 8-5 1-79 20
38 9-4 1-49 11
40 8-8 1-79 11
43 9-9 2-40 6
44 7-9 1-20 6
46 9-5 1-40 5

Table 5. Rat no. 8, age 17 days

Mean
axon

circumfer¬
Turns ence (/ira) S n

14 4-9 0-91 7
15 4-6 1-47 8
16 5-4 1-29 12
18 5-8 1-27 8
21 5-9 1-44 12
22 5-4 1-15 14
24 7-1 2-13 7
29 80 1-21 7
38 11-5 3-15 10
40 11-25 1-71 10
41 10-2 1-59 8
44 11-6 1-83 11
48 12-0 2-01 13
49 13-0 1-10 11
52 14-1 2-84 11
57 12-5 0-91 7

of the circumference measurements were calculated for the whole sample of promyelin
fibres at each of the three following ages: newborn, 1 day and 4 days (Tables 1-3).
Similar calculations were made for all circumference values associated with each
discrete number of turns of compact myelin at each of the above three ages and also
for the 8 and 17 day old roots (examples are given in Tables 1-5).



108 J. P. FRAHER

To study the changes of axon calibre which accompany the initiation of myelina-
tion the following procedures were carried out on the newborn, 1 and 4 day old
roots.

Unmyelinatedfibres
The promyelin fibres were subdivided according to the total number of turns of the

associated mesaxons. Those whose mesaxons showed reduplicated folds were studied
as a distinct class of promyelin fibre; such fibres rarely had more than one half and
never more than one turn of the mesaxon; they were considered to be at an earlier
stage of the myelination process than those having one turn. The presence of one or
more completed spiral turns of mesaxon was taken to indicate that the process of
myelination had been initiated. Axons fulfilling these conditions were subdivided into
two sets according to the number of turns of the mesaxon: (a) those having one or more
but less than two turns, and (b) those having two or more but less than three turns.
The number of unmyelinated fibres surrounded by three or more turns was negligible.

Those promyelin fibres belonging to each of the above sets were subdivided
further according to their circumferences into classes of class interval 0-5 /un and the
percentage of all such axons belonging to each class was calculated for the newborn
and 1 day old roots (Figs. 20, 21).

Myelinated fibres
For the newborn and 1 day old roots, a separate histogram was set up showing the

percentages of axons, with 3, 4 or 5 turns to their myelin sheaths, which fell into the
same circumference classes as were used for the unmyelinated fibres (Figs. 20, 21).

In the case of the 4 day old roots the numbers of myelinated and unmyelinated fibres
in each of the relevant classes were too small to allow useful comparison with those of
the younger ages.

Light microscopy
In order to study longitudinal variations in axon calibre, serial 0-5 /mi thick

transverse sections stained with pyronin B and toluidine blue were made from the
eighth cervical ventral root at 1 and 17 days of age. To allow as close a comparison as

possible between the longitudinal variations in calibre and the variation in circum¬
ference values associated with each discrete number of turns of myelin as found from
the electron micrograph montages, the light microscopic sections were cut from the
same blocks immediately distal to the ultrathin sections used at the same ages. Evans
& Vizoso (1951) stressed that serious errors may be introduced by variations in light
intensity and exposure time, and to overcome this source of error all photographs
were taken on one session using a Zeiss Ultraphot Photomicroscope and its automatic
exposure device.

For the 1 day old root the circumference of each of 16 axons was estimated by
measuring the inner circumference of the myelin sheath at each of 25 levels extending
over 32/<m along the root, since the axolemma could not be seen using the light
microscope. Similarly, for the 17 day old root the circumference of each of seven
axons was estimated at each of 42 levels extending over 122 //m. For each axon the
mean circumference and standard deviation were calculated (Table 6a, /;). Standard
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Table 6. Data for axon circumference collected by measurement of serial light
microscopic sections of individual axons at (a) 1 day and (b) 17 days.

Age 1 day Age 17 days

X s .V s •V s

4-6 0-64 5-4 0-76 4-9 0-42
4-9 0-43 5-4 0-76 5-6 0-43
4-9 0-44 5-5 0-67 10-6 0-79
5-2 0-49 5-7 0-87 12-6 0-73
5-3 0-33 6-0 0-98 12-7 0-73
5-3 0-70 6-2 0-75 12-7 1-03
5-3 0-84 7-0 0-41 13-9 1-30
5-4 0-45 7-2 0-51

(.v = mean axon circumference fum); s = standard deviation of axon circumference.)

deviations were also calculated for all the circumferences at each age. An estimate of
the extent to which the calibre of individual fibres varied at different levels and an

estimate of longitudinal calibre variation of the sample of fibres as a whole were thus
i obtained for comparison with similar estimates calculated from the electron micro-

graphic data.
For the 1 and 17 day old animals serial longitudinal light microscopic sections

were made of the roots immediately adjacent to those used for the electron micros¬
copic study, in order to check (i) the pitch of any longitudinal calibre variation and
(ii) the presence and length of non-myelinated internodal regions of myelinated
fibres.

The number of myelinated fibres included in the study for each age was as follows:

Table 7
i

No. of myelinated
Rat no. Age in days fibres studied

I Newborn 149
1 386

3 2 110
4 3 40
5 3 43
6 4 486
7 8 509
S 17 323

The inception of myelination
In both newborn and 1 day old roots the relative frequency distributions of axon

circumference for unmyelinated and myelinated fibres resemble one another closely
(Figs. 20, 21). In both cases there is a slight shift to the right of the histograms as
myelination begins and proceeds, an observation borne out by the slight increase in
mean circumference with increasing sheath thickness (Tables 1, 2). Standard devia¬
tions are large and vary randomly (Tables 1, 2).
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1 Thus myelination begins in relation to axons whose circumference values show a

wide variation which persists in a very similar degree through at least the early
stages.

Though the percentage of fibres having a circumference of less than 3-0 /tm falls
as myelination is initiated, the minimum remains about 2-8 /<m. Of all 2046 myelinated
fibres examined, only three were found to have a circumference of less than 2-8 /im,
which is equivalent to a diameter of 0-9 /tm, assuming a circular outline. If Hursh's

' (1939) figures for shrinkage apply to the present material, these values would be
equivalent to a circumference of about 3-1 /<m and a diameter of about 1-0 /tm for

, the fresh fibres - values in accord with the findings of Duncan (1934), Young (1945),
Vizoso & Young (1948), and Samorajski & Friede (1968). The circumferences of the
three exceptions mentioned were 2-1, 2-3 and 2-5 /cm.

Even though myelination was beginning in relation to only two fibres at 17 days
their circumferences were well within the range of those of fibres whose sheath
consisted of three turns of compact myelin, which in turn was very similar to that of
the circumferences of all unmyelinated axons having an axon:Schwann cell ratio of
1:1. There was therefore no evidence of a discontinuity of circumference measure¬
ments between myelinated and unmyelinated fibres at any stage up to and including
17 days postnatal.

Comparison of those relative frequency histograms relating to the same degree of
myelination at different ages (Figs. 20, 21) shows considerable differences between
them; not only has the whole histogram shifted to the right for the 1 day old root
relative to the newborn but also its range has increased with a decrease in the height
of its summit. The means and standard deviations (Tables 1 and 2) reflect these
changes. On transverse section, non-myelinated internodal regions of myelinated
fibres could be confused with unmyelinated fibres, thereby tending to increase the

r range of the percentage frequency histograms for the latter towards the upper end.
However, study of serial light microscopic longitudinal sections of the anterior roots

i of the segment immediately distal to that used for the above electron microscopic
studies at one day postnatal showed that, at this stage of development, adjacent
internodal myelin segments had extended so close to one another that there were no

non-myelinated internodal regions.
The mean values and ranges of circumferences at which myelination is initiated

were both greatest at 1 day old. Though in the later material the numbers of fibres at
this stage of maturation were very small, they were all consistent in showing values for
both estimates which were both smaller and similar to one another.

r

The frequency of initiation of myelination must be reflected by the number of
unmyelinated fibres having one or more turns of the mesaxon wound around them.
This rate was high in both the newborn and 1-day-old roots and had fallen off very

considerably in the 4 day old. However, a very small proportion (0-5 %) of fibres

Fig. 20. Percentage frequency histograms of fibre circumferences for newborn root. Promyelin
fibres: (a) those with mesaxonal loops; (b) those with one or more but less than two turns;
(c) those with two or more but less than three turns; (d) all promyelin fibres. Myelinated fibres:
(e) those whose sheath consists of three completed turns; (/) those whose sheath consists of four
completed turns; (g) those whose sheath consists of five completed turns. Ordinates: percentages.
Abscissae: circumference class midpoints. Class interval = 0-5 /im.
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Fig. 21. Percentage frequency histograms of fibre circumferences for 1 day old root. Promyelin
fibres: (a) those with mesaxonal loops; (b) those with one or more but less than two turns;
(c) those with two or more but less than three turns; (d) all promyelin fibres. Myelinated fibres:
(e) those whose sheath consists of three completed turns; ({) those whose sheath consists of four
completed turns; (g) those whose sheath consists of five completed turns. Ordinates: percentages.
Abscissae: circumference class midpoints. Class interval = 0-5 /tm.
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Table 8. Data relating to numbers of {a) promyelin fibres and (b) fibres on the
lowest levels of myelination in the newborn, 1 and 4 day old roots

(a) Promyelin fibres

Turns (/"„ 3= 1)
Loops Turns (2 >tn > 1) Turns (3 > t„ 3= 2) , A

Age No. No. No. No. °/0

Newborn 58 28 14 42 22
1 day 26 37 21 63 14
4 days 6 5 10 2-0

(.b) Myelinated fibres

tc = 3 tc = 4 tc = 5
tc — 2 r * i < * n i a

Age No. No. % No. 0/
/o No. °/

/o

Newborn 5 50 26 45 24 25 13
1 day 5 53 12 55 12 55 12
4 days 1 11 2-2 14 2-9 9 1-9

{tc = no. of turns of compact myelin, tn = no. of turns of non-compact myelin.
All percentages are of all fibres studied in the appropriate root.)

were still beginning to myelinate even at 17 days. The changes in the numbers of
fibres with sheaths composed of 3, 4 or 5 turns of compact myelin were remarkably
similar from one age group to another (Table 8).

Those axons surrounded by two to three turns of myelin, whether compact or non-

compact, were of particular interest. In less than 40 % of such sheaths was compact
myelin present; it was present in 93-95 % of those composed of between three and
four turns. In both cases, when present, compact myelin usually made up the full
thickness of the sheath over an extent of about three-quarters of the circumference.

The points of continuity of the internal and external ends of the mesaxon with the
other parts of the Schwann cell membrane were within the same quadrant in 72-5 %
of all myelinated fibres in the 1 day old root. That quadrant very often consisted of
non-compact myelin with intervening Schwann cell cytoplasm. Out of the 72-5 %, the
points of attachment were in the same quadrant in 87 % of those fibres having 3-5
turns, in 66 % with 6-10 turns and in 50 % with 11-15 turns. Thus the percentage fell
as the sheath thickened.

Progress of myelination
The combined effects of simultaneous changes in axon circumference and sheath

thickness over the first 17 days after birth can be estimated from the scatter diagrams
( Fig. 22a, b). The changes occurring in sheath thickness and axon circumference can
be studied independently, using the data set out as relative frequency histograms in
Fig. 23 a, b.

Reference to these figures and to Tables 1-5 makes it clear that with increasing age
the majority of myelinating fibres could be regarded as points moving to the right
and upwards across the scatter diagram as a three-dimensional cluster, the dimensions

s ANA 112
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Fig. 22. Scatter diagrams showing number of turns of myelin (abscissae) plotted against axon
circumference (ordinates). (a) newborn to 4 days; (b) 8 and 17 days old.

being length, breadth and time; a less dense scattering of fibres stretches to the left
and downward behind them.

The concentration into a cluster is also evident from both sets of histograms in
Fig. 23 a, b as an elevation which shifts to the right with time as each parameter
increases. In both cases the prominence of the elevation lessens progressively as age
advances, reflecting the gradually diminishing proportions of the fibres contained in
it, and the decreasing density of the points on the scatter diagrams. At 17 days the
histograms are bimodal. Evans & Vizoso (1951) found that a bimodal calibre

8-2
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Table 9. Statistical data calculated for all myelinated fibres studied in
each root

In reg;ression equation Y = a + bX, X refers to sheath thickness (expressed in number of
turns of myelin), Y to axon circumference.

Coefficients of
regression equation Standard Correlation

Age No. of , error of coefficient
(days p.p.) observations a b b r r2

0 149 4-077 0-0525 0-0259 0-1652 0-0272
1 386 5-584 0-0594 0-0249 0-1204 0-0145
2 110 6-683 0-0022 0-0468 0-0000 —

3 40 4-918 0-0326 0-0476 0-1104 0-0122
3 43 5-223 0-0953 0-0756 0-1931 0-0373
4 486 4-849 0-0580 0-0102 0-2497 0-0624
8 509 2-838 0-1511 0-0074 0-6689 0-4474

17 323 1-770 0-2119 0-0063 0-8836 0-7807

distribution became evident during the third and fourth weeks after birth in the
nervus gastrocnemius medialis of the rabbit.

At 4 and 8 days (with the scales chosen) the scatter diagram shows a cluster of oval
shape, with its long axis more or less parallel to the abscissa. Previous to that (in the
newborn and 1 day old rats) the cluster includes those fibres with three turns of
compact myelin and its outline resembles a semicircle; at these times the frequency
of initiation and the range of circumferences associated with three turns of compact
myelin are both at their greatest.

The scatter diagrams for the 8 and 17 day old roots suggest a linear relationship
between axon circumference and sheath thickness, but in the case of the younger
roots such a relationship is much less obvious. Accordingly, regression and correla¬
tion analyses were carried out on the data for each root using all myelinated fibres
studied. The results are outlined in Table 9.

A significant regression of y (axon circumference) on „v (number of turns) was
shown to exist for all roots except those aged 2 and 3 days in which cases the
regression coefficients did not differ significantly from zero. A straight regression
line could be fitted to the other five distributions; in the case of the two youngest
roots the difference between the regression coefficients and zero was significant at
0-01 < P < 0-05, whereas for the three oldest roots it was highly significant
(P < 0-01), the significance increasing with advancing age. The slope of the calculated
regression line became steeper with increasing age as mean circumference and sheath
thickness increased.

In only two cases, roots aged 1 and 8 days, was there a significantly better fit with a
quadratic curve than with a rectilinear relationship.

The correlation coefficients are very low indeed for the younger roots, i.e. as long
as the dense cluster of points on the scatter diagrams remains near the ordinate: but
as it shifts to the right and upwards with increasing age, as the relative density of
points falls and as points come to stretch to the right and upwards between it and the
ordinate, the correlation coefficient rises progressively. The zero value of r found at
2 days is very probably not typical of all roots at that age.
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Though the fitted regression lines are significant they are clearly imperfect descrip¬
tions of the distributions of points in the scatter diagrams for 4 days and under, when
the correlation between sheath thickness (x) and axon circumference (y) is very low.
The proportion of the variance of y that can be attributed to its linear regression on
x is given by r- (Table 9). From this it is evident that in the case of those roots aged
4 days and under, apart from that aged 2 days, only about 1-6 % of the variance of
axon circumference is accounted for in terms of its linear regression, whereas for the
two oldest roots the proportion rises to 45 % at 8 days and 78 % at 17 days.

The very great scatter of circumference relative to sheath thickness values and vice
versa is remarkable. As age advances the absolute variation in circumference
associated with each discrete number of turns tends to increase somewhat in absolute
terms (Tables 1-5), but becomes relatively less since mean circumference values
increase.

The proportion of fibres sectioned through a plane which included the related
Schwann cell nucleus was, as expected, greater (15—20 %) for those roots of 3 days of
age or less, than for those of 4 days or more (6-10 %). However, at all ages the cir¬
cumferences of such fibres were usually scattered fairly uniformly throughout the
lower half or two-thirds of the range for each discrete number of turns, with little
tendency to accumulate at the lower end. In addition, serial light microscopic
transverse sections showed that fibres were most often constricted in sites unrelated to

Schwann cell nuclei and that the circumference of an axon varied from one level to

another quite independently of the presence of a Schwann cell nucleus.
In order to obtain some idea as to whether the variation in circumference associated

with each discrete number of turns could be explained entirely by longitudinal
variation in axon calibre, standard deviations calculated from serial transverse
sections studied by light microscopy (Table 6a, b) were compared with those cal¬
culated from electron micrograph montages of transverse sections of the same roots
(Tables 1, 5). Though the precision of the former measurements was less than that of
the latter, the differences were marked; the standard deviations calculated from the
electron micrograph montages were greater in all but two of the twenty-three cases.
Indeed, in the 1 and 17 day old roots the standard deviation of the circumferences of
all the axons from the electron micrographic montages (1-28 and 1-75 respectively)
was in each case about twice that calculated from the pooled measurements on the
fibres selected at random for serial light studies (0-66 and 0-80 respectively).

In the younger roots structures fitting the description of coated vesicles or acantho-
somes given in Fawcett's (1965) review were fairly abundant as specializations of the
plasma membrane and within the cytoplasm of Schwann cells, the vast majority
being found in relation to those enveloping a single axon, either myelinated or
unmyelinated. Many were present in relation to the mesaxon of promvelin fibres and
some in relation to that part of the Schwann cell plasma membrane apposed to the
axon. In no case was more than one found in relation to a Schwann cell. A few were

seen as specializations of the axolemma or as vesicles lying within the axoplasm.
None was found in relation to the 17 day old root.
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DISCUSSION

During the first day after birth myelination is beginning in relation to a wide range
of axon circumferences, which is of the same order of magnitude as the range of
circumferences of all myelinated fibres at the same age; that range has already shifted
to the right and increased at the end of the first day. This shift to the right reflects
closely the similar changes which occur in the frequency distribution ofcircumferences
of all promyelin fibres considered together, and more closely still those exhibited by
the fibres with the lowest number of turns of compact myelin; all of these ranges are

greater at 1 day after birth than at any other age for fibres at the same stages of
maturation.

These variations observed between the distributions of axon circumferences
associated with the onset of myelination could be due to those fibres which are

presumptively the largest having already increased in relative calibre by the time they
begin to myelinate, assuming that for all or most of the fibres myelination begins
during the first few days after birth.

Thus myelination begins at a later mean biological age when the frequency of
initiation is greatest, if the greater average circumference is taken as evidence of
biological ageing. The evidence presented is very much against there being a single
critical circumference value or even a range of values, the same from one age to
another, at which myelination is initiated. It seems rather as if there is a minimum
axon circumference value of about 3-0 //m (before fixation) below which myelination
tends not to take place. The very poor correlation between axon circumference and
myelin sheath thickness in the early stages suggests that axon calibre is unlikely to be
the only factor controlling sheath thickness during that period at least. Some other
factor, possibly chemical, may operate as a stimulus. The acanthosomes observed
could provide the morphological basis of a mechanism by which an axon could
influence myelinating activities of surrounding Schwann cells.

The relative diminution in the number of fibres with between two and three turns is
remarkable (Table 8). It is as if in the majority of cases the myelination process speeds
through the third turn at a quicker rate and towards the end of this turn the apposed
membranes of the mesaxon begin to coalesce to give compact myelin, the process
rapidly spreading over approximately three-quarters of the circumference of the
presumptive sheath. It is possible that as the sheath matures and becomes thicker the
cytoplasm remaining in the rest is gradually extruded so that compact myelin comes
to make up the whole of the sheath by condensation, generally from without inwards
(Figs. 17-19). Profiles such as these may be seen at different levels of the same inter-
node (Robertson, 1960).

Robertson (1960) suggested that peripheral myelination could occur 'at least partly
by a spiral extension of the inner lip of the Schwann cytoplasm next to the axon in
association with the development of a local axonal constriction' and that a constriction
of the axon might form an essential stimulant to myelin formation. If the latter is
true, and there is no sudden increase in axon calibre at the time of initiation of
myelination, then the relative frequency histogram of circumference for those fibres
having three turns of compact myelin should be shifted to the left relative to those for
all promyelin fibres and more especially those having between one and three turns of
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non-compact myelin wound about them. In fact it is shifted slightly to the right
relative to the others (Figs. 20, 21). From the data presented, therefore, it seems that
myelination is unlikely to be initiated preferentially at a point of axonal constriction.

The tendency for opposite ends of the mesaxon to lie within the same quadrant is
similar to that noted by Peters (1964) for central nervous system sheaths. However,
he found that the tendency for external tongue processes and internal mesaxons to
lie within the same quadrant of the sheath increased as the sheath thickness in¬
creased. If indeed there is a real relative rotation of Schwann cell and axon during
myelination, the tendency for the inner and outer ends of the mesaxon to lie within
the same quadrant is compatible with the hypothesis that the speed at which the
mesaxon is spun about the axon by the Schwann cell varies in a similar way while
each turn is being formed, being least while the inner and outer ends of the mesaxon
lie within the same quadrant and greatest while they do not; and that in the case of
peripheral fibres this type of variation is more marked the fewer the turns completed,
and becomes progressively less as more and more turns are added, though it is still
present at 11-15 turns.

As age advances the proportion of promvelin fibres diminishes progressively and
the frequency of initiation falls rapidly. Those parts of the scatter diagrams having a
high density of fibres at 1 and 4 days are much more sparsely populated at 8 days as
the cluster moves to the right and upwards. At 17 days these features are even more
obvious. Thus the cluster is composed of fibres which make up a large proportion of
all prospectively myelinated fibres and which probably begin to myelinate within a
period of one to three days of one another. That the cluster does remain relatively
compact for a time indicates that the rates of increase of circumference and sheath
thickness remain broadly similar over a week or so, but only for the cluster as a whole,
not necessarily for each individual fibre within it.

The increasing correlation between circumference and sheath thickness as both
increase occurs predominantly within a population of myelinated fibres and much less
as a result of successive myelination of previously unmyelinated fibres which
subsequently behave in such a way as to give a relationship which approaches linearity
more closely.

Because the cluster contains a fairly uniformly dense distribution of points on
either side of its long axis, which lies more or less parallel to the abscissa, the correla¬
tion between circumference and sheath thickness for the fibres it represents is very
low. So long as such a cluster is present and contains a large proportion of all points
on the scatter diagram it will tend to lower the value of the correlation coefficient for
the root as a whole. Even though the cluster persists in the 8 day old scatter diagram a
considerable proportion of the points are strung out over an approximately straight
line, thereby tending to raise the correlation coefficient for the whole root.

The intensity of the association between sheath thickness and axon circumference,
indicated by the proportion of the variance of circumference attributable to its linear
regression on sheath thickness, increases rapidly between the 4th and 8th day, being
very small on and before the 4th day (r, Table 9). On the assumption that axon
calibre controls myelin sheath thickness it follows that its determining influence,
however exerted, is minimal at first but begins to increase at some stage between 4
and 8 days after birth and reaches a high level by the 17th day after birth.
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The changes in correlation coefficient are fairly similar to the values found by

Samorajski & Friede (1968) for myelinated pyramidal tract fibres over approximately
the same age range. These authors did not publish regression or correlation values
for their study of sciatic nerve fibres (Friede & Samorajski, 1968). However, it seems
from looking at their scatter diagrams for I, 2 and 4 day old rat sciatic nerves that
there is a very considerable degree of scatter in their data.

In their study on the effect of undernutrition on mvelination of rat sciatic nerve,

Hedlev-Whyte & Meuser (1971) state that they found a straight-line relationship
between the number of myelin lamellae and axonal circumference at all ages in both
deprived and normal littermates. Flowever, they do not publish any statistical evidence
for this statement in their paper.

Allt (1969) found a correlation coefficient of 0-747 between myelin sheath thickness
and axon circumference for 5 day old rat sciatic nerve. Friede & Samorajski, in
another paper (1970), give correlation coefficients of 0-53 and 0-78 between axon
circumference and the number of myelin lamellae for 6 and 12 day old rat sciatic
nerves respectively.

Sunderland & Roche (1958), in a light microscopic study of opossum nerve fibres,
found a considerable range of variation in myelin sheath thickness around axons of
similar diameter over the whole range of axon dimensions studied. The variation was
of such a magnitude that in all ulnar axon groups up to and including those of
diameter 6-5 /im there were fibres with a myelin sheath which was of the minimum
thickness that could be measured by the technique employed. Sanders (1947) pro¬
duced evidence that variation occurs in the thickness of myelin sheaths surrounding
axons of any given calibre, and such variation is also obvious in the data given by
Williams & Wendell-Smith (1971). Hess & Young (1952) describe longitudinal
variations in both sheath thickness and axon diameter. Though such variations occur
regularly, the correlation between the two measurements is quite high in older
material for both central and peripheral nervous systems, whether examined with the
light or electron microscope (Friede & Samorajski, 1968; Samorajski & Friede, 1968;
Williams & Wendell-Smith, 1971).

Sunderland & Roche (1958) summarized the factors which determine the variability
of form in peripheral fibres as: (i) tapering of the nerve fibre; (ii) constriction (of the
axon) at a node; (iii) reduction at clefts of Schmidt-Lantermann; (iv) indentation ' y
Schwann cell nuclei; (v) random variations. The first three factors listed could r.z':
influence the present study: the first can be ruled out since all fibres studied in any one
root were taken from thin sections within a longitudinal distance of 300 nm of one
another in each case; fibres sectioned at a node or an incisure were specifically left out
of the study, as were the very few sectioned through a paranodai region.

The variations observed in the circumference associated with a given sheath
thickness could be explained by random variations in axon circumference; if several
axons of equal mean circumference vary longitudinally in calibre to the same degree,
and are sectioned at levels where each has the same sheath thickness, then, unless
their calibre variations are of the same amplitude and pitch and are in phase, the
circumference measurements will vary roughly as the degree of calibre variation for
that particular sheath thickness. It has been shown, however, that the variation of
circumference at different levels along axons is very much less than the variation of
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circumferences associated with each discrete number of turns of myelin. It was clear
from longitudinal sections that the lengths of fibres studied by light microscopic
serial sections were in each case sufficient to allow an accurate estimate of the degree
of longitudinal calibre variation. Therefore variation in calibre at different levels
along axons, including that which is random and that which is due to construction
opposite Schwann cell nuclei, contributes to the scatter observed but explains no more
than part of it.

Longitudinal variation in calibre could be due to shrinkage caused by fixation and
preparation. However, fixation of both fibres and Schwann cells is very good up to
and including the 8 day old root and there is very little evidence of shrinkage (Figs.
1-6). Shrinkage is more obvious in the 17 day old root in which the intercellular
spaces are somewhat widened (Figs. 7, 8). An easily visualized cause of the shrinkage
is the removal of water from the axoplasm, resulting in an inward collapse of the
myelin sheath and leading to a crenated outline. There are very few axons having
such an outline in the younger roots; the proportion increases in the later roots, but
even then it is only in a very small proportion of fibres that the inner surface of the
myelin is more than slightly convex in any place. Hursh (1939) found no correlation
between the percentage of shrinkage and fibre size. The correlation between axon
circumference and sheath thickness is greatest for the root which shows the greatest
degree of shrinkage, i.e. that of 17 days. Thus shrinkage and possibly other forms of
fixation artefact seem unlikely to provide an explanation of the very low degree of
linear correlation in the early stages.

The wide scatter observed in the relationship between circumference and sheath
thickness could be explained by the existence of one or both of the following states
among the fibres of a nerve root: (i) the sheath thickness could be more or less
constant at different levels of the same fibre but not be proportional to axon circum¬
ference, the latter varying from one level to another; (ii) the sheath thickness could
vary substantially at different levels of the same fibre, either from one internode to
another, or within the same internode, or both; axon circumference might or might
not vary from one level to another. Robertson (1960) observed variation in sheath
thickness from one level to another within the same developing internode; such
variations would greatly increase the scatter in the circumference-sheath thickness
relationship. Uzman & Nogueira-Graf (1957) observed several short initial segments
of myelin in relation to one Schwann cell and of discontinuities in the inner layers of
the myelin sheath (which had infolded ends resembling paranodal regions, with
continuous outer layers overlapping these) and such conditions, though unusual,
provide two further sources of variation in circumference-sheath thickness relation¬
ships. It is possible that as compact myelin is being formed, by relative rotation of
the Schwann cell with respect to the axon, the number of turns is maximal near the
centre of the internodal segment in the early stages and becomes progressively more

nearly the same at all levels along the internode as myelination proceeds towards
completion, thereby diminishing the scatter. This possibility is currently being
considered.
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S U M M A R Y

1. I n the ventral roots of the spinal nerves of the rat compact myelin first appears in
relation to axons whose circumferences vary very considerably, as do those of
promyelin fibres which are about to myelinate.

2. There is neither a critical axon circumference nor a constant critical range of
circumferences at which myelination begins.

3. Though most fibres begin to myelinate during the first few days after birth,
myelination continues to be initiated, with progressively diminishing frequencies, up
to at least the 17th day after birth.

4. In the majority of cases compact myelin is formed first when there are about
three turns of mesaxon, and in a very short time it comes to make up the whole
thickness of the sheath over about three-quarters of its circumference.

5. During at least the early stages of myelination the inner and outer ends of the
mesaxon tend to lie in the same quadrant. The implications of this finding for the
relative rates of rotation between Schwann cell and axon are discussed.

6. The rates of increase of sheath thickness and axon circumference are each very
similar for most fibres over the first week or so of myelination.

7. Statistical analysis shows that the correlation between sheath thickness and axon
circumference is very low in the early stages of myelination, but rises rapidly after
the fourth day; the correlation was so poor that no regression line could be fitted with
confidence to the data for two and three days of age. The change of correlation with
age occurs predominantly within a population of myelinated fibres.

8. Longitudinal calibre variation of the axon accounts only in part for the poor
correlation. The possibility that variation in sheath thickness within internodes may
be another contributory factor to the poor correlation is discussed.

1 wish to thank Professor G. J. Romanes for his helpful advice and discussion,
T. Patterson, H.Tully and R. MacDougal for their technical assistance and J. Tansley
for his advice on statistical matters.
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INTRODUCTION

The natural history of the maturation of peripheral nerve fibres has been relatively
thoroughly documented and has been reviewed by Elfvin (1968) and by Peters &
Vaughn (1970).

Both sheath thickness and axon circumference of immature fibres tend to vary
from one level to another along a given internode (Robertson, 1962; Webster, 1971).
The extent of such variation in sheath thickness can be studied by serial longitudinal
sections, but it is exceedingly difficult to form an accurate estimate of variation in
axon calibre by this method. In the present study the longitudinal variation in both
parameters is measured using serial transverse sections at both light and electron
microscopic levels, supplemented by the use of longitudinal electron microscopic
sections to investigate variation in sheath thickness in the regions adjoining the
nodes of Ranvier. This method also avoids the uncertainties as to the effects, especially
on axon calibre, of the teasing apart of individual fibres.

It is generally accepted that there is a strong linear correlation between compact
myelin sheath thickness and axon calibre in more mature nerve fibres (Friede &
Samorajski, 1967; Samorajski & Friede, 1968; Williams & Wendell-Smith, 1971;
Fraher, 1972). However, this correlation is considerably lower in immature fibres
(Samorajski & Friede, 1968; Friede & Samorajski, 1970; Fraher, 1972). Such esti¬
mates of the correlation between sheath thickness and axon circumference, based
on transverse sections of single levels of nerve fibres, do not take into account varia¬
tions in either parameter within the internode, since the position within the internode
at which a given fibre had been sectioned (subsequently referred to as the 'sheath
level') cannot be identified except in the case of the region immediately adjoining the
node. The uncertainty as to level of section can be minimized if the fibre is serially
sectioned, for by this means an accurate measurement can be made of the number
of turns of compact myelin at the level at which the sheath is thickest in any par¬
ticular internode. This value represents the maximum myelin-forming activity
attained by the Schwann cell in that internode. The arithmetic mean of all values for
sheath thickness measured in serial sections of an internode is manifestly a much
more satisfactory representation of the thickness of the sheath as a whole than a

single value taken at an unknown internodal level. Similarly, the arithmetic mean of
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Juxtanodal
^ Abnodal

segment segment

Fig. 1. Diagram of an immature myelinated fibre showing the broadening and flattening of
successive turns of the inner Schwann cell cytoplasmic helix when traced away from the nodal
region, facilitating the subdivision of the helix into juxtanodal and abnodal segments from a
relatively early stage. The heminodal length (/;) and its constituents parts d and h-d (see text)
are also indicated.

several values for axon circumference is more representative of the internodal axon
calibre as a whole than a single value taken at an unknown sheath level. The present
study deals with the correlation between sheath thickness and axon circumference
when such longitudinal variation of both parameters is taken into account.

For the purposes of the present investigation certain terms are defined as follows:
(i) Midnodal level. This is the centre of the zone of interdigitating Schwann cell

processes or of microvilli in the case of more mature nodes.
(ii) Heminodal length. This is the distance between the midnodal level and the

beginning of the compact myelin sheath (Fig. 1).
(iii) Juxtanodal and abnodal segments. The helix made up of that compartment of

the Schwaria cell cytoplasm which intervenes between the axon and the compact
myelin sheath and the terminal cytoplasmic pockets (Fig. 1) tends to be much more

tightly wound adjacent to the node (juxtanodal segment) than that part which is
closer to the centre of the internode (abnodal segment). Except in the very earliest
stages of myelination these two segments of the inner Schwann cell cytoplasmic helix
can nearly always be clearly demarcated from one another (Fig. 1).

(iv) Adnodal margins. The unwound Schwann cell can clearly be roughly described
as having four free margins (Fig. 16), two approximately parallel to the long axis
of the axon, and two oblique to it. The latter pair will be referred to as the adnodal
margins of the Schwann cell.
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MATERIALS AND METHODS

Rats aged 1, 2, 4, 6, 12 and 17 days after birth were used. The method of fixation
and embedding of tissue has been described already (Fraher, 1972). The animal was
anaesthetized with ether and was then perfused through the left ventricle with a
solution at 4 °C of 4% paraformaldehyde and 0-5% glutaraldehyde in phosphate
buffer at a pH of 7-2. Following bilateral laminectomy, the 12 to 14 most rostral
spinal medullary segments, together with the attached pairs of roots and the proximal
parts of the spinal nerve trunks, were exposed by careful dissection under a dissecting
microscope, and, having been removed en bloc, were osmicated and divided by
transverse section into constituent segments. The curvature, shape, and orientation
of each ventral root and its constituent rootlets were noted, and the segments were
embedded in Araldite.

Transverse sections

The manner in which myelin sheath thickness varied along the entire length of an
internode was studied in roots taken from rats 1, 2, 6, 12 and 17 days old. A single
root was used at each age, and at 1 and 2 days was taken from the same animal as
was used in the investigation of axon circumference/myelin sheath thickness relation¬
ships described previously (Fraher, 1972); at 17 days a litter mate was chosen instead.
In each case ultrathin transverse sections of a lower cervical (C6 or C7) ventral root
were made at each of 10 to 14 levels, the first level studied being placed about one-
third of the way along the root between the attachment of its component rootlets to
the spinal medulla and its point of fusion with the corresponding dorsal root. The
sections were stained with 0-2% lead citrate for two minutes and then with uranyl
acetate (saturated solution in 50% ethanol) for 10 minutes, and were examined in a

Metropolitan-Vickers EM 6 electron microscope. The distance between adjacent
levels was about 20 //m in all cases except the two day old, in which it varied from
4 to 20 /im. The total lengths of root studied varied from 180 to 300 /<m. Thick (0-5
to 0 75 /<m) sections were made of those portions of the roots between the levels at
which ultrathin sections were taken and were mounted serially and stained for
examination under the light microscope with a mixture of 0 8 % toluidine blue and
0-2% pyronin B. Care was taken to ensure as far as possible that each root was
sectioned transversely at all levels. All transverse sections were made using an auto¬
matic Porter-Blum ultramicrotome in order to obtain a more precise estimate of
distances along the fibres examined.

In each root an area containing 70 to 100 myelinated fibres was chosen, photo¬
graphed, and printed at x 2000 optical magnification from the serial thick sections
at intervals sufficiently close to one another (2—3 /«m) to enable each fibre to be
followed through the whole length of root studied. An electron micrographic montage
of the corresponding area of the root was made at each of the levels at which ultra¬
thin sections were cut. The electron optical magnification varied from one root to
another, being approximately x4000, x 6000 or x 8000, whichever was the minimum
sufficient to allow easy distinction between myelin lamellae when the plate was

magnified x 20. The exact magnification for each photographic session was calculated
using a calibration grid. Light micrographs were made of the thick sections immedi-
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ately preceding and following the ultrathin sections at each level, thereby allowing
each fibre to be readily identified in the adjacent electron micrographic montage.

It is clearly possible to identify nodes of Ranvier in transverse section. The prin¬
cipal criteria for their identification by light microscopy from the serial sections were
the disappearance of compact myelin over a short length of the fibre and the presence
of dark-staining irregular Schwann cell processes around the axon, the axoplasm of
which usually showed a considerable increase in density at nodal levels.

For the 1, 2, 6 and 12 day old roots those fibres for which both ends of one myelin
segment were clearly identifiable on the light and/or electron micrographs were
included in the study and each was given a serial number. Since the present part of
the study was primarily concerned with the contour of the myelin sheath, and since
the resolving power of the light microscope was in any case insufficient to enable
identification of the midnodal level, distances along the internode were measured
from the levels at which the compact myelin was seen to end. For each fibre both
sheath thickness and axon circumference were measured at each of several sheath
levels, i.e. from each of the electron micrographic montages which lay between the
two ends of the compact sheath. Sheath thickness was measured by counting the
number of turns of compact myelin from the negative electron micrographic plate,
using a dissecting microscope in conjunction with a horizontal illuminated ground
glass screen. Axon circumference was measured in mm from the electron micrographic
print using a map meter and was expressed in /<m, correct to the nearest 0-1 /mi,
using correction factors obtained as indicated previously (Fraher, 1972). If at any
given level a fibre was judged to have been sectioned obliquely according to the
criteria given previously (Fraher, 1972), its circumference measurement at that level
was not taken into account.

The distance from both ends of the compact myelin sheath of each of the levels
at which ultrathin sections were made was known with considerable precision for all
roots studied except the 17 day old roots, in which the internodal lengths were for
the most part greater than the distance covered by the present study. In the 17 day
roots 25 fibres were selected at random from those for which the serial sections
included one node of Ranvier, and each was given a serial number. Sheath thickness
and axon circumference were measured at several levels, each at a known distance
from one end of the sheath. From longitudinal sections it was evident that sudden
marked variations in sheath thickness were very unusual. Accordingly, it was con¬
sidered justifiable to represent sheath thickness variation by joining with straight
lines the points plotted on the graphs expressing sheath thickness at various levels.

For each internode studied at each age as outlined above the following statistics
were noted:

(i) in relation to sheath thickness (expressed as number of turns): (a) the maximum
value (the probable maximum value at 17 days), (b) the arithmetic mean of all values,
excluding those which were obviously paranodal;

(ii) in relation to axon circumference (expressed in /nn): the arithmetic mean,
standard deviation and coefficient of variation.

The values for maximum and mean sheath thickness and for mean axonal circum¬
ference were used in correlation and regression analyses performed at each of the
five ages studied.
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Longitudinal sections
Transverse sections separated by such distances as described above fail in most

cases to give any clear indication of the manner in which sheath thickness varies in
the juxtanodal region. This segment of the nerve fibre was studied from longitudinal
ultrathin sections stained for the electron microscope as previously described. Mag¬
nification was approximately x 13000; calibration was carried out as described above
at each photographic session. The number of roots examined was as follows: three
in the newborn and at 1, 2 and 6 days after birth, two at 12 and 17 days after birth,
and one at 4 days after birth. In the 1, 2, 6, 12 and 17 day old animals one of the
roots examined in each case was either the other ventral root belonging to the same

segment as the root from which the transverse sections were derived, or one member
of the immediately rostral or caudal pair of ventral roots. Other roots were in each
case taken from siblings.

In relation to each fibre examined, note was taken of each of the following, where
the plane of section permitted (see Fig. 1):

(i) The heminodal length.
(ii) The sheath thickness (expressed where possible as the number of completed

turns), measured at several levels along the internode, the distance of each from the
midnodal level being recorded.

(iii) An indication of the pitch of the helix of periaxonal Schwann cell cytoplasm,
obtained for all roots examined by measuring the distances from the midnodal level
at which successive turns could be seen to terminate in the longitudinal sections.

It proved difficult to follow the thin myelin sheaths of newborn roots in transverse
section under the light microscope between levels at which ultrathin sections were
cut for the electron microscope. Accordingly, examination of sheath thickness varia¬
tions along the internode was in this case restricted to the study of longitudinal
ultrathin sections under the electron microscope as described above. For this and
also for the 4 day old root the measurements made were of the same nature as those
described above for longitudinal sections at the other ages studied. In addition,
however, a study was made of the manner in which sheath thickness varied at known
levels along segments of fibres which were not sectioned through a node and therefore
at levels whose distance from the bounding nodes was unknown.

OBSERVATIONS

The numbers of fibres used to study the manner of variation of myelin sheath
thickness along the internode were as shown in Table 1.

Variation in compact sheath thickness
Figs. 3 a, 4a, 6a, 7 a and 8 a show sheath thickness at indicated levels along the length

of typical compact myelin sheaths at various ages. The entire length of each sheath
was studied by serial transverse sections. Tables 2 and 3 show mean and maximal
compact sheath thickness, as well as mean, standard deviation and coefficient of
variation of axon circumference for several such internodes.
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Table 1. The numbers offibres studied by transverse and by longitudinal
sections at each age

Number

By serial transverse
sections By longitudinal

Age (days) (l.m. and e.m.) sections

Newborn — 57
1 22 49
2 28 42
4 _21
6 28 32

12 35 13
17 25 11

Table 2. Examples ofdata derivedfrom study of the entire length of
internodes at one, two and six days after birth

(For each internode the maximum internodal sheath thickness and the mean of all sheath
thickness measurements are given (both expressed as number of turns) together with the mean
of all axon circumference measurements (x), its standard deviation (s.d.) and coefficient of
variation (c.v.).)

Age (days) Fibre no.

No. of turns Axon circumference

Max Mean x (/im) s.d. c.v.

1 1 11 90 5-4 0-8 14-8
2 8 70 5-4 0-4 6-9
3 5 4-8 6-2 1-4 21-7
4 11 8-4 6-2 1-3 21-2
5 13 10-8 70 10 14-7
6 11 90 6-8 2-2 31-7
7 12 10 8 5-5 0-3 5-8

2 1 9 8-3 50 0-9 180
2 17 141 5-2 1-5 28-8
3 18 15-7 61 10 156
4 20 180 7-5 0-6 8 0
5 13 111 60 0-9 150
6 14 131 5-8 0-8 13-8
7 7 60 5-8 1-4 24-1

6 1 27 25-9 6-5 0-7 10-9
2 28 25-8 80 1-5 19-3
3 30 280 90 11 12-3
4 25 24-2 6-7 0-8 11-2
5 20 200 8 0 1-6 20-5
6 31 29-6 9-9 11 11-5
7 25 23-9 6-6 10 15-3
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Table 3. Examples of data derived from study of the entire length of internodes at
12 days and from study of large proportions of the length of internodes at 17 days
after birth

(For each internode, the maximum internodal sheath thickness and the mean of all sheath
thickness measurements are given (both expressed as number of turns), together with the mean
of all axon circumference measurements (x), its standard deviation (s.d.) and coefficient of
variation (c.v.).)

No. of turns Axon circumference

Age (days) Fibre no. Max. Mean x fitm) s.d. c.v.

12 1 24 22-2 6-9 0-7 9.9
2 33 32-0 9-6 2-0 21-3
3 29 28-2 8-1 11 140
4 23 22-0 5-4 0-4 8-0
5 33 30-9 7-8 1-4 18-1
6 46 44.4 11-8 2-7 22-7
7 29 26-6 7-2 11 15-1
8 35 33-6 8-8 1-5 16-8
9 41 38-7 10-6 1-7 15-9

17 1 55 52-8 14-6 1-7 11-5
2 28 27-3 4-7 0-8 160
3 59 56-9 13-9 1-1 8-2
4 18 16-5 5-3 0-6 10-5
5 57 55-0 13-2 0-9 70
6 62 6F2 13-8 2-7 19-4
7 17 16-8 4-6 1-8 40-1
8 25 23-8 5-8 10 180

Newborn

Longitudinal sections through the newborn root (Fig. 2a, b) indicated that many
compact sheaths of thickness close to the minimum observed (i.e. of 3 to 6 turns)
consisted of a similar or unvarying number of turns over lengths of internode com¬

prising a fraction of the total Schwann cell length which was considerable when
compared with values estimated from serial transverse sections at one day after
birth, and also with those given for this length of 60 to 70 gm by Webster (1971) for
7 day old rat sciatic nerve fibres at a similar degree of maturation.

1 Day
The thinner sheaths were similar to those in the newborn. Longitudinal sections

of fibres probably belonging to the latter class (Fig. 3b) indicated that the number
of turns changed little up to the zone of transformation from compact to non-compact
myelin. Of the thicker sheaths about half were relatively symmetrical, i.e. the number
of turns was maximal in the vicinity of the centre of the internode and diminished
at a similar rate on either side of this when traced towards the bounding nodes (Fig.
3a, second example). This rate of decrease varied somewhat from one fibre to
another; on average, at 10 gm from the level at which they became non-compact,
such sheaths had decreased in thickness to a value which was 71 % of the maximum.

The remainder of the thicker sheaths were somewhat asymmetrical, a few of them
28 ANA 115
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Figs. 2-4. Graphs showing typical examples of myelin sheath thickness variation with distance
along internode. Thickness is plotted against distance along entire internodes measured from
one end of the compact myelin, using serial transverse sections, in the 1 day old (Fig. 3a) and
2 dav old (Fig. 4a) roots. Thickness is plotted against distance from midnodal level, using
longitudinal sections, in the newborn (Fig. 2a), 1 day old (Fig. 3b) and 2 day old (Fig. 4b)
roots. Thickness is plotted against distance along longitudinal sections of fibres which did not
include a bounding node in the newborn (Fig. 2 b) and 1 day old (Fig. 3 c) roots.

Continuous lines: compact myelin. Broken lines: non-compact myelin.
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Figs. 5-8. Graphs showing typical examples of myelin sheath thickness variation with distance
along internode. Thickness is plotted against distance measured from one end of the compact
myelin, using serial transverse sections, along the entire internode in the 6 day old (Fig. 6a)
and 12 day old (Fig. 7a) roots, and along a large fraction of the internode at 17 days (Fig. 8 a).

Thickness is plotted against distance from midnodal level, using longitudinal sections, in the
4 day old (Fig. 5a), 6 day old (Fig. 66), 12 day old (Fig. 76) and 17 day old (Fig. 86) roots.
Thickness is plotted against distance along longitudinal sections of fibres which did not include
a bounding node in the 4 day old root (Fig. 56). Continuous lines: compact myelin. Broken
lines: non-compact myelin.
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Fig. 9. Diagrams showing for typical individual fibres the mean distances in /im from the mid-
nodal level (at origin) at which turns of the mesaxon terminated. Ages: (a) newborn, (b) 1 day,
(c) 2 days, (d) 4 days and (e) 6 days old.

having their maxima close to a bounding node (Fig. 3a). A number showed a diminu¬
tion in thickness near to the middle of the internode (Fig. 3 a).

Longitudinal sections extending over sufficiently long segments of internodes were
in accord with the above observations (Fig. 3b, c).

2 Days
Fewer fibres had asymmetrical sheaths at 2 days than at 1 day. Symmetrical

sheaths resembled those at 1 day (Fig. 4a). The rate of diminution on either side of
the maximum was slightly more gradual; at 10 /cm from the end of the compact
sheath the number of turns had fallen to an average of 77 % of the maximum.

Longitudinal sections were again in accord with the above findings from transverse
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sections. They indicated that the rapid juxtanodal diminution in sheath thickness
nearly always began within about 10 /tm of the end of the compact sheath and there¬
fore within 15 /<m of the adjacent midnodal level (Fig. 4b).

4 Days

Though all the 4 day old fibres were studied by longitudinal section, it seems very
likely that sheath thickness generally diminished at a considerably slower rate than
in younger animals up to a level about 5 /tm or even less from the zone of transforma¬
tion to non-compact myelin, and therefore at 7 /tm or less from the midnodal level
(Fig. 5 a). It would seem probable from these graphs that a large proportion of
sheaths consisted of a nearly uniform number of turns over most of the internode
(Fig. 5 b).

6 Days
Many sheaths showed little variation in thickness over a large fraction of the

internodal length, there being a slight, generally symmetrical, decrease in the vicinity
of the nodes (Fig. 6a). The rate of this decrease was much less than at 2 days; at a
distance of 10 /<m from the end of the compact sheath the number of turns was on
the average 89% of the internodal maximum. Longitudinal sections indicated that
the rapid juxtanodal diminution in compact sheath thickness generally began less
than 5 /on from the end of the sheath and therefore within 8 /tm of the adjacent
midnodal level (Fig. 6b).

12 Days
Apart from being considerably thicker, the sheaths at 12 days resembled closely

those at 6 days (Fig. la). At 10 /tm from the end of the compact sheath the average
number of turns was found to be 89 5 % of the maximum for the internode. Longi¬
tudinal sections confirmed that sheath thickness almost certainly remained near the
maximum up to a level closer to the adjacent midnodal level (about 5 /tm) than at
6 days (Fig. lb).

17 Days
At 17 days, with one exception, the segments of all fibres used in the study of

sheath thickness variation included only one of the bounding nodes. However, a
substantial proportion of the probable internodal length was included in each case.
The features noted were those expected from observation of younger roots. Sheaths
were on the whole thicker than at 12 days (Fig. 8 a) and generally consisted up to a
level within 5 //m of the adjacent midnodal level of a very uniform number of turns
which was probably very close indeed to the maximum value for that internode
(Fig. 8 b).

General observations on longitudinal sections of compact sheaths
Compact myelin was found generally to appear first near the middle of the Schwann

cell in the region of its nucleus, a finding in agreement with that of Webster (1971).
All the sheaths of this sort which were observed consisted of three turns, except for
one, which had two. In nearly all such cases the number of turns of the mesaxon
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remained unchanged, though non-compact, up to levels quite close to the presump¬
tive nodes.

Before terminating, all turns become non-compact. In a minority of fibres, particu¬
larly those from younger animals, the decline in sheath thickness was accounted for
through the plasma membranes of the outermost turn becoming continuous with the
external plasma membrane of the Schwann cell (Fig. 10). Such appearances represent
a section through a tongue of Schwann cell, perhaps in the process of adding a
further turn to the sheath by wrapping itself around its external aspect. Such a mode
of termination was rarely observed in the juxtanodal regions. However, in the
abnodal regions, a substantial minority of turns ended in this way, though the majority
ended by the innermost turns becoming continuous with the internal plasma mem¬
brane of the Schwann cell (Fig. 11).

Longitudinal sections showed that the compact sheath generally commenced by
the condensation of several turns of the spiral mesaxon over a very short length (Fig.
12). The number of layers participating varied with age and maximum sheath thick¬
ness. In only a very small proportion of cases did the compact sheath consist, either
at its commencement or at any other level, of only two turns for more than a fraction
of a micrometre. This was despite the fact that two non-compact turns of the mesaxon
frequently surrounded the axon over lengths of several micrometres. This finding is
in agreement with previous observations on transverse sections (Fraher, 1972).

Observations on the juxtanodal region
The distance between the margin of the zone of condensation and the adjacent

midnodal level tended to decrease with increasing sheath thickness as age advanced
(see heminodal length, Table 4), and was quite short relative to the total Schwann
cell length at all ages, even in the newborn. By the stage at which the fourth turn had
been completed the heminodal length had nearly always decreased to 5 /tm or less.

Both components of the heminodal length (h) also decreased with advancing age.
The distance (d) between the midnodal level and the termination of the turn ending
nearest to it (i.e. the length of axon enveloped only by the outer Schwann cell cyto¬
plasm) decreased progressively with advancing age, as did the length of axon (h-d)
surrounded by turns of non-compact myelin only (Table 4; Fig. 1).

F;g. 10. Longitudinal section of a 4 day old fibre showing a turn ending externally (arrow) near
the centre of an internode. x 25 000.

Fig. 11. Longitudinal section of 1 day old fibre showing turns ending (arrows) internally near
the centre of the internode. x 25 000.

Fig. 12. Longitudinal section through nodal and juxtanodal region of a 4 day old fibre showing (i)
a stack of desmosome-like structures between adjacent terminal cytoplasmic pockets and (ii)
periodic axolemmal densities (arrowed and inset), x 23400; inset x 53000.
Figs. 13 and 14. Longitudinal sections through 6 day old ventral root fibres showing a small
stack of desmosome-like structures involving the innermost non-compact layers of the myelin
sheath and seemingly also the axolemma (Fig. 13) and a single such structure on an outer non-
compact layer of the sheath (Fig. 14). Both x 23 800.
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Table 4. Mean (x), standard deviation (s.d.) and range of values for heminodal length
(h), together with the mean values of its constituent parts (see text) at the ages indicated

(Calculated from data derived from longitudinal sections of all fibres studied at each age.)

Heminodal length (/i)

Range d h-d
No. of ,

—*
, Mean Mean

Age (days) fibres x Om) s.d. Min. Max. Om) Om)

Newborn 22 6-8 3-2 3 0 32-0 4-2 2-7
1 32 3-5 1-6 1-2 7-5 1-8 1-7
2 41 3-1 1-7 0-9 7-0 1-3 1-6
4 17 2-2 0-8 10 4-0 11 10
6 31 2-9 1-1 1-3 5-3 11 1-7

12 16 1-3 0-4 0-5 2-0 0-4 0-9
17 15 1-3 0-3 0-7 2-0 0-2 11

Observations on the internal Schwann celt cytoplasmic helix
The distances from the midnodal level to the level at which the turns of the mesaxon

terminate, as measured on longitudinal sections taken from the newborn, 1, 2, 4
and 6-day specimens, are plotted in Fig. 9.

In the newborn fibres, the tightness of the internal Schwann cell cytoplasmic helix
was quite variable, even between fibres having a similar probable maximum sheath
thickness.

At I day, and to a lesser extent in the newborn, the pitch of the helix tended to
decrease as the node was approached, the terminal cytoplasmic pockets generally
being shaped like an elongated drop or a comma, but becoming progressively broader,
flatter and more band-like when traced into the internode (Figs. 1, 9). However, as

age advances it becomes progressively easier to identify a level of transition between
more tightly and less tightly coiled segments of the helix - the juxtanodal and abnodal
segments. Table 5 shows the mean pitches of these segments at the various stages
studied. It is evident (Figs. 2-9) that with time an increasing proportion of the pockets
belonging to internally ending turns comes to make up the juxtanodal segment of
the helix. Concurrently the abnodal segment comes to consist of turns which become
progressively broader and thinner as it becomes more loosely coiled. Eventually the
abnodal segment takes the form of an attenuated sleeve of cytoplasm which is crossed
by the longitudinally running mesaxon. These changes correlate with the finding
that with advancing age a progressively increasing proportion of sheaths show a

change in sheath thickness of no more than one lamella over considerable lengths
(up to 130 /<m) of the abnodal segment.

The mean length of the axon in relation to the juxtanodal helix was remarkably
constant from 1 to 17 days after birth, despite a tenfold increase in the number of
turns comprising that segment of the helix (Table 5). There was an increase of the
order of 50 % in nodal and juxtanodal axon circumference when values at 1 day were

compared with those at 17 days (e.g. from a mean value of 5-7 /im to one of 7-5 /on).
Over the same time interval axonal circumference at other levels of the internode
underwent a two to three-fold increase for thicker axons (Fraher, 1972).
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Table 5. Mean pitch of the abnodal and juxtanodal segments of the Schwann ceil peri¬
axonal cytoplasmic helix at the ages indicated, together with the mean length of the
juxtanodal segment at each age

(Calculated from data derived from longitudinal sections of all fibres studied at each age.)

Mean length of
Mean pitch (/<m) axon in relation

I * i to juxtanodal
Age (days) Juxtanodal Abnodal segment (/mi)

Newborn 0-97 — 6-8
1 0-35 5-05 3-3
2 0-30 4-35 3-25
6 016 11-23 4-1

12 Oil 10-21 3-5
17 0-08 28-34 3-3

General observations on longitudinally sectionedfibres
Desmosome-like structures were frequently seen in relation to the non-compact

myelin of the juxtanodal region, where they were often arranged in stacks after 4
days (Fig. 12), as described by Harkin (1964), Gamble & Gossett (1966) and Berthold
(1968). Those at opposite surfaces of a given terminal cytoplasmic pocket were in
continuity with one another. In addition examples were seen in segments of non-
compact myelin on both the internal and external aspects of the compact sheath at
all ages included in the study (Figs. 13, 14), often at levels close to the middle of the
internode. A smaller number apparently also involved the apposed axolemma and
inner plasma membrane of the Schwann cell (Fig. 13).

Periodic axolemmal densities (see Peters & Vaughn, 1970), which may be trans¬
verse sections of helical thickenings of the outer leaflet of the axolemma (Flirano &
Dembitzer, 1967), were observed in only one of the juxtanodal regions examined in
the newborn animals. Their frequency increased with advancing age (Fig. 12, inset).

The general ultrastructural features of the developing myelin sheaths, axons,
Schwann cells and nodes of Ranvier were in close agreement with the descriptions
of Berthold (1968), Berthold & Skoglund (1968) and Peters & Vaughn (1970).

Statistical treatment ofdata derived from longitudinal study
For all the internodes examined by serial transverse sections in each of the five

roots included in the present study, correlation and regression analyses were per¬
formed using mean internodal sheath thickness (x) and mean internodal axon
circumference (y) (Table 6, rmean). The results were very similar to those of analyses
using maximum internodal sheath thickness and mean internodal axon circum¬
ference (Table 6, rmfi. The correlation between maximum and mean sheath thickness
was very high indeed, being greater than 0-97 at each age. For the root examined at
each age, apart from that at 6 days, the correlation between mean (or maximum)
internodal sheath thickness and mean internodal axon circumference was stronger
than that found between sheath thickness and axon circumference measured at one

cross-sectional level. This is illustrated graphically in Fig. 15. Some of the values
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Table 6. Statistical data calculated for the indicated numbers of myelinated internodes
from one cervical ventral root at each of the indicated ages

((i) Regression equation of mean internodal axon circumference (y) on mean internodal sheath
thickness (x). (ii) Coefficient of linear correlation between mean internodal axon circumference
and mean internodal sheath thickness (rmean). (iii) r2mean. (iv) Coefficient of linear correlation
between mean internodal axon circumference and maximum internodal sheath thickness (rmax).)

Correlation Correlation

Age No. of Regression equation coefficient coefficient
(days) fibres of y on a: ' mean

r mean
r' max

1 22 y = 4-9698+ 0-1255 x 0-6038 0-3646 0-6007
2 28 y = 4-6931 + 0-0995 x 0-4157 0-1728 0-5460
6 28 y = 5-0996 + 0-1397 x 0-4408 0-1943 0-6221

12 35 y = 1-9336 + 0-2175 x 0-9034 0-8161 0-8822
17 25 y = 1 -2930 + 0-2104 x 0-9436 0-8904 0-9469

Age (days)

Fig. 15. Graphs illustrating the manner in which the correlation coefficient between sheath thick¬
ness and axon circumference varied with age (i) when allowance was made for longitudinal
variation in both parameters, i.e. as found in the study based on serial transverse sections through
several internodes (open circles), and (ii) when such allowance was not made, i.e. as found from
measurements made on a single transverse section of one root (dots).

calculated for a single cross-sectional level have been previously published (Fraher,
1972); those at 6 and 12 days were calculated from a random sample of 120 fibres at
the most proximal level in the present study. From this figure it is also evident that
both sets of correlation coefficients remain at relatively uniform, though different,
levels over the first 4 to 6 days after birth, after which all have risen to a very similar
level by 12 days, continuing to rise at a slower rate up to the 17th day at least.

The proportion of the variance of y that can be attributed to its linear regression
on x is given by r2. From Table 6 it is evident that the proportion of the variance of
axon circumference attributable to its linear regression on sheath thickness (/"2mean)
is between 17% and 36% up to and including 6 days after birth, when allowance is
made for longitudinal variation in the dimensions of both. The same measure has
risen to 81 % at 12 days and is 89 % at 17 days.
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Table 7. Pooled estimates of the variance ofall axon circumferences
at ages indicated

(Value for each age calculated from variance of axon circumference based on measurements
at different levels along all internodes.)

Age (days) Variance

1 1-49
2 114
6 1-98

12 218
17 2-27

Table 7 indicates that the pooled estimates of the variance of all axon circumfer¬
ences measured at each age in the present study show an upward trend with the
passage of time.

Relative position ofends ofmesaxon

It was found (Fraher, 1972) that, in the peripheral nervous system, the points of
continuity of the internal and external ends of the mesaxon with the internal and
external Schwann cell plasma membranes were within the same quadrant for 72-5 %
of all myelinated fibres at 1 day after birth. The proportion was found to be higher
for thinner sheaths than for thicker ones. The present investigation showed that at
4 and 12 days the ends of the mesaxon lay in the same quadrant in remarkably similar
proportions (71 % and 73% respectively) of cases, and that these proportions were
relatively unaffected by sheath thickness.

DISCUSSION

Longitudinal changes in sheaths during maturation
If it is assumed that the stages in development of the myelin sheath are similar for

ventral root fibres, whatever the eventual sheath thickness, then the different fibres
in the younger roots can be considered to exemplify different stages in the develop¬
ment of mature sheaths. Assuming this to be so, and using the findings described
above, it is possible to trace in outline the manner in which the morphology of the
sheath, and therefore of the unrolled Schwann cell as a whole, changes with time
(Fig. 16).

Thinner sheaths tend to show remarkably little variation along the internode in
the number of constituent turns of myelin, whether compact or non-compact,
implying that initially mesaxonal elongation in a circumferential direction occurs at
a similar rate over much of the internode. The high proportion of cases in which the
inner and outer ends of the mesaxon are within the same quadrant of thinly myelin¬
ated ventral root sheaths (Fraher, 1972) is consistent with the total circumferential
elongation of such a mesaxon amounting almost exactly to an integral number of
turns during the stage at which the sheath consists of 3-5 turns. It is thus evident that
in the earliest stages of its maturation the uncoiled Schwann cell has approximately
the form of a trapezium whose longer edge is external (Fig. 16«).
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(c)

Fig. 16. Diagrams showing the form of the unrolled Schwann cell and compact sheath (a) in
the earliest stages of compact sheath maturation, (b) shortly afterwards and (c) towards the
fully mature stage (see text).

The present findings also imply that once condensation to form compact myelin
has been initiated by the disappearance of the cytoplasm between the turns of the
mesaxon (generally when about three turns are present), the process spreads rapidly
to involve a large part of the sheath, usually extending over two-thirds or more of
the circumference (Fraher, 1972) and longitudinally to within a few micrometres of
the ending of the outermost of the three or more constituent turns. These findings
are in agreement with Speidel's (1964) observation, on living amphibian material,
that the myelin sheath in some instances increases in length very rapidly; he noted
by time-lapse cinematography that a myelin sheath could increase its length atone
end by 8 to 13 /<m over a period of only 2 hours.

Further increase in mesaxonal area, beyond the stage at which it describes 6-8
turns about the axon, takes place over its whole length, but not at the same rate in
all parts. Sometimes the sheath thickness increases more rapidly at two levels along
the sheath than in the intervening segment, but generally the greatest rate of increase
in sheath thickness occurs at a single sheath level. From an early stage this level
may involve the central portion of the internode, the rate diminishing progressively
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on either side. It may, however, involve an eccentric segment relatively close to one
of the bounding nodes, but eventually the central portion of the sheath usually comes
to consist of a greater thickness of myelin with the number of turns gradually dim¬
inishing in a symmetrical fashion on either side. The unwound Schwann cell then
tends towards having a flattened diamond shape (Fig. 16b), both longitudinally
running edges of the cell being convex, the convexities facing away from one another.

Since the increase in compact sheath thickness as the central part of such an
internode is approached occurs through the addition of extra turns both internally
(Fig. 11) and externally (Fig. 10), the former to a considerably greater extent than
the latter, it follows that the positions of both the inner and, to a lesser extent, the
outer ends of the mesaxon change in opposite directions about the axon when traced
towards the level of greater sheath thickness, each in such a way as to increase the
number of turns in the sheath. This is in agreement with the observations of Webster
& O'Connell (1970) and of Webster (1971), but differs somewhat from those of
Robertson (1962) who found that the outer end of the mesaxon remained relatively
constant in position.

Further increase in sheath thickness involves the whole length of the sheath from
one end of the internode to the other, but the portions closer to the bounding nodes
undergo a greater net increase relative to central portions. The result is that all levels
of the sheath, apart from the juxtanodal, progressively come to consist of a more

nearly equal number of turns. Subsequently, despite the approximately twofold
increase in sheath thickness which occurs between 6 and 17 days, progressively fewer
turns end internally or externally at abnodal levels, as the juxtanodal helix becomes
more and more tightly coiled. Thus, during this period, all levels of the abnodal
sheath increase in thickness at virtually the same rate, each additional net turn being
added over almost the whole of a considerably greater internodal length in a shorter
average time than at earlier stages. These changes are correlated with a marked
increase in the pitch of the abnodal segment of the inner Schwann cell cytoplasmic
helix. This could be consequent upon the removal of the innermost turns, or upon
the migration of the adnodal margins of each individual turn away from one another
along the axon towards the bounding nodes, so that their ends approach and in most
cases come into close apposition with the juxtanodal segment, thereby adding to the
number of terminal cytoplasmic pockets comprising the latter.

The tendency is therefore for the shape of the unwound sheath to approach and
again approximate to that of a trapezium, the external edge of which is slightly
longer than the internal (Fig. 16c).

The variations noted in sheath thickness at different levels of each of several inter-

nodes, especially in the earlier stages, could have come about in a variety of ways.
In the 1 and 2 day old animals the decrease in sheath thickness from the level at
which it is greatest is largely the result of turns ending internally at all levels along
the internode (Fig. 11). This is compatible with the hypothesis that a significant
proportion of the turns of the sheath are added by a spiral extension of the inner lip
of Schwann cell cytoplasm around the inner aspect of the compact sheath. If this
occurs, it indicates a 'high point' of mesaxonal elongation and myelin formation,
perhaps located mainly in the inner Schwann cell cytoplasmic compartment, such
activity falling off on either side.
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However, the decrease of sheath thickness on either side of the maximum could
also be explained by the inner turns being removed, the process beginning near the
nodes and progressing away from them. From the shape of the unwound Schwann
cell (Fig. 16b), it is clear that such a process would involve several turns at any one
time at this stage of development. If such unwinding were to continue to take place
(perhaps to permit increase in axon calibre) throughout the period of increase of
sheath thickness, then, after 4 to 6 days, all parts of a given turn must be removed
more nearly simultaneously, since differences in number of turns along the internode
tend to be much less for thicker sheaths.

Growth in length of the sheath could contribute to the finding of turns ending
internally at all internodal levels, due to the outer turns elongating parallel to the
long axis of the axon at a more rapid rate than the inner ones. Against this hypothesis
is the finding that at birth, at 1 day, and at 2 days, the lengths for which the thinner
sheaths tend to consist of a uniform number of turns are greater than the corre¬

sponding lengths for the thicker sheaths; this finding, however, is not universal.
Thus the internal ending of turns at all internodal levels is less likely to arise solely

from the lagging behind of the inner turns during growth in length of the sheath
than from spiral extension of the inner cytoplasmic lip around the axon, or from a
removal of the innermost turns.

-A The tendency for opposite ends of the mesaxon to lie within the same quadrant
(Peters, 1964; Fraher, 1972) was clear for those sheaths whose thickness varied least
with internodal length, and whose longitudinal edges when unwound would therefore
have been closer to being parallel with one another and with the long axis of the axon.

It is possible that the compact sheath adapts to the increasing calibre of the
enveloped axon by slippage of adjacent lamellae relative to one another. The occur¬
rence of such a mechanism was suggested by Hirano & Dembitzer (1967) in relation
to developing central nervous system sheaths. Evidence in favour of the occurrence
of slippage has been adduced from abnormal material - in relation to sheaths of
transected nerve fibres, both proximal and distal to the level of section (Friede &
Martinez, 1970n, 1970fi), and in swollen nerve fibres proximal to a ligature (Friede
& Miyagishi, 1972).

In relation to the possibility of slippage it may be pointed out that in the present
study stacks of desmosome-like structures were first evident at 4 days in the juxtanodal
region. If these structures do represent firm attachments between adjacent turns of
the juxtanodal helix, then they, together with the presumably firm attachment of
the plasma membranes of the juxtanodal helix to the underlying axolemma by 7-
layered complexes (Elfvin, 1961; Hildebrand, 1971) and possibly also by the periodic
axolemmal densities (Fig. 12), could provide mechanisms by which the helix resists
the suggested unwinding. Furthermore, unwinding of the helix, while it retained its
firm attachment to the axolemma, would exert severe tangential stresses on the latter.

While the earliest turns of the juxtanodal helix are being formed, axon calibre
does not show any constant pattern of variation between nodal, juxtanodal or
abnodal regions. Subsequent turns are laid down over an axon whose calibre is
progressively increasing. The postulated resistance to unwinding provided by the
juxtanodal cytoplasmic helix could be a causative factor explaining why, with ageing,
increase in calibre of the nodal and juxtanodal segments lags progressively behind
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that of other parts of the internode. The observations of Williams & Hall (1970) on
living sciatic nerve fibres suggest that such a constriction exists at living nodes.
However, the diminution in cross-sectional area of the terminal cytoplasmic pockets
which occurs as the fibre ages would allow a little dilatation of the juxtanodal axon
to occur.

Juxtanodes andparanodes
If the paranodes are taken to include the terminal cytoplasmic processes of all

turns of the sheath then it is clear that, at 2 days of age and less, a very considerable
fraction of the length of each internode (in many cases more than one-half, in some
cases almost the whole) is made up by its pair of paranodes. However, by 17 days
the two paranodes have become virtually synonymous with the juxtanodal segments.

If Berthold (1968), Conradi & Skoglund (1969), and Hildebrand (1971) take what
they term the 'decrement zone' of the fibre to refer to the length of axon overlaid
by the tightly coiled juxtanodal segment, then the mean values for this length found
in the present observations are in close agreement with their findings for maturing
cat ventral root, anterior horn motoneuron axon, and lateral white funiculus inter-
nodes respectively. The one exception found in the present study was that of the
newborn, in which it was possible in only a small proportion of cases to distinguish
between the two segments of the inner Schwann cell helix. In those cases in which
this could be done juxtanodal lengths were very variable.

Statistical findings
Comparison of the two sets of correlation coefficients in Fig. 15 makes it clear

that a proportion of the low correlation found using measurements at a single level
over the first 6 days or so can be accounted for by the failure to take note of the
variation in sheath thickness and in axon calibre from one level to another of the
same internode.

At 1 and 2 days the variation in axon calibre from one level to another was relatively
small, the values for standard deviation and coefficient of variation of circumference
of individual axons, as well as the pooled estimates of the variance and standard
deviation of axon circumference for all fibres examined, being relatively low (Tables
2, 3, 7). This implies that the mean circumference was a relatively good estimate of
axon calibre. There was some variation in sheath thickness at different internodal
levels in the majority of fibres at this stage. Nevertheless, when this was allowed for
by calculating the correlation coefficient using mean or maximum sheath thickness
and mean axon circumference, only 17 to 36 % of the variance of axon circumference
attributable to its linear regression on sheath thickness was accounted for in terms
of a linear regression. However, the correlation was considerably stronger than that
previously reported for the study based on single cross-sections at similar ages

(Fraher, 1972).
At 4 days after birth, though the form of the curve showing sheath thickness at

different levels along the internode was much closer to the plateau than at younger

stages, there was nevertheless little evidence of an increase in the correlation with
axon calibre, as judged from a single cross-sectional level (Fig. 15).

By the stage when most of the curves showing sheath thickness alteration along
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the internode were of an approximately plateau form, the disadvantages of using
a single cross-sectional level for the calculation of correlation coefficients were

greatly lessened. At 6 days, when sheath thickness was close to uniform over a large
fraction of almost all internodes, the correlation between sheath thickness and axon

circumference, taking into account longitudinal variation in both parameters,
showed no tendency to rise relative to comparable values at 1 and 2 days. The pro¬

portion of the variance of axon circumference attributable to its linear regression on
sheath thickness remained less than 40%. The axon circumferences tended to be a
little more variable between different internodal levels than in the younger examples
(Table 7). While this might tend to lower the value of the correlation coefficient
slightly, the increase in axon calibre variance was part of a continuing trend which
occurred throughout all the time intervals between 2 and 17 days (Table 7).

Between 6 and 12 days, the general form of the curves of sheath thickness changed
very little apart from an increase in the number of turns, the degree of variation
between the number of turns at different sheath levels being very similar in most
cases. Over this period, circumference variance showed an overall rise (Table 7).
Paradoxically, instead of falling, as might be expected from the above evidence, the
correlation coefficient rose markedly and the proportion of the variance accountable
for in terms of a linear regression doubled in this period (Table 6).

These trends were continued up to 17 days, when the correlation coefficient had
come close to unity and 90% of the variance was accounted for in terms of a linear
regression.

The progressive increase in the intensity of association between axon circumference
and sheath thickness seems clearly to lag behind the progression of the increasing
uniformity of sheath thickness along the internode which follows on the stage when
there is a symmetrical decrease on either side of the maximum. Also, the changes
noted in axon calibre variance would tend to decrease rather than increase the cor¬

relation. Thus in the early stages of myelination the correlation seems to vary in a
manner which is not fully accounted for by concurrent changes in axon calibre and
sheath thickness, even when account is taken of the variation of both parameters
from one level to another of the internode.

Whether or not a given axon becomes myelinated very probably depends primarily
on the nature of the axon itself. Evidence in support of this is provided by the experi¬
ments on regeneration into cross-anastomoses of nerves carried out by Simpson &
Young (1945) on rabbits and by Hillarp & Olivecrona (1946) on rats. One way in
which an axon could influence the myelinating activity of its associated Schwann
cells would be by means of its calibre. If this were to determine sheath thickness a

positive statistical correlation would be found between the two parameters. How¬
ever, such a correlation could be found in the absence of any casual relationship
between axon circumference and sheath thickness. This could arise simply from a
concurrent increase in both parameters during fibre maturation. Since all fibres do
not mature in phase with one another, this would result in points on a scatter diagram
relating these parameters to one another coming to stretch upwards and to the right
from the origin (see, for example, Fraher, 1972), thereby giving rise to a positive
correlation. If, on the other hand, axon circumference were to determine sheath
thickness, the present evidence suggests that the determining influence would be quite
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weak during early myelination but would seem to be stronger after the stage when
compact sheath thickness finally comes to be relatively uniform over most of the
length of the internode.

SUMMARY

1. A study has been made of longitudinal variation in myelin sheath thickness
with distance along the internode during myelination.

2. From the findings it is suggested that mesaxonal elongation in a circumferential
direction at first occurs at a similar rate over much of the internode. Further elonga¬
tion tends for a time to occur more rapidly near the middle of the internode, but
when sheath thickness has reached about half of its final value the number of turns

comprising the sheath is again about the same over most of its length. This remains
the case during further increase.

3. It is suggested that the variation in internodal sheath thickness in the earlier
stages can be explained on the basis of a spiral extension of the inner Schwann cell
lip around the axon, or on the basis of a removal of the innermost turns; it is less
likely to be due to growth in length of the sheath.

4. It is found that the inner and outer ends of the mesaxon tend to lie in the same

quadrant when the outer and inner edges of the unrolled Schwann cell are closest
to being parallel.

5. When account is taken of longitudinal variation in axon circumference and
sheath thickness the value of the correlation coefficient between the two is greater
than that obtained when no account is taken of these factors. However, in either
case this correlation rises considerably after about 6 days after birth, and has reached
a value near to unity by 17 days. A statistical correlation could exist between axon
calibre and sheath thickness in the absence of any causal relationship between these
parameters. However, if axon calibre influences sheath thickness then the realization
of this influence is low in the early stages of myelination.
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SUMMARY

This study compares the growth and myelination of those parts of cervical
ventral motoneurone axons in the spinal cord (the intramedullary segments) and in
the ventral roots of fetal and young rats (up to 21 days postnatal). The same fibre
bundles are examined centrally and peripherally. Myelination begins centrally and
peripherally at about birth. However, the peripheral segments of some fibres may

begin to become myelinated before the central. Over the first 3 weeks after birth the
minimum circumference of peripheral segments of myelinated axons remains relatively
constant at 3 ,am but that of central segments falls from 2.5 /um to just over 1 fxm.
Axons within the same fibre bundles tend to be thinner and less heavily myelinated
centrally than peripherally. With ageing, axon circumference becomes more strongly
correlated with sheath thickness. The thickness of the sheath surrounding an axon of a

given circumference does not differ statistically from one age to another or between
central and peripheral segments. Studies of myelin sheath growth rate show that in the
early stages glial and Schwann cells vary independently of one another in the rates at
which they add new turns to sheaths around central and peripheral segments of axons
in the same bundles.

INTRODUCTION

The ventral motoneurone axon has a central and a peripheral segment. The
former lies within the spinal medulla and is myelinated by glial cells, perhaps by
oligodendrocytes12-13'15'21. The most proximal part of the peripheral segment lies with¬
in the ventral spinal nerve root or the rootlets which join to form it, and is myelinated

l
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by Schwann cells. The present paper is a quantitative comparative study of the matur¬
ation and myelination of these two segments of the ventral motoneurone axon, using
foetal and young postnatal rats. The same fibre bundles are examined centrally and
peripherally. Previous quantitative electron microscopic studies have dealt exclusively
with the maturation of fibres peripherally1'3-6'8'9'19 or centrally7'14'16'17'20, but have
not compared the development of central and peripheral segments of the same fibre
bundles.

MATERIALS AND METHODS

The present study was carried out using foetal rats at a post-coitum age of 20
days, and also on newborn and postnatal animals aged 1, 3, 6, 12 and 21 days. All
ages were known to an accuracy of 1 h from coitus, and in the postnatal animals, from
birth. Each animal was anaesthetized using ether and was then perfused through the
left ventricle with a solution at 4 °C of 4 % paraformaldehyde and 0.5 % glutaraldehyde
in phosphate buffer at pH 7.2. Following bilateral laminectomy the 12-14 most
rostral segments of the spinal medulla, together with the attached pairs of roots and
the most proximal parts of the spinal nerve trunks, were exposed under a dissecting
microscope. These were removed en bloc. After osmication the spinal medulla was
divided into segments. These were embedded in Araldite.

Before embedding, the curvature, shape and orientation of each ventral root and
its constituent rootlets were noted so that these could be sectioned as near to the
transverse plane as possible. At each age, the orientation of the paths traversed by the
bundles of ventral motoneurone axons within the white matter of the lower cervical

spinal cord (the intramedullary bundles) was determined from thick (0.5-1.0 ^m)
transverse, sagittal and coronal sections of the cord stained with a mixture of 0.8%
toluidine blue and 0.2% pyronin B. Examination of these allowed the calculation of
the angles made by the bundles with the transverse, sagittal and coronal planes of the
cord. Thus block orientation could be altered during sectioning in order to cut near-
transverse sections of the same fibre bundles in both ventral root and spinal cord.

All sections were made with a Porter-Blum microtome. At each age the proce¬
dure for sectioning was as follows. Ultrathin transverse sections of the ventral root or
of its constituent rootlets were made at about 50 jum distal to its junction with the
spinal medulla. Serial thick transverse sections were then made, progressing centrallyf
first along the ventral root and then through the spinal medulla in which the intra¬
medullary bundles of ventral motoneurone axons were sectioned. To ensure that the
latter axons were cut as near transversely as possible, the block was re-orientated when
the central-peripheral junctional region was being sectioned. The angle and direction
of re-orientation were determined from the information obtained about the orienta¬
tion of the intramedullary fibre bundles. Finally, ultrathin transverse sections of the
intramedullary bundles were made about 50 /um deep to the surface of the spinal cord.
Thick sections were stained as described previously. Ultrathin sections were stained
with 0.2% lead citrate for 2 min and then with uranyl acetate (saturated solution in
50% ethanol) for 10 min.
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TABLE I

NUMBERS OF MYELINATED FIBRES STUDIED AT EACH AGE IN INTRAMEDULLARY ROOTLETS AND VENTRAL

ROOTS

Age Intramedullary Ventral roots

bundles

Newborn 17 45
1 day 46 213
3 days 133 194
6 days 144 134

12 days 147 125
21 days 140 103

Light micrographs were made of alternate thick sections. Using these, the same
fibre bundles could be traced over the whole length sectioned. By comparing low
power electron micrographs of the ultrathin sections with light micrographs of serially
adjacent thick sections, central and peripheral parts of the same bundles could be
identified and examined at the ultrastructural level.

Ultrathin sections were studied using AEI EM6 or Corinth 250 electron micro¬
scopes. At each age an electron micrographic montage was made of central and
peripheral parts of the whole of the same fibre bundles at a print magnification of X
10,000-X 12,000. On each montage a number of nerve fibres having compact myelin
sheaths were chosen at random (see Table I). Only those fibres which had been sec¬
tioned transversely were studied. These fibres were selected according to standards
which have been published previously4. Fibres were included in the study only if they
were free from significant artefacts, such as have been described in a previous publica¬
tion4.

On each myelinated fibre included in the present study the following measure¬
ments were made. Myelin sheath thickness, expressed as the number of completed
turns of the mesaxon, was measured from the negative using a dissecting microscope.
The axon circumference was measured in mm using a map meter. Each circumference
measurement was converted to correct to the nearest 0.1 /im using a correction
factor estimated from a print of a calibration grid photographed under the same con¬
ditions of magnification as the myelinated fibre. A separate correction factor was
calculated for each magnification at each photographic session.

At each age a pair of percentage frequency histograms was set up to show the
distribution of circumferences of axons in the central and peripheral parts of the same
bundles (Fig. 2). Similar pairs of histograms show the distribution of myelin sheath
thickness for intramedullary and ventral root segments of the same bundles (Fig. 3).
Mean values for axon circumference and myelin sheath thickness are given in Table
II. Scatter diagrams (Figs. 4 and 5) relate axon circumference to myelin sheath thick¬
ness for central and peripheral fibres at each age. Correlation and regression analyses
were performed relating axon circumference to myelin sheath thickness for central and
peripheral bundles at each age. Coefficients are given in Table III.

From the data obtained it was possible to make certain estimates of the growth
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Fig. 1. Transverse sections of intramedullary bundles of fibres at (a) 3 and (b) 12 days postnatal, to
show standard of fixation of central material on which measurements were made, a, x 12,600; b,
x 11,000.

rate of the myelin sheath at various stages during the first 3 weeks after birth (Table
IV, Fig. 6). The mean number of turns in the thickest 25 % of central and of peripheral
sheaths was calculated. Using the mean values, the average number of turns added per

day to each of the thickest 25 % of sheaths in both sites was estimated. This calcula¬
tion was performed for each interval between the ages at which observations were
made. Each value obtained by this procedure was therefore an estimate of the average

growth over the interval. The specific growth rate over each interval was found by
dividing the mean number of turns added per day during the interval by the mean
sheath thickness at the beginning of the interval. The values found are given in Table
IV and are expressed graphically in Fig. 6.

OBSERVATIONS

—Fixation of central-an-d peripheraf-mater-ittl- was-sati-sTaetory at ftH-agcsHFigr 1
shows typical examples of the quality of fixation of central tissue which was achieved
throughout the whole age range. The quality of peripheral fixation was very high,
being of a similar standard to that illustrated in an earlier paper4.

The ventral root, as well as the rootlets which connect it to the spinal cord, con¬
sists of bundles of fibres separated from one another by perineurium. On entering the
spinal cord these bundles may remain intact as they are traced towards the anterior
horn or else break up into a few smaller bundles. In either case the ventral root
bundle or its subdivisions can be easily followed into and through the white matter of
the spinal cord. In the cord no visible structure separates the bundle and its glial cells
from the surrounding elements of the white matter.
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In 20-day foetal rats myelination had not begun on either intramedullary or
ventral root axon segments. Approximately 10% of the latter had a 1:1 axon:Schwann
cell ratio. Very few glial processes were noted in the intramedullary axon bundles.

At birth, both central and peripheral axons were more highly segregated from
one another than in the 20-day foetus. Glial processes were apposed to over 60% of
intramedullary axons; 66% of peripheral axons had a 1:1 axon:Schwann cell ratio.
Of all ventral root axons, 15 % were myelinated as against only 5 % of those in central
bundles.

Fig. 2 shows percentage frequency histograms for the circumferences of myelin¬
ated axons in ventral roots and intramedullary bundles at each age. This clearly shows
the considerable increase which takes place over the first 3 weeks after birth in the
calibre of myelinating axons in both sites. At each age the circumference distribution
for central segments was shifted to the left relative to that for peripheral segments.
Correspondingly the mean circumference of myelinated axons in the same bundles was

greater in peripheral than in central segments by a factor of 1.1-1.5 for all axon circum¬
ferences, and by a factor of 1.1-1.4 for the 25% of axons with the greatest circum¬
ferences (Table II). Statistically these differences between central and peripheral axon
circumferences were highly significant (P < 0.001) at all ages except in the newborn, in
which the difference was probably significant (0.025 < P < 0.05).

The minimum circumference of central myelinated axons was 2.5 /rm over the
first 3 days but after that decreased progressively with age. At 21 days some myelin¬
ated axons had circumferences as low as 1.4 ^m. The minimum circumference value
for peripheral myelinated axons remained relatively constant at about 3.0 over
the whole range of ages studied.

Percentage frequency histograms for myelin sheath thickness at each age are

given in Fig. 3. With age, sheath thickness clearly increased, and the thickness spectrum
for central and peripheral sheaths broadened. The distribution for the 21-day ventral
root sheaths was bimodal. At each age, comparison of the sheath thickness distribu¬
tions showed that of the central to be shifted to the left relative to that of the peripher¬
al. The central also had a smaller range than the peripheral. The mean values for
sheath thickness in the ventral roots were greater than those in the intramedullary
bundles at the same age by a factor of 1.5-2.4 for all sheaths and by a factor of 1.5-2.3
for the thickest 25% of sheaths (Table II). The differences were statistically very

highly significant (P <<? 0.001) in all cases.
The scatter diagrams relating axon circumference to myelin sheath thickness

(Figs. 4, 5) give an indication of the combined effects of concurrent changes with age
in the two parameters. Regression lines have been fitted where the slope differs signif¬
icantly from zero. Table III gives the regression coefficients relating axon circumfer¬
ence (y) to myelin sheath thickness (x) for intramedullary bundle and ventral root
fibres. Correlation coefficients for both sets of fibres are also given. Though the slope
of the regression line relating axon circumference to myelin sheath thickness at a given
age (b, Table III) was in most cases steeper for intramedullary than for ventral root
fibres, the difference was not statistically significant at any age. The sets of regression
lines for intramedullary and ventral root fibres both tended to have a greater slope in
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Fig. 3. Percentage frequency histograms for sheath thickness (expressed as number of completed turns
of myelin) of myelinated fibres in intramedullary rootlets and ventral roots at the ages indicated.
Ordinates: percentages. Abscissae: sheath thickness class midpoints (number of turns). Class interval:
3 turns (except for lowest class where class interval = 2).
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Fig. 4. Scatter diagrams showing axon circumference (/im) plotted against sheath thickness (number
of turns) for myelinated fibres in intramedullary rootlets and ventral roots in newborn, 1- and 3-day-
old rats.

older than in younger animals (b, Table III). The slopes of the regression lines within
the intramedullary and ventral root sets did not differ significantly from one another.

The correlation coefficients between axon circumference and myelin sheath
thickness differed significantly from zero at all ages except in the newborn, when the
difference was not statistically significant. The sets of correlation coefficients for cen-
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Fig. 5. Scatter diagrams showing axon circumference (,«m) plotted against sheath thickness (number
of turns) for myelinated fibres in intramedullary rootlets and ventral roots in 6, 12- and 21-day-old
rats.

tral and peripheral fibre segments both showed a clear tendency to increase with
advancing age (Table III). Though at a given age the correlation coefficient had a
higher value for ventral root than for intramedullary fibres, the difference was statist¬
ically significant (P < 0.001) only at 21 days. The square of the correlation coefficient
gives the proportion of the variance of y (axon circumference) which is attributable to
its linear regression on x (sheath thickness). Values of r2 at each age are given in
Table III.

Changes in the growth of central and peripheral myelin sheaths with time can be
estimated from the data in Table IV and Fig. 6. All of these data were obtained using
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TABLE III

(1) The coefficients of the regression lines of axon circumference (y) on myelin sheath thickness (x) for
intramedullary rootlets and ventral roots at each age. (The slopes of the pairs of regression lines in the
newborn, l-and 3-day animals did not differ significantly from zero.) Equations of regression lines are
of the form: (a) for intramedullary rootlets, y = ai-m + bi-m X, (b) for ventral roots, y = av + bv x.
(2) The correlation coefficients (r) and their squares (r2) for intramedullary rootlets and ventral roots
at each age. (All correlation coefficients were significant except for both values obtained in the new¬
born.) n-m = correlation coefficient for intramedullary rootlet fibres; rv = correlation coefficient for
ventral root fibres.

Age Regression coefficients Correlation coefficients

I-M Rts V Rts I-M Rts V Rts

Qi-m bi-m av bv Ti-m r2i-m rv >.2
1 V

Newborn 4.5702 0.1320 5.3387 0.0645 0.0925 0.0085 0.1531 0.0234
1 day 3.5158 0.2142 5.4069 0.0584 0.4014 0.1611 0.1407 0.0197
3 days 4.9652 0.1179 5.2114 0.1204 0.2086 0.0435 0.3610 0.1303
6 days 3.6814 0.2156 4.6829 0.1621 0.4326 0.1871 0.5321 0.2831

12 days 2.6961 0.3518 2.2123 0.2181 0.7298 0.5326 0.7909 0.6255
21 days 2.3568 0.2642 3.1723 0.2099 0.7098 0.5038 0.8958 0.8024

(a) INCREASE per DAY

(b) SPECIFIC GROWTH RATE

Fig. 6. ai: graphs showing the increase in thickness per day of the thickest 25% of intramedullary
sheaths (circles) and of ventral root sheaths (triangles), plotted against time. The value was obtained
for each of the following intervals: birth - 1 day, 1-3 days, 3-6 days, 6-12 days, 12-21 days. The
point representing the increase per day for each interval is placed in the middle of the interval. a.i\
graph showing changes with time in the ratio of daily increase in ventral root sheath thickness to daily
increase in intramedullary sheath thickness, bi: graphs showing the specific growth rate of intra¬
medullary sheaths (circles) and of ventral root sheaths (triangles) plotted against time. The value was
obtained for each of the following intervals: birth—1 day, 1-3 days, 3-6 days, 6-12 days, 12-21 days.
The point representing the specific growth rate for each interval is placed in the middle of the interval.
b2: graph showing the changes with time in the ratio (k) of the specific growth rate of ventral root
sheaths to that of intramedullary sheaths. All curves fitted by hand.



TABLEIV Toshow,forthethickest25%ofintramedullaryandventralrootsheaths:(i)themeannumberofturnspersheath(x);(ii)theincreaseperdayinthe meannumberofturnspersheathovereachofthefollowingintervals:birth1day,1-3days,3-6days,6-12days,12-21days,(dx/dt);(iii)thespecific growthrateofthemyelinsheathovereachoftheaboveintervals(1/x-dx/dt),specificgrowthrate= increaseinnumberofturnsofmyelinoverinterval numberofturnsofmyelinpresentatbeginningofinterval (iv)theratiobetweenthedailyincreases: increaseperdayofmeanventralrootsheaththickness increaseperdayofmeanintramedullarysheaththickness (v)theratio(k)betweenthespecificgrowthrates, kspecificgrowthrateforventralrootsheaths specificgrowthrateforintramedullarysheaths
(days)

Intramedullaryrootlets

Ventralroots

MeansheathIncreaseperdaySpecificgrowth thicknessrateperday (turns)/dx\/1 _dx\ (x)\dt/\xdtJ
Meansheath thickness (turns) (x)

IncreaseperdaySpecificgrowth rateperday

/ t/*\II_dx\ \~dt~)\3cdt)
Ratioofdaily increases

Ratio(k)of specificgrowth rates

Newborn4.08.8 3.66670.91422.52690.28710.68910.3140
17.666711.3269 1.09090.14224.24470.37473.89102.6350

39.848419.8163 1.45790.14804.50240.22723.08821.5351
614.222233.3235 1.92240.13512.39210.07171.24430.5307

1225.756747.6764 2.01200.07812.27090.04761.12860.6094
2143.864868.1153
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the thickest 25 % of central and of peripheral sheaths. The daily increase for ventral
root sheaths was relatively low over the first day (Fig. 6a]). It reached the highest ob¬
served levels over the period from 1 to 6 days, but subsequently fell to a relatively low
level. The graph of specific growth rate for ventral root sheaths shows similar trends
(Fig. 6bi). In contrast, the highest observed daily increase and specific growth rate for
intramedullary sheaths both occurred at the beginning of myelination, during the
first day after birth (Fig. 6). Subsequently both estimates dropped sharply to the low
level found over the period from 1 to 3 days. From 3 to 21 days, the daily increase rose

gradually, but at an ever-decreasing rate, while the specific growth rate continued to
fall slowly.

The daily increase in mean sheath thickness was greater peripherally than cen¬

trally for all intervals except that between birth and 24 h (Table IV, Fig. 6a2). The
peripheral increase was about 3 times the central between 1 and 6 days, but was only a
little greater between 6 and 21 days.

The specific growth rate of ventral root sheaths was less than that of intramedul¬
lary sheaths during the first day after birth (Table IV, Fig. 6b2). However, over the
periods 1-3 and 3-6 days the specific growth rates for peripheral sheaths exceeded those
for central sheaths. Over the intervals 6-12 and 12-21 days, the central rates were some¬
what greater than those for ventral roots.

Similar sets of values were calculated for all ventral root and intramedullary
rootlet sheaths studied as well as for the thickest 10 % of sheaths in both situations. The
results obtained showed very similar trends to those described above for the thickest
25 % of sheaths.

DISCUSSION

The above findings show that central and peripheral segments of ventral moto-
neurone axons begin to be myelinated at about the same time, i.e., at birth. However,
for some axons the myelination of their peripheral segments by Schwann cells may

begin a little before that of their central segments by glial cells. This is suggested by
the finding that in the early stages a greater proportion of fibres is myelinated periph¬
erally than centrally in the same fibre bundles. This observation is out of line with the
central-peripheral gradient in maturation which holds for the peripheral segments of
ventral motoneurone axons.

In the ventral root, myelination begins in relation to a range of axon circum¬
ferences. At all ages this range has a relatively constant lower limit of about 3 fim4.
The present findings regarding the peripheral segments of ventral motoneurone axons
are in agreement with these observations. In contrast, the minimum circumference
value for central myelinated axons does not remain constant with age. At about 2.5
(«m it differs little from the value for ventral root axons over the first 3 days after birth.
Flowever, after this it decreases progressively with age. Others14-17 have found a
decrease with age in the minimum circumference of myelinated axons whose course
was entirely confined to the central nervous system. A decrease with age has also been
noted in the minimum circumference of myelinated dorsal column axons14. Myelin-
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ated axons with circumferences as low as 1.5 have been observed in developing
Xenopus laevis optic nerve10. Central myelinated axons in mature animals frequently
have circumferences of less than 3 pm, sometimes less than 1.5 ^m2-7.

From observation of the circumference distributions (Fig. 2) and comparison of
mean values (Table II) it is clear that the calibre of axons comprising the same bundles
is smaller in the spinal cord than in the ventral root. This difference is illustrated in
Fig. 7, which consists of cross-sections through central and peripheral segments of the
same bundle in a 3-day-old rat. A rough estimate of the magnitude of the difference is
given by the ratio of the mean circumferences. This shows that axons are 1.1-1.5
times thicker in the peripheral than in the central segments. It is clearly possible from
this evidence that a given axon has a smaller calibre centrally than in at least the
proximal part of its peripheral course. Preliminary studies in which circumferences of
the same individual axons were measured in the ventral root and in the intramedullary
bundles suggest that this is so.

It is clear from the sheath thickness distributions (Fig. 3) that throughout matur¬
ation, axons within the same fibre bundles are more heavily myelinated peripherally
than centrally. This difference in sheath thickness is also brought out in Fig. 7. The
ratios of mean sheath thickness values, whether derived from measurements made on
all sheaths, on the thickest 25% or 10% of sheaths, indicate that peripheral sheaths
may be 1.5-2.5 times as thick as central ones. If the same axons are myelinated in both
segments of the bundle, this implies that the myelin sheaths produced by glia around
the intramedullary segment of a given maturing axon are thinner than those produced
by Schwann cells around its peripheral segment. That this is so in at least a proportion
of cases is clear from preliminary examination of a 6-day-old animal in which a
number of individual fibres were traced into the intramedullary bundles from the
ventral roots.

It is therefore likely that, for a given maturing ventral motoneurone axon, the
intramedullary segment has a smaller calibre and is less heavily myelinated than the
ventral root segment.

The relationship between axon circumference and myelin sheath thickness in a

given sample of nerve fibres can be expressed in terms of the slope of the linear regres¬
sion line relating these parameters. The present observations show that the regression
line tends to be steeper for central than for peripheral segments at a given age (com¬
pare the values of bi~m and bv in Table III).This might suggest that a given axon cir¬
cumference value is associated with a greater number of turns of myelin peripherally
than centrally. However, statistical comparison of the slopes of the two regression
lines at each age shows that the differences in slope fall far short of the 95 % signific¬
ance level. The present observations therefore fail to demonstrate any significant
difference in the relationship between axon circumference and the number of turns of
myelin for central and peripheral segments at a given age. Thus the number of turns of
the sheath produced by a Schwann cell around an axon of a given calibre in the ventral
root is similar to that produced by a glia! cell around an axon of the same calibre in the
intramedullary segment.

The regression lines relating axon circumference to number of turns of myelin
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Fig. 7. Transverse sections through (a) central and (b) peripheral segments of the same fibre bundle in
a 3-day-old rat. Note that myelinated axons are of greater calibre and are surrounded by thicker
sheaths peripherally than centrally. Both prints, x 6930.
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for central and peripheral segments tend to become gradually steeper with advancing
age (bi-m, bv, Table III, Figs. 4, 5). However, this increase in slope with age also falls
well short of being statistically significant. Thus, the present observations fail to show
any significant change with ageing in the relationship between axon circumference and
number of turns for either central or peripheral segments.

The present findings therefore imply that the most probable number of turns of
myelin produced around an axon of a given calibre tends to remain unchanged over a
period of rapid fibre maturation and is independent of the location of the axon segment
in the intramedullary bundle or the ventral root, and therefore of whether it is myelin¬
ated by glial or Schwann cells. It is noteworthy that the same number of turns tends to
be produced around an axon of a given calibre by glial and by Schwann cells, despite
the fact that each glial cell myelinates more than one axon segment.

The strength of the association between axon circumference and myelin sheath
thickness can be estimated from the square of the correlation coefficient (r2, Table III).
This gives the proportion of the variance of axon circumference (y) which is attribut¬
able to its linear regression on myelin sheath thickness (x). This is very low at first.
Though it increases gradually, at 6 days it is only 19 % for central and 28 % for periph¬
eral segments. By 12 days these proportions have risen to 53 % and 63 % respective¬
ly. These findings suggest that, if axon circumference determines the number of turns
in the sheath, the realization of this influence is at first low, both centrally and periph¬
erally, but subsequently increases at a broadly similar rate in both segments. In the
younger animals the very low intensity of association observed between axon circum¬
ference and number of turns may result in part from the disadvantages inherent in
basing calculation on values measured from only a single cross-section of each nerve
fibre studied5. In the present study measurements were made at two cross-sectional
levels of each group of fibre bundles, one level centrally, the other peripherally. How¬
ever, a separate statistical analysis was carried out on the values for each of these two
levels. A drawback of such sampling, at least in ventral roots5, is that measurements at
a single level do not take into account the considerable variation in the number of
turns of myelin along the internode in a large proportion of sheaths during the first
4 days or so after birth. Taking this variability into account by measuring sheath
thickness and axon circumference at several internodal levels results in a consider¬
ably higher correlation than that obtained using a single level5. The sheath thickness
along the internode becomes rapidly more uniform between about 6 and 12 days5.
During and after this period the disadvantages of using single cross-sectional levels
become less, since the correlation obtained for single levels approaches that obtained
when account is taken of longitudinal variation. If the sheath thickness along central
internodes varies similarly to that for peripheral internodes, this could account in
part for the low correlation observed especially over the younger age range.

A further difficulty arises in the interpretation of correlation values obtained
from data such as given above, particularly in the younger animals when the correla¬
tion coefficients are very low. This consists in distinguishing between causation and
correlation. It is likely that the nature of a given axon determines whether or not it
becomes myelinated11'18. If the number of turns in the sheath were dependent on some
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characteristic of the axon, for instance its circumference, this would result in a positive
statistical correlation between the two parameters. However, axon circumference and
sheath thickness could be positively associated with one another in the absence of any
causal relationship between them. This could follow from two proven facts about
fibre maturation, namely, that both parameters increase over the same time scale, and
that all fibres do not mature in phase with one another. Plotting parameters of this
sort against one another results in scatter diagrams of the form observed in the pre¬
sent study. The points on these diagrams could show a positive correlation with one
another. There must be some uncertainty as to the proportion of the observed correla¬
tion which results from an effect such as that outlined above.

The growth of the myelin sheath can be estimated using the mean number of
turns added per day and the specific growth rate. The number of turns added per day
may be the better indicator since it is a relatively direct measure of the activity of the
myelinating cells in laying down membrane. However, the values upon which fhe pre¬
sent calculations were based take no account of any internodal variation in sheath
thickness. The present findings concerning the rates of addition of new turns to intra¬
medullary sheaths yieid little or no information about the activity of the glial cell as a
whole in producing new plasma membrane. This is due to the lack of information
regarding the internodal lengths and the number of axon segments myelinated by each
glial cell in the intramedullary bundles.

The time intervals over which rates were calculated were not of equal length.
Thus the rates of growth over the intervals are not precisely equivalent to one another.
Nevertheless, they show very clear trends. An advantage of using longer intervals when
the rate of growth has lessened is that it decreases the effect of individual variation in
rates of maturation between different animals.

There is a striking difference between the graphs of daily increase in sheath
thickness against time for central and peripheral segments of fibres belonging to the
same bundles (Fig. 6a). The graphs of central and peripheral specific growth rates
against time also differ markedly from one another (Fig. 6b).

The graphs of daily increase and of specific growth rate against time for ventral
root fibres show similar trends with age, the maximum rate of growth occurring over
the interval from 1 to 6 days. In contrast, both graphs for central sheaths have differ¬
ent forms. The greatest daily increase and specific growth rate occur after the beginning
of myelination, i.e., over the first day after birth. Both estimates are very low over the
interval from 1 to 3 days. Subsequently there is a gradual slight rise with age in the
daily increase and a slight fall in the specific growth rate.

The relative magnitudes of central and peripheral growth rates depends on
which estimate is used as an index. Thus, although the number of turns added per day
to central sheaths is less than that added to peripheral sheaths for all periods except
over the first day, the central specific growth rate exceeds the peripheral over the first
day as well as during the interval from 6 to 21 days.

Thus, although the relationship between axon circumference and myelin sheath
thickness remains the same while both parameters are increasing, there seems to be
little connexion between the rate of increase of central and of peripheral sheath thick-
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ness over the first week or so after birth. This is the case whether sheath thickness

growth is estimated by the number of turns added per day or by the specific growth
rate. In the early stages, therefore, glial and Schwann cells vary independently of one
another in the rates at which they add new turns of myelin, even though they are

myelinating central and peripheral segments of axons in the same bundles.
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INTRODUCTION

In previous studies (Fraher, 1976) on the growth and myelination of vential moto¬
neuron axons single cross sections of the same fibre bundles in the spinal cord and
the ventral root were examined. Overall changes in axon calibre and sheath thickness
were investigated. It was found that mean sheath thickness and axon circumference
are greater for peripheral than for central segments of fibres in the same bundles.

The present paper extends the previous observations by examining individual fibres
over central and peripheral parts of their course. Axon calibre and myelin sheath
thickness were measured at several different levels along entire internodes belonging
to the same fibres in both locations. Fibres were studied at various stages during
the period immediately after birth when the initial, rapid phase of myelination of
ventral motoneuron axons by both glial and Schwann cells is taking place. Thus,
the changing appearances of the two types of myelinating cell can be compared
with one another as they lay down myelin on central and peripheral internodes of
the same axons. This enables a detailed comparison to be made of sheath thickness
and axon circumference along central and peripheral internodes belonging to the
same fibres, and also between serially adjacent central internodes on the same fibres.

For the purposes of the present investigation, certain terms are used as follows:
That part of a glial cell which myelinates a single internode is called a glial unit.

This consists, when unrolled, of a central sheet of compact myelin bounded by a
rim of cytoplasm (Fig. 14). When the glial unit is wrapped around an axon, that
part of its cytoplasmic rim which is apposed to the axon is helical in form. This helix
tends to be more tightly wound adjacent to the node (its juxtanoda! segment) than
is the case closer to the centre of the internode (its abnodal segment).

MATERIALS AND METHODS

The present study was carried out using young Wistar albino rats of the following
ages, each known to an accuracy of one hour: newborn, 1, 2, 3, 4, 6 and 12 days
postnatum.

The procedure for tissue preparation has previously been described in detail
(Fraher, 1972, 1976). To summarize, animals under ether anaesthesia were killed by
perfusion through the left ventricle with a solution at 4 °C containing 4 % para¬

formaldehyde and 0-5 % glutaraldehyde in phosphate buffer at pH 7-2. The cervical
* Present address: Department of Anatomy, University College, Cork, Eire.
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Intramedullary rootlets

Ventral root

Planes of section

Fig. 1. Diagram to show the manner in which the same fibres were sectioned to produce serial
transverse sections of their central and peripheral segments. The planes of section at which
ultrathin sections of the fibres were cut are indicated. Thick (0-5-1-0 /im) sections were made
of the intervening lengths of fibre.

and upper thoracic segments of the spinal cord, together with their attached ventral
and dorsal roots, were removed following laminectomy. After osmication and de¬
hydration in alcohols, each spinal cord segment was embedded separately in Araldite.
The seventh cervical spinal cord segment was studied.

One aim of the study was to examine transverse sections of central and peripheral
segments of the same fibres. Accordingly, in 3, 6 and 12 day animals note was made
of the curvature and orientation of the ventral roots chosen for study. In addition,
at each age the orientation of the paths traversed by the bundles of ventral moto¬
neuron axons within the white matter of the cord (the intramedullary bundles) was
determined at the levels to be examined from thick (0-5-1-0 /;m) transverse, sagittal
and coronal sections of the cord stained with 0-8 % toluidine blue and 0-2 % pyronin
B. Simple geometrical procedures using these sections enabled the angles made by
the bundles with the major planes of the cord to be calculated.

Serial thick and thin sections

Central and peripheral segments of the same axons were examined in serial trans¬
verse sections of a single root and of the intramedullary bundles contributing to it,
in one animal at 3, 6 and 12 days postnatum. At each age, the procedure was as
follows: thin (40-60 nm) sections were made at several levels, first along peripheral,
and then along central, segments of the same fibre bundles (Fig. 1). These were
stained with 0-2 % lead citrate for 2 minutes and then with uranyl acetate (saturated
solution in 50 % ethanol) for 10 minutes. The first level sectioned transversely was
50 /im distal to the junction of the ventral root with the spinal cord. The length of
root between this level and the cord surface was sectioned transversely. So as to cut
intramedullary bundles as near to the transverse as possible, the plane of section
was changed at the surface of the spinal cord. The angle and direction of block
reorientation were determined from the information previously obtained on the
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Table 1. The number of levels along central and peripheral segments of
the same fibres at which thin sections were examined at each age

(The mean distances between the levels, as well as the number of fibres studied at each age,
are also shown.)

Mean distance No. of fibres
Age (days) No. of levels between levels (urn) studied

3 11 16 28
6 24 7 30

12 9 18 67

orientation of the ventral roots and the intramedullary bundles. The number of
levels at which thin transverse sections were made at each age, as well as the dis¬
tances between the levels, are given in Table 1. Thick transverse (0-5-1-0 /<m)
sections, stained as described above, were made of the segments intervening between
all levels at which thin sections were made.

The 6 day root turned sharply, approximately through a right angle, just distal
to the length which was sectioned transversely. Serial thick and thin longitudinal
sections were made of this distal length of root. These sections were parallel to
those of the transverse sections made from the proximal 50 /<m of the root, and
were serially continuous with them. In all, at 6 days, serial thick and thin sections
were made of a 300 /<m length of the ventral root. Of this, the proximal 50 /<m
were sectioned transversely, the distal 250 gm longitudinally.

Using Zeiss Ultraphot and Leitz Orthomat photomicroscopes a light micro-
graphic montage (print magnification: x 650) was made of the whole root and its
component intramedullary bundles on alternate transverse sections at each age and
on every longitudinal section at 6 days.

Thin sections were studied using AEI EM6, Corinth 275 and Philips 301 electron
microscopes. For each transversely sectioned bundle examined a low power (print
magnification: x 2500) electron micrographic montage was made of its whole cross
section at each central and peripheral level. Similar montages were made at several
levels over the longitudinally sectioned parts of the bundles.

By comparing low power electron micrographs of the thin sections with light
micrographs of serially adjacent thick sections, the peripheral and central course of
individual fibres could be followed and examined at light and electron microscopic
levels.

The quality of fixation obtained was of a high standard at all ages, being similar
to that illustrated in previous publications (Fraher, 1972, 1976). Preliminary studies
have shown the difficulty of tracing thin fibres through the root-cord transition zone.
Accordingly, from the fibres of thicker calibre a number were selected at random
at each age (Table 1). Each was given an identification number and was followed
through all levels of section, central and peripheral, by identifying it on each photo-
micrographic montage of its bundle at light and electron micrographic levels. The
levels at which nodes of Ranvier occurred on serial transverse sections were identi¬
fied on light micrographs by the absence of a myelin sheath over a short length of
the fibre and by the fact that the axoplasm usually showed a considerable increase
in density at nodal levels as compared with internodal levels along the same fibre.
Many nodes and juxtanodal segments were also identified on electron micrographs
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Table 2. To show, for typical fibres, the mean and maximum sheath thickness of
peripheral and central internodes on the same fibres at 3, 6 and 12 days

(The ratio of mean peripheral internodal sheath thickness to mean central internodal sheath
thickness (P/C) is given for each fibre. Sheath thickness is expressed as number of turns of
myelin.)

Peripheral internodal Central internodal
sheath thickness sheath thickness

Age Fibre , * , , * ■> Ratio
(days) number Mean (P) Maximum Mean (C) Maximum P/C

1 160
2 15-0
3 14-5
4 18-5
5 18-0
6 13-0
7 170
8 15-3
9 16-7

10 14-3

1 210
2 27-4
3 21-8
4 28-0
5 22-9
6 27-3
7 24-8
8 27-3
9 300

10 21 0

1 43-3
2 40-3
3 37-7
4 43-3
5 37-8
6 42-3
7 41-0
8 44-2
9 34-7

10 38-6

18 7-5
16 6-8
15 1-5
19 5-5
18 9-3
18 8-8
18 5-5
16 90
17 6-5
17 90

25 12-6
29 120
22 131
29 13-8
25 11-8
29 10-4
28 11-4
29 113
33 8-4
25 12-6

47 180
44 26-4
39 25-0
45 18-0
40 25-7
44 20-5
42 24-0
46 21-5
37 25-2
43 20-8

11 21
7 2-2
2 9-7
8 3-4

11 1-9
10 1-5

6 3-1
9 1-7
8 2-6
9 1-6

15 1-7
16 2-3
15 1-7
15 20
16 1-9
12 2-6
13 2-2
13 2-4
10 3-6
15 1-7

22 2-4
28 1-5
28 1-5
22 2-4
30 1-5
23 21
24 1-7
28 21
29 T4
23 1-9

of the intercalated thin sections. In the 6 day animal individual fibres were traced
distally from the transversely sectioned part into the longitudinally sectioned part
of the root. In the last-mentioned, some fibres were traced distally over lengths of
up to 250 pm. The planes of longitudinal section did not coincide exactly with the
long axes of the fibres, whose courses were in any case a little tortuous. Accordingly,
these fibres were traced distally in this part of the root, using sets of serially adjacent
sections.

At all levels at which thin sections had been cut, a higher power electron micro¬
graph was made of each fibre which had been traced through several levels, as des¬
cribed above. Print magnification was approximately x 15000. More exact magnifi¬
cations were calculated using a calibration grid photographed under the same
conditions of magnification as prevailed at each photographic session.

For each fibre examined both sheath thickness and axon circumference were

noted at each level. Axon circumference was not, of course, measured over the
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longitudinally sectioned lengths at 6 days. Sheath thickness was measured as the
number of completed turns comprising the sheath. Measurements were made on the
negatives using a dissecting microscope. Axon circumference was measured in
mm, using a Kontron semi-automatic image analyser. This value was converted to
gm, correct to the nearest 01 /on, using a correction factor calculated from a print
of a calibration grid photographed under the same conditions of magnification as
the thin sections. Jf at any given level a fibre was judged to have been sectioned
obliquely, according to criteria given previously (Fraher, 1972), its circumference
was not measured at that level.

Using the information so gained it was possible to plot graphically the position
of all nodes of Ranvier delineating central and peripheral internodes of the same

fibres, as well as the number of turns of myelin comprising the sheath at several
levels along each internode. Profiles of myelin sheaths obtained in this way at 3, 6
and 12 days are shown in Figures 4(a), l(a-e) and 8(a) respectively.

For sheath thickness, the mean and maximum values were noted for each central
and peripheral internode at each age. Typical examples are given in Table 2. In
calculating mean sheath thickness, values which were juxtanodal were not taken into
account. The ratio of peripheral to central sheath thickness was calculated for each
fibre, using mean values (Table 2).

Axon circumference was plotted against distance along central and peripheral
segments of the same axons at 3, 6 and 12 days (Fig. 12). The numbers of levels
examined at each age are given in Table 1. At each age about two thirds of the levels
were central and one third peripheral. The mean axon circumference with its standard
deviation and coefficient of variation was calculated for both central and peripheral
segments of each axon, as was the ratio of mean peripheral to mean central circum¬
ference. Typical examples are given in Table 3.

Scatter diagrams were plotted relating mean sheath thickness to mean axon cir¬
cumference for each central internode examined (Fig. 13).

Longitudinal sections
Variations of central sheath thickness in the juxtanodal region and along the

internode were studied on longitudinal thin sections of the intramedullary bundles.
Two animals were examined at each of the following ages: newborn, 1, 2, 3, 4, 6
and 12 days postnatum. These animals were siblings of those on whom the serial
transverse studies were performed. The plane of section was chosen in relation to
the angles previously calculated for the orientation of the bundles within the cord.
Staining and examination of thin sections were carried out as described above.
Print magnification varied from x 1000 for overall views, to x 10000 or x 12500
for more detailed studies. Magnifications were calculated with the aid of a calibration
grid as outlined previously.

The following measurements were made on longitudinally sectioned fibres at each
age:

(i) The sheath thickness (expressed as the number of completed turns of the mes-
axon) was measured at several internodal levels. Where the bounding node was
included in the section the distance of each level from the mid point of the node
was noted. These measurements were plotted graphically (Figs. 2, 3, 4b, 5, If, 8b).

(ii) For longitudinally sectioned nodes, measurements were made of the distances
of the terminations of successive turns of the glial cytoplasm from the midnodal
level. If the myelinated segment of the axon was adjacent to a bare segment, then
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Figs. 2-5. Graphs showing myelin sheath thickness variation with distance along internodes.
Ordinates: myelin sheath thickness (number of turns); abscissae: distance along internode
(/4m).
Fig. 2. Graphs showing myelin sheath thickness at several internodal levels on central lengths
of ventral motoneuron axons at 1 day after birth. Measurements made from longitudinal thin
sections.
Fig. 3. Graphs showing myelin sheath thickness at several internodal levels on central lengths
of ventral motoneuron axons at 2 days after birth. Measurements made from longitudinal
thin sections.
Fig. 4 (a). Graphs showing myelin sheath thickness plotted against distance along central
and peripheral internodes on the same ventral motoneuron axons at 3 days after birth. The
level at which each fibre passed through the surface of the spinal cord is marked by an arrow.
Data were derived from serial thick and thin sections (see text). (6) Graphs showing myelin
sheath thickness at several internodal levels on central lengths of ventral motoneuron axons.
Measurements made from longitudinal thin sections. The upper tracing shows values for the
entire length of one sheath. One graph also includes a short length of the most proximal
peripheral internode. The level at which that fibre passed through the surface of the spinal
cord is marked by an arrow.

Fig. 5. Graphs showing myelin sheath thickness at several internodal levels on central lengths
of ventral motoneuron axons at 4 days after birth. Measurements made from longitudinal thin
sections.
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these measurements were made from the end point of the glial cytoplasm. Note was
also taken of whether successive turns of the mesaxon ended externally or internally.
These values were plotted as shown in Figure 9.

OBSERVATIONS

Longitudinal study of internodal sheath thickness
At 1 day intramedullary sheaths tended to vary somewhat in thickness from one

level to another. Some showed a slight gradual increase in the number of turns of
myelin as they were traced away from the region of the presumptive bounding nodes
(Fig. 2), this increase being greatest towards the nodal end of the sheath. The thickest
sheaths at this stage had a maximum of 5 or 6 turns.

At 2 days the findings (Fig. 3) resembled those at 1 day. Sheath thickness generally
increased gradually over distances of about 20 gm from the nodal edge. Beyond
this, the number of turns tended to change less. The amount of variation was a
little greater than at 1 day. At this stage, the thickest sheaths had a maximum of 7
or 8 turns.

At 3 days sheath thickness along central internodes immediately deep to the cord
surface tended to increase rapidly over a length of less than 10 gm in the immediate
vicinity of the bounding node (Fig. 4b). When traced away from the node beyond
this level the number of turns generally increased more gradually to a maximum
(Figs. 4a, b). Most sheaths were thickest near the middle of the internode, the
number of turns decreasing at a similar rate on either side of this when traced to¬
wards the bounding nodes (Fig. 4). Frequently, however, the level of maximum
thickness was placed eccentrically in the internode; in one case the maximum was
immediately adjacent to one of the juxtanodal segments. The rate of decrease in
the number of turns as symmetrical sheaths were traced away from the thickest
level varied from one fibre to another. On the average, four fifths of the way between
the level of maximum thickness and that at which the sheath became non-compact,
the number of turns had fallen to 76% (range: 67-80%) of maximum. The longi¬
tudinal sections at this age included the whole of two intramedullary internodes.
Figure 4(b) shows the sheath thickness along the entire length (60 gm) of one.
This graph therefore indicates exactly the longitudinal sheath thickness variation
over both the juxtanodal and the abnodal regions of the same internode. Figure 6
consists of electron micrographs showing the variation in sheath thickness over a
70 ,«m length of internode.

At 3 days the peripheral segment of a given axon was more heavily myelinated
than the central by a factor which averaged 2-3 and ranged from 1 -5 to 9-7 (Table 2).
Peripheral sheaths at 3 days varied in thickness along the abnodal segment. Most
were thickest near the middle and became gradually thinner when traced away
from this level. The rate of this decrease was considerably less than that for central
sheaths on the same axons; four fifths of the way between the level of maximum
thickness and that at which the sheath became non-compact, thickness had fallen
to an average of 85 % (range 80-93 %) of the maximum. The rapid juxtanodal
decrease in thickness took place over a distance of less than 10 /(m.

At 4 days only longitudinal sections of intramedullary segments of fibres were
examined (Fig. 5). When traced towards the bounding node, the abnodal segment
of the sheath decreased more gradually in thickness than at younger ages. The
decrease in thickness over the juxtanodal segment was correspondingly steeper.
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Fig. 6. Longitudinal section through a 70 fim length of the central portion of a ventral moto¬
neuron axon, x 2500. The variation in sheath thickness along the abnodal segment of the
internode can be seen in the higher power views on the right, x 36000. Arrows show turns
ending internally in 1 and 2, externally in 4. Serial sections showed that one of the nodes
bounding this sheath lay about 10 /im beyond the uppermost end of the axon as shown in the
left hand micrograph.
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At 6 days the most detailed study of longitudinal variation in sheath thickness
was made. Central segments were studied in serial sections over lengths of up to
120 /<m extending from the cord surface through the ventrolateral white column
and well into the grey matter of the ventral horn. Peripheral segments of the same
fibres were examined by transverse and longitudinal sections over lengths up to
300 /tm distal to the cord-root junction. Figure 7(a) shows graphically the sheath
thickness variation along entire peripheral and central internodes of the same ventral
motoneuron axons.

The majority of the central sheaths represented in Figure 7 belong to internodes
lying immediately central to the cord surface. In many cases the serially adjacent
central internode was also studied (Fig. la). Longitudinal variation in sheath thick¬
ness fell into four broad patterns (Figs. Ib-e). Most commonly (69 % of cases) the
sheath was symmetrical (Fig. lb), being thickest near the middle of the internode
and gradually decreasing in thickness as it was traced towards the bounding nodes.
14% of sheaths were asymmetrical (Fig. 7 c), the level of maximum thickness lying
close to one end of the abnodal segment. 7 % of sheaths possessed two levels of
maximum thickness (Fig. Id), both maxima usually consisting of a similar number of
turns. At its thinnest point, the part between the two peaks of thickness averaged a
little over half the peak values in all examples studied. The remaining 10% of
sheaths consisted of a relatively uniform number of turns along the entire internode
(Fig. 7 c). The rate of decrease of abnodal thickness when traced away from the
thickest level varied from one sheath to another. Four fifths of the way between the
level of maximum thickness and that at which the sheath became non-compact the
number of turns had fallen to 75 % (range: 68-83 %) of maximum. The indices of

) rate of decrease so calculated were similar for symmetrical and asymmetrical sheaths.
When traced towards both bounding nodes, symmetrical sheaths decreased at a

very similar rate on either side of the thickest level. Longitudinal sections of up to
60 /tm in length (Fig. If) were in accord with the above findings from serial trans¬
verse sections. Thus, at this age, a large proportion of the turns of myelin in a given
sheath unwound in the juxtanodal region, which is relatively short and sharply
distinct from the abnodal segment of the internode. Nevertheless, about a quarter
of all turns unwound in the abnodal segment.

At 6 days, the peripheral segment of a given axon had a thicker sheath than the
central by a factor which averaged 2-5 and ranged from 1-7 to 4-3 (Table 2). Peri¬
pheral sheaths were less variable in thickness from one level to another than at 3
days. Four fifths of the way between the level of maximum thickness and that at
which the sheath became non-compact, the thickness had fallen to an average of
88 % of maximum. Comparison of peripheral and central sheaths around the same
axon showed that variation from one level to another along the same internode was

considerably less in the former than in the latter.
At 12 days centraI sheaths were thicker than previously (Fig. 8a; Table 2). At

this age the whole length of the internode immediately deep to the cord surface was
studied in 40 % of fibres examined. Of these sheaths, 80 % were symmetrical.
Sheaths varied less in thickness from one level to another than at previous ages.
The number of turns present four fifths of the way between the level of maximum
thickness and that at which the sheath became non-compact averaged 85 % of the
maximum. Longitudinal sections of central sheaths (Fig. 8b) were in agreement
with the above findings, emphasizing the large proportion of turns which ended by
unwinding over the short juxtanodal segment of the internode.
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Study of 12 day peripheral sheaths in serial transverse sections showed that there was
little longitudinal variation in thickness at this age (Fig. 8a). For all fibres but one,
the mean peripheral internodal sheath thickness was thicker than the central by a
factor of 1-3-6 0. The average ratio was 21.

General observations on the turns ofglial cytoplasm
The mean distances from the midnodal level at which individual turns of the

mesaxon ended by becoming continuous with the surface membrane of the glial or
Schwann cells were measured on longitudinal sections. Figure 9 shows patterns
found adjacent to central nodes and to central-peripheral junctional nodes at 1, 2,
3, 4, 6 and 12 days.

In the younger animals the turns of the inner glial cytoplasmic helix became pro¬
gressively broader as they were traced away from the bounding node (Fig. 9). There
was very often no clear distinction between the juxtanodal and abnodal segments of
the helix. However, such a distinction was present in older animals in which most
of the turns in the sheath ended in the juxtanodal segment. A similar sequence of
events occurred with increasing age in relation to the Schwann cells.

Comparison of the juxtanodal segments of Schwann and glial cells shows that,
at a given age and for sheaths of comparable thickness, the juxtanodal helix of the
Schwann cell had a shorter pitch than that of the glial cell.

Longitudinal sections through 1 and 2 day intramedullary segments were studied
to determine the proportions of turns of myelin which ended either internally, with
the plasma membrane becoming continuous with that forming the surface of the
glial cell facing the axolemma (Fig. 10a), or externally, with the plasma membrane
becoming continuous with that forming the outer surface of the glial cell (Fig. 106).
The majority of turns ending in the abnodal segment did so externally, as did a

proportion ending in the juxtanodal segment. The profiles of glial cytoplasm at the
mds of the individual turns ending externally, as seen in longitudinal section of
the fibre, were frequently rounded in appearance (Fig. 11). Each such profile was a
:ross section through the strip of glial cytoplasm forming a rim around the compact
sheath (Fig. 14a). Frequently, at distances of up to 25 /tm from the bounding node,

Figs. 7, 8. Graphs showing myelin sheath thickness variation with distance along internodes.
Ordinates: myelin sheath thickness (number of turns); abscissae: distance along internode
(/tm).
Fig. 7 (a). Graphs showing myelin sheath thickness plotted against distance along entire
peripheral (left) and central (right) internodes belonging to the same ventral motoneuron axons
at 6 days. In two examples measurements made along two serially adjacent central sheaths are
given. Data were derived from serial thick and thin sections (see text). The midnodal level of
the central-peripheral junctional node is arrowed, (b-e) Graphs showing myelin sheath thick¬
ness plotted against distance along central internodes immediately deep to the spinal cord
surface (at origin). These graphs show the various patterns of variation of myelin sheath
thickness along the lengths of central internodes (see text). Data derived from serial thick
and thin transverse sections. (/) Graphs showing myelin sheath thickness at several internodal
levels on central lengths of ventral motoneuron axons. Measurements made from longitudinal
thin sections.

Fig. 8 (a). Graphs showing myelin sheath thickness plotted against distance along central
and peripheral internodes on the same ventral motoneuron axons at 12 days. The level at
which each fibre passed through the spinal cord surface is marked by an arrow. Data derived
from serial thick and thin sections. (6) Graphs showing myelin sheath thickness at several
internodal levels on central lengths of ventral motoneuron axons. Measurements made from
longitudinal thin sections.
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Fig. 9. Diagrams to show the mean distance (/«m) from the midnodal level (arrowed) at which
turns of myelin terminated at the ages indicated. Some examples are for central internodes only
(arrow at origin). Others give distances on either side of the central-peripheral junctional node
(arrow plus asterisk). In the latter examples the peripheral segment is to the left, the central to
the right.

several such profiles were present externally, closely apposed to one another over a
length of only a few microns, many lying just outside the compact sheath at a level
immediately adjacent to the perikaryon of the myelinating glial cell.

Groups of profiles whose cytoplasmic features closely resembled those described
above were also present immediately external to the compact sheath at 1 and 2
days, but had a very different relationship with it. At no point on the circumference
of these profiles did the bounding membrane form compact myelin so as to con¬
stitute an additional turn on the external aspect of the sheath. Their appearance

suggests that they may represent sections through a cylindrical process of glial
cytoplasm wrapped helically around the external aspect of the compact sheath.

By 3 days, longitudinal sections showed that a large majority of turns of the
sheath ended internally (Fig. 10a), the plasma membrane becoming continuous with
that forming the surface of the glial cell facing the axolemma. However, turns ending
externally were found in the abnodal segment at all ages, even at 12 days.
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Fig. 10. Longitudinal sections of central axons showing the manner (arrowed) in which turns
of the mesaxon ended in the central abnodal segments studied. Some turns ended internally
(a), others externally (b). The proportions ending in each way varied with age (see text). Fig.
10 (b) also shows an incisure of Schmidt-Lanterman. x 25700.

Axon circumference
The circumference of myelinated axons was measured at several different central

and peripheral levels along the same fibres at 3, 6 and 12 days. Figure 12 consists
of graphs showing circumference variation with distance along representative axons
at each age. Table 3 gives, for both central and peripheral segments of the same
axons at each age, the mean circumference, its standard deviation, and coefficient
of variation, the last-mentioned expressed as a percentage. The ratio of mean peri¬
pheral to mean central axon circumference is also given for each axon.

At each age axon calibre varied considerably from one level to another along both
central and peripheral internodes (Fig. 12). A majority of axons showed no pattern
of calibre variation along the length studied centrally: the proportion of such axons
was greatest at 12 days. However, a number of axons at each age tended to increase
progressively in calibre as they were traced peripherally through the ventral horn
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Fig. 11. Longitudinal section through juxtanodal region at 1 day postnatum. The outer turns of
the sheath end externally. Near transverse sections (arrowed) through the strip of glial cytoplasm
bounding the outer turns show that it tends to be rounded on cross section, x 17300.

and the ventrolateral white column towards the surface of the spinal cord. There
was no sudden change in calibre at any age as the axon passed through the transi¬
tional zone between the cord and the ventral root. Axon segments showed no ten¬
dency to increase in calibre when traced further distally along the ventral root.

In addition to the calibre variation outlined above, a proportion of axons were
dilated immediately deep to the cord surface. Figure 12 includes an example of a
dilatation on a 3 day axon. Such axons made up 25 % of the total at 3 days, 20 %
at 6 days and 5 % at 12 days. The dilated segments were sharply demarcated from
the adjacent narrower lengths of axon. Their lengths were similar at each age,

averaging 20 //m and ranging from 10 to 30 //m. The dilated length of axon appeared
normal. Its circumference exceeded the mean value for the rest of the central segment
of the axon by a factor of 2-0-3-0 at 3 days, of 1-5-2-0 at 6 days, and of 1 -4—1 -6 at
12 days. At 6 and 12 days all dilated segments were myelinated. At 3 days, at the
levels along the intramedullary bundles at which the dilatations were found, the
proportions of dilated and non-dilated axons which were myelinated were the same.

It is clear from Table 3 that axon calibre varied considerably along most fibres.
At each age this variation differed markedly in degree from one fibre to another,
both centrally and peripherally. These findings apply both to absolute variation,
expressed as the standard deviation, and to relative variation, expressed as the
coefficient of variation.

The variability of central axon calibre as a whole was examined in two ways.
The mean central coefficient of variation was calculated from the values found for
all central segments. At 3 days the value found was 15-2%, at 6 days 21-4%, and
at 12 days 18-4%. The overall variability of central axon calibre for all fibres was
also expressed as the pooled axon circumference variance. The value found at 3
days was 1-8, at 6 days 2-2, and at 12 days 4-5.
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Fig. 12. Graphs showing axon circumference at several different peripheral and central levels
along the same typical ventral motoneuron axons (a) at 3 days, (b) at 6 days and (c) at 12 days.
The level of the spinal cord surface is arrowed. The site of a 3 day peripheral node of Ranvier
is marked by an asterisk.

At 12 days the mean circumference of the peripheral segment exceeded that of
the central in 78 % of cases. The factor by which the two segments differed in mean
circumference averaged 1-4 and ranged from 11 to 1-9. In 10% of axons the central
and peripheral segments were of the same calibre. In the remaining 12% of cases
central segments were of slightly greater calibre than peripheral.

For the sample as a whole at each of the ages studied the difference in calibre
between central and peripheral axon segments was statistically very highly significant
(P < 0-005). However, for the individual axons only a proportion of the central
segments were statistically significantly thinner than the peripheral.

Relationship between axon circumference and myelin sheath thickness
Scatter diagrams at 3, 6 and 12 days relate the mean internodal sheath thickness

to mean internodal axon circumference for each central segment examined (Fig. 13).
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Fig. 13. Scatter diagrams showing the relationship of mean internodal sheath thickness (turns
of myelin) to mean internodal axon circumference (/tm) at 3, 6 and 12 days postnatum.

At each age the points on the scatter diagrams are clustered together. However,
the cluster shifts upwards and to the right with increasing age. The cluster of points
is relatively compact at 3 and 6 days. At 12 days, however, it is more diffuse. Using
the mean internodal values for axon circumference and sheath thickness, the rela¬
tionship between the two parameters was studied centrally and peripherally at 3,
6 and 12 days postnatum. The association found between the two parameters was
weak. For central internodes a statistically significant correlation coefficient (0-271)
was found only at 12 days. For peripheral internodes the values of the correlation
coefficients were as follows: 3 days, 0-158; 6 days, 0-280; 12 days, 0-461. Each of
these values was statistically significant.

DISCUSSION

Though the great majority of fibres in cervical ventral roots are somatic efferent,
a small proportion appears to be sensory (Coggeshall, Coulter & Willis, 1974;
Coggeshall et al. 1975). As almost all such sensory fibres are unmyelinated
(Applebaum et at. 1976; Clifton et al. 1976; Loeb, 1976), and as the present study was
made exclusively on myelinated fibres, it is likely to have included very few, if any,
sensory fibres.

Both central and peripheral segments of rat ventral motoneuron axons begin to
be myelinated at birth (Fraher, 1976). Thus, both Schwann and glial cells on a given
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(c)

Fig. 14. Scale diagrams showing the form of a typical unrolled glial unit and compact sheath
(a) in the earlier stages of compact sheath maturation, (b) and (c) at progressively later stages
in development. In the early stages (a) the glial unit is oval in outline. Subsequently, the dis¬
tinction between its outer and juxtanodal edges becomes clear (b) and eventually it approaches
the shape of a trapezium (c).

axon are stimulated to produce myelin at about the same time. These fibres are
among the first to show compact myelin in the rat central nervous system, showing
myelination a week or so before fibres in the fasciculus cuneatus, the fasciculus
gracilis (Matthews & Duncan, 1971), the corticospinal tract (Matthews & Duncan,
1971; Samorajski & Friede, 1968; Schonbach, Hu & Friede, 1968), and the optic
nerve (Skoff, Price & Stocks, 1976a, b; Vaughn, 1969).

In the peripheral nervous system it has been established that the axon determines
whether or not its associated Schwann cells produce myelin (Aguayo et al. 1976a;
Aguayo, Charron & Bray, 19766; Hillarp & Olivecrona, 1946; Simpson & Young,
1945; Weinberg & Spencer, 1975, 1976). It is reasonable to assume that a similar
relationship holds between central axon segments and the glial cells which myelinate
them. As regards the stimulus which initiates myelination, it is unlikely to be axon
calibre (Fraher, 1972, 1973, 1976; Moore, Kalil & Richards, 1976); it is more likely
chemical in nature (Aguayo et al. 1976a, b\ Weinberg & Spencer, 1975, 1976).
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The morphology of central sheaths
The patterns of longitudinal variation in sheath thickness described in this article

were present at all stages from the onset of myelination up to and including 6 days.
The sheaths are of course growing during this period, nevertheless the patterns of
differential thickness persist along their length. Further growth after 6 days tends
to even out longitudinal differences in thickness; those parts of the abnodal segment
of the sheath lying closer to the bounding nodes increase in thickness more rapidly
than the middle parts of the sheath. At 12 days some longitudinal variation in thick¬
ness is still present, but is less marked than previously.

From the observations presented it is possible to deduce the form of the unwound
glial unit at each age. Figure 14 consists of diagrams to the same scale indicating the
changes in form, length and area of compact myelin which take place in a typical
glial unit over the period studied. Initially, immediately after the sheath has become
compact along a substantial part of its length, it is approximately oval in outline
(Fig. 14a). The strip of cytoplasm bounding it is convex along its outer, inner and
both its juxtanodal edges. All these are poorly demarcated from one another and
form a continuous curve (Fig. 14a). The sheath formed when such a unit is wrapped
around its axonal segment has distinctive features. For example, there is no sharp
demarcation between the juxtanodal and abnodal segments of the inner helix of
glial cytoplasm (Fig. 9). Also, because of the convexity of the juxtanodal edge of
the unit, the middle part of this edge lies closest to the bounding node. As a result,
when the sheath is wrapped around the axon the ends of the outer turns fail to come
into contact with the axon (Fig. 11). In addition, longitudinal sections show that
many turns fail to extend along the entire length of the abnodal segment. Instead,
one or both ends of such turns lie in the abnodal segment and may end internally
or externally (Fig. 10).

As maturation proceeds the juxtanodal edges of the unrolled glial unit soon be¬
come relatively straight. They diverge from one another as they are traced from the
inner to the outer strips of glial cytoplasm (Fig. 14h). The outer strip of glial cyto-

lasm is therefore longer than the inner. However, both these strips remain convex
way from one another, though less so than previously. Accordingly, a smaller,
>ut still considerable, proportion of turns ends in the abnodal segment. The jux-
nodal and outer strips make a sharp angle with one another. However, the dis-
ction between the juxtanodal and inner strips remains poorly defined (Fig. 14b).
len wrapped around the axon the whole length of the juxtanodal edge of such a

unit is closely apposed to the axon.
With further maturation the degree of curvature of the outer and inner cytoplasmic

strips becomes progressively less. By 12 days, long segments of both inner and outer
edges are relatively straight, and in some cases lie parallel to one another over a
considerable proportion of the internodal length. The outline of the unrolled glial
unit then approaches that of a trapezium (Fig. 14c). Accordingly, when the glial
unit is wrapped around the axon, the variation in the number of turns at different
abnodal levels is less than previously, and the distinction between juxtanodal and
abnodal segments of the inner cytoplasmic helix is sharp.

The growth of centraI sheaths
Maturation of the glial unit is associated with an increase in its length and in

that of the compact sheath which it forms. The oval outline of the earlier glial
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units could come about if different parts of the juxtanodal strip of glial unit cyto¬
plasm grew longitudinally (i.e. in a direction parallel to the axon) at different rates.
If the outer and inner parts of the strip grew longitudinally more slowly than those
between them, then the form of the unrolled glial unit shown in Figure 14a would
result. In order to arrive at the later forms (Fig. 14b, c), the rate of longitudinal
growth of the outer portion of the juxtanodal strip would need to exceed that of the
other parts.

The myelin sheath becomes thicker through the glial unit becoming wrapped an
increasing number of times around the axon, perhaps by a spiral extension of the
inner strip of glial cytoplasm around the inner aspect of the compact sheath. The
inner strip of cytoplasm of the unwrapped glial unit is convex at 3 and 6 days,
suggesting that one segment of the cytoplasmic strip leads the rest in migrating
around the axon. This segment is generally located towards the middle of the inter-
node. If, as has been suggested (Hirano & Dembitzer, 1967), the growing sheath
accommodates itself to the enlarging axon by slippage of adjacent lamellae over one
another, then the rate of rotation of the inner cytoplasmic strip around the axon
must be sufficient to add new nett turns as well as to accommodate for slippage.

Turns end externally along the entire length of earlier central sheaths (Fig. 106),
accounting for much of the decrease in thickness found as the sheath is traced
from its level of maximum thickness towards its bounding nodes. Similar findings
have been reported in maturing Schwann cells (Fraher, 1973), when the origin of
such external turns was attributed to rotation of the outer cytoplasmic strip around
the peripheral axon segment. Some of the externally ending central turns observed
could arise by a similar mechanism if the internode involved was the only one being
myelinated by the particular glial cell and if the glial perikaryon, rather than a
process extending from it, was directly apposed to the outer aspect of the sheath.
The latter has been observed in 1 day animals. Such a mechanism is clearly impossible
when the number of segments contacted by a given glial cell exceeds one.

Comparison of serially adjacent central sheaths
Many pairs of serially adjacent central internodes were followed over their entir

lengths along the same axon at 6 days (Fig. la). Comparison of such pairs of inte
nodes shows that the sheath closer to the cell body was the thicker in two thirds
such cases, a finding in accord with a central-peripheral gradient of maturation
the axon and its myelinating cells. The values for the mean internodal thicknes
the two often differed markedly from one another, frequently by an amount sirm,.
to the range of values for the whole sample of central internodes. There was little
necessary similarity between the patterns of longitudinal variation in thickness; if
one sheath belonged to a particular type, the chances of the other being similar were
no greater than would be expected according to the proportion of such sheaths in
the sample as a whole. These findings indicate marked variation in the response of
two serially adjacent glial units to stimuli for myelination emanating from one and
the same axon.

Glial units also varied in another way. In the course of the present study it was
noted that there was in some cases a considerable difference in the thickness of the
sheaths produced by individual units which were part of the same glial cell. This
suggests that the myelin-producing activities of such units are, to some extent at
least, independent of one another, even though they are parts of the same cell.
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Peripheral sheaths
Sheath thickness along peripheral abnodal segments varied considerably at 3

days. Subsequently, this variation rapidly decreased. By 6 days it was slight. At 12
days sheaths were of near uniform thickness along most of the lengths of abnodal
segments studied. These findings are in accordance with previous, more detailed,
studies of peripheral sheaths (Fraher, 1973).

Comparison of central and peripheral sheaths
The patterns of longitudinal variation in thickness were similar for central and

peripheral sheaths. In both locations sheaths were most commonly symmetrical; a
few were asymmetrical; a few were bimodal. However, in peripheral sheaths, long¬
itudinal variation was marked only at ages less than 4 days. By 6 days most peri¬
pheral sheaths were relatively uniform along the whole internode (Fraher, 1973).
Though the trend throughout maturation for sheaths to become more uniform in
thickness along their whole extent was common to both central and peripheral
internodes, the rate at which uniformity was approached was greater peripherally
than centrally. The trend towards uniformity had progressed in 6 day peripheral
sheaths as far as it had in 12 day central sheaths.

In addition to being more mature at a given age than the central sheath, the
peripheral sheath on a particular axon was also considerably thicker. The extent
of this difference varied considerably from one fibre to another at all ages; some
ratios of peripheral to central thickness were five times as great as others. This re¬
flects the wide variation in the relative response of Schwann cells and glial units to
stimuli for myelination emanating from the same axon. This variability is even more
striking in those fibres in which three serially adjacent internodes, two central and
one peripheral, were followed along their entire lengths.

Despite the variability from one fibre to another, the average responses of the two
'classes of myelinating cell to the stimulus for myelination were more closely related;
the average value for all ratios of peripheral to central sheath thickness was remark¬
ably similar at all ages. This implies that the mean rate of addition of new turns to
■eripheral sheaths was greater than that for central sheaths by a fixed amount
Krer the periods studied. Over the periods 3 to 6 and 6 to 12 days, the ratio of the
Herage number of turns added peripherally to those added centrally was the same

^Bhe average ratio between peripheral and central sheaths at the beginning of each
^Hod.
V Comparison of the unrolled glial unit and Schwann cell
m The complexities of early glial ensheathment of central axon segments (Knobler,
■tempak & Laurencin, 1974, 1976; Stempak & Knobler, 1972) contrast strongly with
The relatively simple form of the premyelin Schwann cell, which has achieved a one
to one ratio with the length of peripheral axon which it is about to myelinate
(Webster, 1971). However, once they have begun to lay down compact myelin, both
classes of cell are regular in appearance, though both undergo the further changes
in form which have been described in this paper and previously (Fraher, 1973).

The form of the unrolled glial unit differs from that of the unrolled Schwann cell
(Fraher, 1973) in the early stages of myelination. Early peripheral internodes, con¬

sisting of up to five or six turns of compact myelin, tend to be of uniform thickness
along a greater proportion of their length than glial units of comparable maximum
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thickness. Schwann cells at this stage resemble a trapezium in outline, whereas the
glial units tend to be oval. The subsequent changes in form of both types of cell
resemble one another. In both, the outer and juxtanodal edges soon become clearly
demarcated from one another. For a time, the outer and inner edges remain convex.
This is reflected in the considerable longitudinal variation in internodal sheath
thickness. Subsequently, both glial unit and Schwann cell become trapezoidal in
outline, sheath thickness becoming more uniform along the internode.

Axon calibre

It has been shown previously that, for a given bundle of myelinated ventral
motoneuron axons (Fraher, 1976), the mean circumference is greater peripherally
than centrally. The present findings extend those observations to show that about
80 % of individual ventral motoneuron axons are thinner in that part of their course
which is in the spinal cord than in the ventral root. The majority of the remainder
have the same calibre in both parts of their course. Only a few are thicker centrally
than peripherally. For those axons in which the peripheral segment exceeds the
central in circumference, the factor is quite variable at each age. On average, the
values found indicate that the former exceeds the latter by a similar amount (30—
40 %) at each age, though values range from 10 to 80 %.

There is no sudden change in the calibre of the axon as it passes through the
junctional zone from cord to root. Since the calibre of the axon varies considerably
from one level to another along both its central and peripheral segments, in some
cases there is overlap in the distributions of circumference measurements for the
two segments of the same axon.

The relationship between patterns of longitudinal variation in axonal
calibre and sheath thickness

Various patterns of longitudinal variation have been described for both axon
calibre and sheath thickness along central internodes. Comparison of graphs showing
internodal variation of both parameters along the same internode shows that the
patterns of sheath thickness and axon calibre variation are independent of on
another.

The independent variation of the two parameters is also evident in relation
dilated axon segments and the sheaths surrounding them; the presence of a dilat
tion does not affect the thickness of the surrounding sheath. Longitudinal variat'
in sheath thickness along both the dilatation and the stretch of axon of nor
calibre proximal to it, follows one or other of the patterns already described, i
variation is smooth and continuous, being quite uninfluenced by the sudden, marke
change in the calibre of the axon enveloped by part of the sheath.

The combined growth of axon and sheath
That the cluster of points on the scatter diagrams shifts upwards and to the right

with advancing age reflects the combined growth of both axon and sheath over the
period of myelination studied. The continuance of axonal growth during this rapid
initial phase of myelination in the rat also occurs in peripheral segments of ventral
motoneuron axons (Fraher, 1973). By contrast, Moore et al. (1976) & Sturrock
(1975) found that axons in the optic nerve of the rat do not change in calibre during
the early, rapid phase of myelination.

At all ages individual axons vary in calibre along their lengths, both peripherally
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and centrally (Fig. 12). The degree of this variation differs considerably from one
axon to another (Table 3), as is also the case with peripheral axon segments (Fraher,
1973).

The absolute variability in calibre of central axon segments over the whole
sample is estimated by the pooled variance. Comparison with similar values pre¬

viously published for peripheral axon segments (Fraher, 1973) shows that central
segments tend to be a little more variable in calibre along their length. Relative
calibre variation, expressed as the mean coefficient of variation of circumference,
gave similar findings centrally and peripherally.

Statistical findings
A statistically significant correlation between mean central internodal axon cir¬

cumference and sheath thickness was found only at 12 days. At that age, even when
longitudinal variation in sheath thickness and axon circumference are taken into
account, less than 10 % of the variance of the former can be attributed to its linear
regression on the latter.

The lack of correlation found in the present study is likely to result from the fact
that the sample of fibres examined consisted predominantly of those of relatively
large calibre at each age. The fibres examined in the present study correspond to the
upper right hand part of the scatter diagram relating myelin sheath thickness to
axon circumference for all fibres in the intramedullary bundles. The intercepts of
the present distribution with the a and y axes of the scatter diagrams are therefore
shorter than those for the population of fibres of all calibres, a factor which lowers
the correlation coefficient.

SUMMARY

The entire lengths of central and peripheral myelin sheaths on the same ventral
motoneuron axons of young rats were studied during the rapid early phase of
myelination which occurs during the first 2 weeks after birth. Sheath thickness
varied along central internodes at all ages, though this variation was less in the more
Inature sheaths. Usually there was a single level of maximum thickness, most often
Lear the middle of the internode, but frequently close to one end. Some sheaths
Bried little in thickness along their lengths; a few were bimodal. The number of
■rns decreased on either side of the maximum as the sheath was traced towards

bounding nodes. Comparison of serially adjacent sheaths along the same axon

^■>wed no relationship between their mean thickness or patterns of longitudinal
Hfckness variation.
■ Patterns of thickness variation in peripheral sheaths were very similar to those
Bund centrally. At a given age, however, peripheral sheaths were less variable along
Beir length than central ones. The mean thickness of peripheral internodes was
Bore than twice that of central internodes belonging to the same fibre. At first, the
■Trolled glial unit was oval in outline while the unrolled Schwann cell was trapezoidal.
Subsequently, both eventually became trapezoidal.

The calibre of central and peripheral sretches of the same ventral motoneuron
axons were also compared with one another in young rats during the first 2 weeks
after birth. At each age, the great majority of axons were thicker peripherally than
centrally. The mean circumference of the peripheral segment exceeded that of the
central by a factor which averaged 1-3 over the period studied.

Circumference varied from one level to another along both central and peripheral
34 ANA 126
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stretches of the same axons. The degree of this variation differed considerably from
one axon to another. In many central fibres, and in all peripheral stretches of fibres,
calibre variation followed no particular pattern. However, the calibre of some
central axon segments gradually increased as the fibre was traced distally towards
the cord surface. A proportion of axons was dilated just deep to the cord surface.
These dilatations were frequently myelinated.

No association was found between patterns of longitudinal variation in axon
calibre and in sheath thickness along the same fibre.

I wish to thank Dr Martin Bland, statistician, Department of Social Medicine,
for his advice on statistical matters. My thanks are also due to Mr J. Cresswell for
his technical assistance and to Miss J. Humphrey for typing the manuscript.
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INTRODUCTION

1

This paper continues the comparison of maturing glial and Schwann cells, begun
in Part I of this series (Fraher, 1978). It investigates the lengths of internodes formed
by each cell along individual ventral motoneuron axons and also along axons within
the same bundles, centrally and peripherally. The responses of glial and Schwann
cells to stimuli emanating from individual axons are further compared.

MATERIALS AND METHODS

The methods of preparation, embedding, sectioning, staining and electron micro¬
scopic examination of the rat tissues, as well as the manner in which magnifications
were calculated, have been described in the previous paper (Fraher, 1978).

Internodal length
In 6 day old rats the central and peripheral internodal lengths were measured on

the serial sections of ventral motoneuron axons belonging to the 7th cervical seg¬
ment which were prepared for the first paper of this series. For that study, electron
micrographs were made of thin (40-60 nm) transverse sections taken at intervals of
7 pm along the entire central stretch, and the proximal 50 /<m of the peripheral
stretch, of these bundles. Photomicrographs were made of thick (0-5—1 0 //m)
sections of the intervening lengths of the bundles. Using these, individual fibres were
traced over long distances, both centrally and peripherally. Observations of both
thick and thin sections in the region of a node of Ranvier enabled the mid-level of
all nodes sectioned over these lengths to be located to within 7 /im, and usually
with considerably greater accuracy than this. The more distal stretches of the ventral
root were longitudinally sectioned. In these, the midnodal levels could be located
precisely. Since section thickness was known accurately, it was possible to calculate
the lengths of central and peripheral internodes. In calculating these lengths,
account was usually taken of the course of the fibres through both transversely and
longitudinally sectioned parts of the root.

On some fibres an entire peripheral and central internode was followed in this
manner. Lengths of such pairs are given in Table 1, which also includes the ratio
between the lengths.

Internodal lengths on 7th cervical ventral root fibres were also measured in a
* Present address: Department of Anatomy, University College, Cork, Eire
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second 6 day rat, a sibling of the first. In this case, serial thick (0-5 //
(40-60 nm) transverse sections were made of a 220 gm length of veni¬
sections were made at intervals of 15 /mr along the length studied. B
section were stained as described previously. Light micrographs (print m
x 650) were made of alternate thick sections. Electron micrographs (p
fications: x 2500 and x 12500) were made of the root at each level at
sections had been cut. Using these micrographs, individual fibres were t
the length of ventral root examined. The positions of all nodes of Ran
noted, enabling internodal lengths to be calculated.

Figure 1 shows the distribution, in the form of percentage frequency hist
of the lengths of all central internodes measured in the first animal (Fig. 1
of all peripheral internodes measured in both animals (Fig. 1 b).

Correlation and regression analyses were carried out relating internodal lei
and mean internodal values for central sheath thickness, and for axon circumfere
as found in paper I of this series. The results are given in Table 2, which also show
similar values for peripheral internodes examined in both animals.

Short internodes

A proportion of central and peripheral internodes, measured in the above manner,
was much shorter than average. Figures 2 and 3 show graphically the lengths of
these internodes, as well as the number of turns of myelin present in their sheaths
and in those of serially adjacent internodes of more average length.

A further study of peripheral short internodes was made using 1, 2, 3, 4, 6 and
12 day old animals. The 6 day animals were siblings of those used for the above study
of internodal length. Thin longitudinal sections were made of seventh cervical ventral
roots in each case.

Electron micrographs at print magnifications of x 2500 and x 10000 were made
of serial sections of short internodes whose entire length had been included in the
thin sections (Figs. 4, 5). The lengths of these internodes were measured on the
micrographs between the mid-levels of the bounding nodes, and were converted to
gm.

Unmyelinated central segments

Long unmyelinated stretches were present on central parts of ventral motoneuron
axons which, at other levels, were heavily myelinated. Examples of these were
followed using the serial transverse thick and thin sections of the intramedullary
bundles prepared for the study described in paper I of this series. The position and
length of typical examples found at 3 and 6 days are included in Figure 7, which
also shows the thickness of the myelin sheath around serially adjacent lengths of
axon.

Additional unmyelinated segments of the type being investigated were studied
using longitudinal thin sections of the intramedullary bundles in 1,2, 3, 4, 6 and
12 day old animals (siblings of those used for the study of internodal length).
The bundles studied contributed peripherally to the seventh cervical ventral root.
The angles at which the cords were sectioned were determined according to data
previously obtained on the orientation of the intramedullary bundles within the
ventrolateral white matter (see Fraher, 1978).

Low power electron micrographic montages (print magnification: x 2500) were
made of fibres possessing the characteristics being investigated. Electron micro-
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Table 1. To show the lengths (in gin) ofperipheral and central internodes belonging
to the same fibres at 6 days postnatum

The ratio of peripheral to central internodal length is also given in each case (P/C).

Internodal length Om)

Peripheral (P) Central (C)
Ratio
P/C

210 56 3-8
135 63 2-1
193 94 2-1
180 53 3-4
180 55 3-4
155 50 3-1
134 56 2-4
150 70 2-2
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Fig. 1. Percentage frequency histograms showing the distribution of (a) central and (b) peri¬
pheral internodal lengths measured on ventral motoneuron axons belonging to the same
bundles 6 days after birth.

graphs were made at higher magnifications (print magnification: x 8000 - x 25 000)
to examine particular features. On these, unmyelinated segments and adjacent
myelinated stretches along the same fibres were studied (Figs. 6, 8). The length of
each unmyelinated stretch was calculated in gm, using correction factors obtained
as described in the previous paper. Myelin sheath thickness was measured at
several internodal levels. Typical examples are represented graphically in Figure 7.

OBSERVATIONS

Internodal lengths

Comparison of internodal lengths on central and peripheral segments of the same
fibres was carried out at 6 days. The internodes examined were those on either side
of the central-peripheral transitional node. Table 1 sets out the lengths of eight such
pairs of internodes. On any given axon the peripheral internode was at least twice
as long as the central. The ratio averaged 2-8, though it varied considerably from
one fibre to another.

At 6 days, the central segments studied using serial transverse sections were suffi-
1-2
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Table 2. To show, for central and peripheral internodes at 6 days, the correlation
coefficients (r) relating (a) internodal length and mean internodal sheath thickness,
and (h) internodal length and mean internodal axon circumference

The coefficients of determination (j-2) are also shown.

Central internodes Peripheral internodes
r t r ^

r r2 r r2

(a) Internodal length and sheath thickness
0-37 0-14 0-38 0 14

(b) Internodal length and axon circumference
0-06 000 0-04 0-00

ciently long to include the entire length of one or more internodes belonging to all
fibres. The distribution of internodal lengths was unimodal (Fig. la). The majority
of lengths given refer to the internode lying immediately deep to the spinal cord
surface. Lengths ranged from 20 to 120/tm. They averaged 64-3 pm; the standard
deviation was 17-9 pm, giving a coefficient of variation of 27-8 %.

Correlation and regression analyses were carried out relating sheath thickness
and axon circumference to internodal length for both central and peripheral inter¬
nodes. Findings were very similar for internodes in both locations (Table 2). Though
the correlation coefficient between the length of an internode and the mean thickness
of the sheath along it was significant (0-001 < P < 0-005 centrally, 0-025 < P <
0-05 peripherally), the strength of the association between the two parameters was
weak (Table 2a). The proportion of the variance of mean internodal sheath thick¬
ness attributable to a linear relationship between it and internodal length, as
indicated by the coefficient of determination (r2), was only 14% in both locations.
No significant correlation was found between the length of the internode and the
mean circumference of the axon along it, either centrally or peripherally (Table 2b).

The distributions of peripheral internodal lengths were similar in both animals
examined. Figure 1 (b) shows that the combined distribution for both animals was
unimodal. It was not possible to measure internoda! length on 15 % of peripheral
fibre segments, as the lengths of the internodes on these exceeded the length of
root studied. The distribution is therefore biased towards measuring the lengths of
the shorter internodes in the roots. Since the lengths of central internodes were
measured using thicker fibres, the distribution found (Fig. 1 a) is likely to be biased
towards the longer internodes in this case. Even so, it is clear that peripheral inter¬
nodal lengths had a much wider range and were much greater than those found
centrally. The peripheral internodal lengths examined ranged from 13 to 290 /on;
the mean was 134/mi, with a standard deviation of 62-6, giving a coefficient of
variation of 46-7 %.

Short internodes

Serially adjacent internodes belonging to the same fibre commonly differed very
considerably in length, frequently by a factor of ten or more. Figures 2 and 3 con¬
sist of graphs showing the lengths of a number of short internodes found using
serial thick and thin sections. They also show the number of turns comprising the
sheaths of myelinated examples, as well as those of serially adjacent internodes.
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Fig. 2. Graphs to show the variability in both the length and sheath thickness of serially adjacent
central internodes at 6 days. Some internodes observed were less than 20 /tm in length. The
level of the spinal cord surface is marked by an arrow in all cases.
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Fig. 3. Graphs to show the lengths of a number of short peripheral internodes lying imme¬
diately distal to the surface of the spinal cord. The numbers of turns comprising the sheaths of
myelinated examples, as well as those of serially adjacent internodes, are indicated. Non-
compact myelin is represented by dashes. Short peripheral internodes possessing no myelin of
any sort are indicated by asterisks and longer dashes. The level of the spinal cord surface
is marked by an arrow in each case. Ventral root levels are to the left of the arrow, spinal
cord levels to its right.
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Fig. 4 (a). Longitudinal section through a short, unmyelinated peripheral internode on a 6
day ventral motoneuron axon. The serially adjacent internodes had normal sheaths comprising
over 20 turns of myelin, x 11900. (b) Longitudinal section through the node of Ranvier between
the short Schwann cell and one serially adjacent myelinated internode. x 24500.

At each age studied, some central internodes were less than 30 //m long. The
proportion decreased with age; at 3 days it was 10%; at 6 days, 6%. Very few
were seen at 12 days. About half these short internodes lay immediately deep to
the central-peripheral transition zone; the rest were separated from the cord surface
by a single internode. In either case the serially adjacent internode was close to
average length (Fig. 2). The stretch of axon adjacent to one or other end of the short

Fig. 5 (a). Longitudinal section through a short, myelinated peripheral internode on a ventral
motoneuron axon 6 days after birth. The thickness of its sheath was similar to that of the two
serially adjacent peripheral internodes which were of average length, x 2800. (b), (c). Longitu¬
dinal sections through the bounding nodes of Ranvier. x 11 200. (d). To show that lengths of
some of the turns external to the compact sheath are non-compact, an unusual feature found
in some short internodes. x 11 200.
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Fig. 6 (a). Longitudinal thin section through the intramedullary part of a myelinated 3 day
ventral motoneuron axon possessing a long unmyelinated segment immediately deep to the
surface of the spinal cord, x 4300. (b), (c), (d). To illustrate the appearance of the myelinated
part of the fibre, the terminal part of the myelin sheath, and the bare part of the fibre, respec¬
tively. x 15900.
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Fig. 7. Graphs showing lengths of unmyelinated segments on central lengths of axons my¬
elinated at other levels. Thickness of serially adjacent central, and in some cases peripheral,
sheaths are also indicated. The level of the spinal cord surface is at the origin in all but two
examples. In these, it is marked by an arrow. Compact myelin is indicated by continuous lines,
non-compact myelin by dashes. Lengths of axon covered by apposed glial processes which are
not in apparent continuity with the adjacent myelinating glial cell are dotted.

internode was frequently unmyelinated, being surrounded by short glial processes
(see below). The short internodes possessed normal sheaths which tended to be
slightly thinner than those of the adjacent longer internodes on the same axon;
the mean number of turns in the former averaged 81 % of those in the latter.

Peripherally, the first internode, i.e. that lying immediately distal to the cord
surface, was short on some fibres (Fig. 3), whereas the second was short on others.
These internodes were of similar length at all ages, averaging about 20 //m and
ranging from 11 to 40 /<m. The proportion of fibres possessing short internodes
decreased with age; at 3 days they were present on 12 % of fibres, at 6 days on 7 %
and at 12 days on 1-5 %.

Short peripheral internodes presented a wide variety of appearances. Some were

grossly abnormal, possessing large amounts of highly irregular myelin, much of it
non-compact. In many cases much of the length of the Schwann cell was separated
from the axon by the adnodal edge of the normal Schwann cell of the serially
adjacent internode. Many such cells were clearly degenerating, having pyknotic
nuclei.
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Fig. 8. To show the appearance of the short glial processes covering unmyelinated lengths
of axons which were myelinated at other levels, x 23 700.

Other classes of short internode observed peripherally had a much more normal
appearance. Some possessed no myelin whatever. Their Schwann cells resembled
those of a normal internode of the premyelin type (Fig. 4). Many short myelinated
internodes had an appearance close to normal. These fell into three categories.
One type possessed normal myelin over its whole extent, so that its only deviation
from normal was its very short length: such internodes were commonest at 6 days.
Similar internodes have been reported from mouse sciatic nerve by Uzman &
Nogueira-Graf (1957). In a second type, the myelin was normal over a proportion
of its length, but showed relatively minor abnormalities elsewhere: these included
lengths of non-compaction of several turns of the mesaxon in the abnodal segment
(Fig. 5), sometimes accompanied by myelin forms in the cytoplasm. The third
category consisted of short internodes found at 6 days which, though possessing
normal myelin throughout, showed considerable variation in sheath thickness from
one level to another (Fig. 3) - an unusual feature for peripheral sheaths at this age,

though internodes of this type are common in ventral roots at earlier stages of
maturation (Fraher, 1973). The bounding nodes appeared normal for the stage of
development which had been reached.

Whatever the appearance of the sheath belonging to the short internode, those of
serially adjacent internodes were normal in all cases.

Unmyelinated central segments

At all ages examined up to 6 days after birth axons were found whose calibre
was within the range of that of the myelinated axons, but which were unmyelinated
over the whole length studied by longitudinal thin sections. Some of these stretches
were up to 100 gm long. Their proportion diminished progressively with advancing
age. None were observed at 12 days.

In addition to axons of this type, many axons which were heavily myelinated
centrally and peripherally also possessed unmyelinated central stretches, sometimes
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of considerable length (Fig. 6). The bare stretches of this sort which were studied
in most detail were those lying immediately deep to the spinal cord surface. Figure 7
consists of graphs showing the lengths of such stretches, as well as the thickness of
the myelin sheaths central (and in some cases distal) to them. Over these stretches
the axon was covered by short, flattened, glial profiles. Many of these had cyto¬
plasmic features resembling those of central myelinating cells at this age (Fig. 8).

In a number of 1 day fibres the first peripheral internode was also unmyelinated,
though the fibre was normally myelinated further distally. In such cases, therefore,
the fibre possessed an unmyelinated stretch up to 50 jum long, extending on either
side of the cord surface (Fig. 3, example 1).

With advancing age the average length of bare central stretches became progres¬
sively shorter, falling from 22 /xm at 1 day to 8 /xm at 6 days and even less at 12
days. However, at all ages bare stretches considerably longer than average were

found, frequently measuring 60 fxm or more (Fig. 7); one of 32 /im in length was
present at 12 days. At all ages, some fibres were found in which the distance between
the adjacent ends of central and peripheral myelinating cells on the same axon
corresponded to the length of a node of Ranvier. These made up a small proportion
of the total at 1 day. By 12 days the great majority of fibres fell into this category.

Central fibres
Fibres proper to the central nervous system, running in the ventrolateral white

column, were also sectioned longitudinally in the present studies. The maturation
of a small proportion of these fibres had advanced to a stage resembling that of the
intramedullary segments of the ventral motoneuron axons passing between them.
Some of those which were myelinated possessed long bare segments at other levels
similar to those described above.

DISCUSSION

The present findings show that, on a given fibre, peripheral internodes are at
least twice as long as central ones (Table 1). Comparison of the mean values mea¬
sured for all peripheral and central internodal lengths leads to a similar conclusion,
despite the fact that the value for peripheral internodes underestimates the true
population value (due to the length of root studied), while that for central internodes
is probably an over-estimate of the true value (due to the method of selection of
fibres for study, assuming that the thickest axons possess the longest internodes).

Comparison of internodal length, sheath thickness, and axon circumference, on
central and peripheral segments of the same fibres, shows similarities between the
three parameters. The peripheral value in each case exceeds the central. The mean
ratio between internodal lengths is very similar to that between the values for mean
internodal sheath thickness (see Fraher, 1978), but is greater than that between
mean internodal axon circumference measurements (see also Fraher, 1978). Another
similarity between the three sets of ratios is that they all vary considerably from one
fibre to another.

The internodal lengths measured in the present study can be related to those cal¬
culated by other authors. Values roughly twice the mean value found in the present
study were given for central internodes in 120 day corticospinal tract (Matthews &
Duncan, 1971) and fasciculus gracilis (Matthews & Duncan, 1971) and also in
adult optic nerve (Peters & Proskauer, 1969). Comparison of 6 day with young
adult spinal cords shows that over that interval the ventrolateral white column
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increases in depth by a factor of 2-5. A similar increase with age in the internodal
lengths of intramedullary axons crossing the column would produce a mean value
of about 160/tm, which is comparable to the values given in the papers quoted
above. The internodal lengths on ventral roots, as measured in this study, tend to
be longer than those reported by Webster (1971) for sheaths of comparable thickness
in sciatic nerves of 7 day old rats. However, some such discrepancy in length would
be expected on the basis of rostrocaudal and central-peripheral growth gradients.
An additional factor which may contribute to this difference is the observation that
the relative rates of elongation of growing nerves following the onset of myelination
may produce considerable differences in the lengths of their contained internodes
(Thomas & Young, 1949; Vizoso, 1950).

Central internodal length was weakly associated with mean internodal sheath
thickness and was not related significantly to mean internodal axon circumference.
Peripherally, the findings were very similar. The low degree of association between
the parameters at the particular stage of development studied reflects a wide scatter
in the relationships examined. The present findings may be compared with those of
others examining internodal length. Vizoso & Young (1948), using young rabbit
nerves, and Gutrecht & Dyck (1970), using 1J year old human sural nerve, also
found a wide scatter in the relationship between internodal length and external
myelin sheath diameter, with only a small tendency for internodal length to increase
with increasing diameter. However, a linear relationship became progressively more
evident as age advanced, and this has been shown to hold for mature peripheral
(Hiscoe, 1947; Thomas & Young, 1949; Vizoso & Young, 1948) and central
(Bodian, 1951; Hess & Young, 1949) internodes.

Short internodes

The lengths of central and peripheral internodes on the same axon differed mark¬
edly from one another in some cases. Very short internodes were found serially
adjacent to internodes of more normal length.

Two factors support the view that the short central internodes persist and elongate
to achieve a normal length: the absence of any findings indicative of glial degenera¬
tion and phagocytosis, and the fact that the distribution of central internodal lengths
is continuous. The myelin sheaths proper to the short internodes were entirely
normal in all cases. In a few instances the associated glial cytoplasm contained a
small myelin form. However, these forms were equally common in the glial cyto¬
plasm of internodes having a more average length. The cytoplasm containing the
myelin forms appeared normal. With regard to the continuous and unimodal dis¬
tribution of internodal lengths, this would be an expected finding if short inter¬
nodes underwent a gradual increase in length towards the average value.

This sequence of events is in some disagreement with the findings of Hildebrand
(1971), who observed degenerating oligodendrocytes and myelin sheaths during the
maturation of central nerve fibres in kittens. Mori & Leblond (1970) also observed
degenerating oligodendrocytes in young rats, though they described them as being
infrequent.

The appearance of short peripheral internodes varies considerably. Some consist
of a normal Schwann cell surrounding a short segment of axon and showing no
evidence of myelin formation. The lengths of such internodes lie within the range
given by Peyronnard, Terry & Aguayo (1975) for Schwann cells belonging to un¬
myelinated nerve fibre bundles in growing rats. The median value of their measure-
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ments (using internuclear distance as an estimate of Schwann cell length) on 10 day
old animals was 54 /im, values ranging from 10 or 20 to about 150 /on.

There are a number of possibilities regarding the fate of peripheral short inter-
nodes. There is a marked fall in their number in the interval between 3 and 12 days
postnatum. Some probably degenerate, such as those which lose contact with their
axon segment and possess pyknotic nuclei. A similar fate has been proposed for
such cells by other authors (Berthold, 1968; Berthold & Skoglund, 1968 a, b). They
may subsequently be phagocytosed by the macrophages which are commonly
found among the fibres of the ventral root at this stage in development (Fraher &
MacDougall, 1975).

Internodes showing the less marked abnormalities could progress in one of two
ways. They could either degenerate like the more abnormal forms, or progress to¬
wards a normal appearance. The latter course is perhaps the more likely. The
changes necessary would be minor. Thus the internodes showing only minor ab¬
normalities of the myelin sheath could elongate as the axon grew, their sheaths
becoming normal over their entire length. That the distribution of peripheral inter-
nodal lengths is unimodal is consistent with this hypothesis. The short peripheral
internodes having normal sheaths over their whole length could represent stages of
such a process of corrective growth. Those Schwann cells of the premyelin type
could also mature in the normal way, producing myelin, and progressively elongat¬
ing on the growing axon, so that they eventually come to resemble closely the serially
adjacent myelinated peripheral internodes belonging to the same fibres.

The short internodes of normal appearance which were found both centrally and
peripherally may result from a delayed response by some Schwann cells and glial
units to stimuli for myelination emanating from the axons with which they are
associated. These internodes were of entirely normal appearance, but were found
at an age when such forms had normally matured much further (Fraher, 1973).

The present observations therefore imply that the short internodes found centrally,
as well as some of those found peripherally, may persist and elongate to achieve a
normal length and appearance. On the other hand, the more abnormal peripheral
internodes clearly degenerate and lose contact with their axonal segments.

Unmyelinated central segments
It has been noted that, in the first few days after birth, fibres possessing myelin

sheaths both centrally and peripherally are frequently unmyelinated over relatively
long segments immediately proximal to the central-peripheral junction. By 6 days
postnatum these segments are few in number and by 12 days they have largely
disappeared.

Many axons of calibre similar to these were unmyelinated over the whole length
examined on longitudinal section, in many cases over lengths as great as 100 /<m.
Such axons may have been myelinated at other central levels which were not ex¬
amined. If this is so, then the lengths given above for unmyelinated segments under¬
estimate the real values, the samples being biased towards the lower end of the real
range of the population.

The central unmyelinated segments are covered with large numbers of short glial
processes which are apposed to one another. These processes have a very complex
three-dimensional arrangement (Knobler, Stempak & Laurencin, 1974, 1976;
Stempak & Knobler, 1972). Unmyelinated central segments of both types become
progressively shorter with advancing age. By 6 days, most are only 10 /<m or so in
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length. By 12 days, they have largely disappeared; the myelin sheaths of serially
adjacent internodes have come into close apposition with one another to give rise
to the definitive nodes of Ranvier.

The presence of these unmyelinated segments in the early stages is probably re¬
lated to the events of the central myelination process. The glial unit begins first to
enwrap and then to lay down the myelin of a particular presumptive internode at
some point along the length of that internode. At first, there are long bare stretches
between the adjoining ends of serially adjacent glial units ensheathing a particular
axon. The processes of enwrapping and myelination subsequently extend towards
either end of the presumptive internode. The bare lengths are thereby shortened
progressively. Finally, adjacent sheaths come to be separated only by the length
of a node of Ranvier. Unmyelinated segments are frequently found serially adjacent
to the short internodes considered above. Clearly, to achieve a greater length, the
short internode could elongate and myelinate the adjacent segment. The suggestion
(Seggie & Berry, 1972), made on the basis of single cross sections of developing
corpus callosum fibres, that central myelination may initially be localized to a short
length of a presumptive internode with longitudinal extension of the sheath occurr¬

ing later, is clearly in agreement with the present observations.

SUMMARY

The lengths of internodes on peripheral and central stretches of the same ventral
motoneuron axons were measured in 6 day rats. The former were more than twice
as long as the latter. The distribution of peripheral internodal lengths was broader,
and was shifted to the right, relative to that of central internodes. Short internodes
were present centrally and peripherally throughout the early period of rapid my¬
elination occurring immediately after birth. All such internodes appeared normal
centrally, as did a proportion found peripherally. Some peripheral examples ap¬

peared to be degenerating. Evidence is presented suggesting that some short inter¬
nodes, both peripherally and centrally, increase in length to achieve a normal
appearance. Many central stretches of ventral motoneuron axons which were my¬
elinated at some levels, at other levels possessed unmyelinated segments covered by
numerous short glial processes. Such bare stretches commonly occurred immediately
deep to the cord surface. The lengths of the unmyelinated stretches decreased as
age advanced, perhaps due to the extension of adjacent myelinated segments along
them.

My thanks are due to Mr J. Cresswell for his technical assistance and to Miss J.
Humphrey for typing the manuscript.
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INTRODUCTION

Quantitative ultrastructural methods are frequently used to study developing,
mature and abnormal nerve fibres and myelin sheaths in transversely sectioned
bundles (Berthold, 1968; Fraher, 1978 a, b\ Friede & Samorajski, 1967; Schroder,
1972). Though a transversely sectioned nerve fibre is rarely circular in outline, crude
estimates of, its size may be obtained by measuring some arbitrarily defined diameter
such as the shortest, the longest, or the mean of the two. Alternatively, a standard
range of test circles may be applied to the profile of the fibre, its diameter being
equated to that of the test circle whose size seems to be closest to it.

More representative measurements of fibre calibre, such as axon circumference or
cross sectional area, are commonly used in ultrastructural studies (Fraher, 1978#, b\
Friede & Samorajski, 1967, 1970; Hwang, Hinsman & Roesel, 1975; Moore, Kalil &
Richards,Q 976; Samorajski & Friede, 1968). Though both of these measurements
are better estimates of fibre size than diameter, they take longer to make. However,
because of the high level of definition of cell membranes on electron micrographs,
they can be made with considerable accuracy.

Before comparing the findings of different authors based on such measurements
it is essential first to ensure that the data are strictly comparable, and that the
methods of tissue preparation and making measurements have produced data which
are equivalent. The influence of various methods of fixation on quantitative para¬
meters has been investigated by Berthold (1968), Ohnishi, Offord & Dyck (1974) and
Ohnishi, O'Brien & Dyck (1974), among others.

The present study compares the performance of a number of commonly used
methods of measuring the circumference and area of axons. The accuracy and
reproducibility attainable with each method is examined. Measurements obtained
on the same large sample of fibres with the various methods are compared with one
another.

MATERIALS AND METHODS

General considerations

To cut a nerve bundle as near transversely or longitudinally as possible, the form
of the bundle must be known accurately. For peripheral nerves, this can be dis¬
covered with considerable precision by simple observation. The orientation of
central fibre bundles relative to standard planes such as the sagittal, coronal and
horizontal in the case of the spinal cord, can also be calculated with considerable
accuracy by examining a series of sections cut parallel to one of the standard planes.
The method is illustrated in Figure 1. Using the information so obtained the block
can be reorientated through the appropriate angle to get either transverse or longi¬
tudinal sections of the fibre bundle.

0021-8782/80/2828-7290 $02.00 © 1980 Anat. Soc. G.B. & I.
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Ventral root
Intramedullary fibre bundle

White matter of spinal cord

n sections
each of

thickness t

Fig. 1. Calculation of the orientation of a bundle of fibres within the CNS. The diagram shows
a bundle of central (intramedullary) segments of ventral motoneuron axons cut obliquely on the
first and last members of a series of n parallel, parasagittal sections (each of thickness t) of the
spinal cord. The bundle occupies different loci separated by a distance d on the two sections.
The angle (A) made by the bundle with the parasagittal plane is: A = tan~\nt/d).

Not all fibres of a transversely sectioned bundle are cut transversely because many
fibres pursue a more or less tortuous course within a given bundle. Features indicating
that a fibre has been cut obliquely include an elliptical profile, the myelin sheath
being thicker at the ends of the long than of the short diameter, and an elliptical
profile of neurotubules. While gross obliquity of section is easily detected, minor
degrees may be difficult to notice, especially in surveying a large sample of fibres.
The errors involved in treating obliquely sectioned axons as if they were transversely
sectioned can be calculated simply for a cylindrical axon. The profile of such an
axon is circular on transverse, elliptical on oblique section. The magnitude of the
error increases with increasingly oblique planes of section, the rate of increase of the
error being greater for area than for circumference (Fig. 2). If the plane of section is
10° on either side of the transverse, the over-estimate is just under 1 % for circum¬
ference and 1-85% for area. A tilt of 25° produces an over-estimate of 5 % for
circumference, 10 % for area.

Myelin sheath thickness is best estimated by counting lamellae rather than by
simply measuring the overall thickness of the sheath. This is because ridges and
indentations of variable size may normally occur at any internodal level in both
mature and developing sheaths. Owing to the presence of these irregularities, when
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20° 30° 40°

Angle of tilt

Fig. 2. To show the variation with angle of tilt of section of the percentage errors involved in
treating (a) the circumference (right tracing) and (b) the area (left tracing) of an obliquely
sectioned cylindrical axon as if it had been transversely sectioned.

Circumference error = ratio:
circumference of ellipse
circumference of circle

area of ellipse

= V(i(l + l/cos2 A));

where A = angle of tilt.

area error = ratio: = 1/cos A;
area of circle

such a fibre is sectioned transversely different parts of its sheath are cut with different
degrees of obliquity. Overall thickness therefore varies from place to place around
the circumference of the sheath, even where myelin lamellae can be distinguished.
Another advantage of measuring completed turns of myelin is that it gives an
accurate estimate of the work done by the myelinating unit.

Because the thickness of developing myelin sheaths varies considerably from one
internodal level to another (Robertson, 1962; Webster, 1971; Fraher, 1973, 1978a),
a thoroughly accurate estimate of the degree of myelination is obtained only when
such a sheath is examined at several different levels.

Methods compared
(a) Circumference measurement

(i) The Reichert Manual Optical Analysis System AM04. This semi-automatic
manual optical analysis system (MOP for short) incorporates a flat pad containing
magnetized steel wires arranged as a network in X- and F-directions through which
pulses of current are passed. The pad is connected to a computer. The structure whose
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circumference is to be measured is placed on the pad and its outline followed using
a stylus containing a receiver coil that is also connected to the computing device.
When a given point on the pad is compressed by the stylus the input from the two
is used by the computer to calculate the co-ordinates of the point. From similar
data for the whole perimeter of the area being measured the circumference of the
object (as well as its area and several other parameters, if required) is calculated.

(ii) A simple opisometer-type map meter

(,b) Area measurement

(i) MOP. The MOP system can also calculate the area enclosed by the perimeter
traced.

(ii) A Gebruder-HAFF 915 rolling disc planimeter.
(iii) An Ott compensating polar planimeter.
(iv) The method of counting squares. The outline of each area to be measured is

transferred to millimetre graph paper. All areas are traced using a drawing pen with
a tip diameter of 0-1 mm. The number of squares within each profile is counted
under a dissecting microscope, using the convention that if all, or more than half of,
a given millimetre square lies within the profile it is counted as one square; if less
than half lies within the profile it is not counted. Of those squares bisected by the
edge of the profile, half are counted as one square and half are omitted.

(v) LI-COR 3100 area meter. The axons measured using this system are first cut
out carefully from the photographic prints under a dissecting microscope. Each is
then placed separately on a transparent conveyor belt which carries it through the
instrument. To measure area, the instrument uses pulses of collimated, narrow-band
red light emitted from a row of diodes located above the conveyor belt, which are
sensed by a lens photodiode system below the belt. The emission of light pulses is
related to the rate of movement of the conveyor belt, and therefore of the object,
through the instrument. As the object passes between the sources and receptors, it
interrupts the light passing between them. The instrument uses the total amount of
light interruption caused by a given object to measure its area.

(vi) Mettler H72 analytical balance. The axon, cut out from the print as described
above, is weighed on the balance. Before each individual measurement, the balance
is reset to zero. To enable conversion of weight to area, a known area of photo¬
graphic print is weighed. This is taken from the same series of prints from which
the axon profiles are cut.

Accuracy and reproducibility
Comparisons were made between the accuracy, reproducibility and efficiency

attainable using the various methods of circumference and area measurement listed
above.

(a) Circumference measurement

(i) Accuracy. The length of the same straight line of known length was measured
30 times using each instrument, guided with a ruler.

(ii) Reproducibility. Reproducibility was tested by making 30 measurements with
each instrument of the circumference of each of 8 transversely sectioned axons on

unglazed electron micrographic prints. Table 1 gives 2 representative examples for
each instrument, using the same axons. Reproducibility was estimated by the
standard deviation and coefficient of variation of the sets of measurements.
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(b) Area measurement

(i) Accuracy. The accuracy of area measurement obtainable with the MOP and
each of the planimeters was tested by measuring 30 known equal areas of mm square
graph paper with each instrument. To test the method of counting squares, the same
irregular profile was traced 30 times on mm square graph paper, each tracing being
randomly orientated with respect to the x and y axes of the sheet of graph paper.
The area meter was tested by measuring a test disc of known area 30 times. The
results are shown in Table 2. The accuracy of the balance used was not tested. This
was unnecessary; weights were converted to area using a conversion factor calculated
from the weight of a known area of photographic print. Any systematic errors would
thus cancel out in the conversion process.

(ii) Reproducibility. Reproducibility of area measurement was tested by making
30 measurements with each method of the same 8 transversely sectioned axons whose
circumferences were studied above. Table 3 shows 2 representative examples of each
method. Reproducibility was estimated by the standard deviation and coefficient of
variation of the sets of measurements.

Comparison of measurements on a large sample
The performances of the various methods were compared in measuring a sample

of 60 transversely sectioned axons of widely differing shapes and sizes.

(a) Circumference measurement
It was first determined whether or not errors in measurement were related to

axon size. This was tested separately for each instrument as follows. The circum¬
ference of each axon was measured twice with each instrument, mx and m2 with the
map meter; rx and r2 with the MOP (Table 4). The sum and difference of each such
pair of measurements was calculated (m1 + m2, m1 — m2; rx + r2, >\ — r2, Table 4). In
each case, the difference between the readings reflected the error or variability in¬
herent in making measurements with the particular instrument. The sum of each
pair of measurements was directly related to the size of the axon being measured.
To test whether variability was related to axon size, the Pearson correlation coeffi¬
cient between the differences and the sums was calculated for each instrument (see
Observations).

Clearly the circumference estimates given by one method could tend to differ
significantly from those given by another. This possibility was examined as follows,
using the pairs of measurements obtained. If both instruments tended to give the
same estimate of a particular measurement, then in the long run the difference
between the circumference estimates produced by the two instruments should not
differ significantly from zero. Accordingly, for each axon the difference between the
sum of the measurements made with the map meter (m1 + m2) and that with the
MOP (ri + r2) was found (mx + m2 — rx — r2, Table 4).

(.b) Area measurement
The various methods of measuring area were examined using the same sample of

60 axons as used in comparing circumference measurements. The approach used
was similar to that outlined in comparing instruments for measuring circumference.
Thus, the area of each axon was measured twice using each method and the sum and
difference of each pair of measurements was found (Table 5).
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The first test carried out was to determine whether or not there was any systematic
variation in the inaccuracy of area measurement, that is, whether errors in measure¬
ment were greater for large than for small axons or vice versa. As before, variability
in measurement was estimated by the differences, axon size by the sums, of the
estimates of axon area (Table 5). The Pearson correlation coefficient between the
sums and the differences of the area measurements was calculated separately for
each method (Table 6).

Should any two instruments tend to give the same estimate of a given area, then
in the long run the differences between the area estimates produced by the two
instruments would not differ significantly from zero. Whether or not the various
methods gave significantly different estimates of area was tested as follows, using
the pairs of measurements made with each method (Table 5). Each method was
compared with all the others individually. Thus, there were 15 pairs of methods. For
each pair of methods the difference in the estimate of axon area was calculated for
each axon in the sample of 60. Then, for the whole sample, the mean difference as
well as the standard deviation of the differences in the estimates were calculated.
Table 7 gives the results of comparing 4 of the 15 pairs of methods.

Efficiency of use

Since quantitative studies commonly entail measuring large numbers of objects,
such as axons, the ease and speed of using a particular method are of major impor¬
tance. Table 8 compares the various methods used.

OBSERVATIONS

Accuracy and reproducibility
(a) Circumference measurement

(i) Accuracy. The map meter over-estimated the true length of a straight line by
0-19 %. (This was corrected for in subsequent measurements). While the MOP gave
a mean value closer to the actual (-0-1 %), its individual measurements ( — 0-4 % to
+ 0-32 %) varied more than those of the map meter (-I-0-04 % to +045 %).

(ii) Reproducibility. The degree of variation about the mean, as estimated by the
standard deviation and the coefficient of variation, was used as an index of repro¬

ducibility. The map meter gave less variation about the mean than the MOP (Table 1).

(b) Area measurement

(i) Accuracy. All methods tested gave estimates of area which were within ± 0-1 %
of the actual value of the known test area (Table 2). Variation of individual measure¬
ments was least with the rolling disc planimeter and greatest with the method of
counting squares.

(ii) Reproducibility. The weighing method gave by far the greatest degree of
reproducibility, as is shown by the small amount of variation about the mean
(Table 3). The level of variation found with the other methods was considerably
greater.
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Table 1. Reproducibility of circumference measurement

Mean Standard Coefficient
circumference deviation of variation Range about the mean

n (mm) (mm) (%) (%)

Map meter
30 126-6 0-32 0-26 -0-47 to +0-32
30 106-4 0-21 0-20 -0-38 to +0-38

MOP

30 126-7 0-48 0-38 -0-90 to +0-82
30 106-2 0-53 0-50 -0-83 to +0-74

n = number of measurements.

Table 2. Accuracy and variability of area measurement

Mean error Range of errors
Method (%) (%)

MOP -0-04 -0-96 to+0-73
Planimeter D —0-03 -0-17 to+0-04
PlanimeterP —0-10 — l-20to+l-60
Area meter +0-06 —0-06 to+0-36
Counting squares +0-08 -3-76 to+2-42

Planimeter D: rolling disc planimeter.
Planimeter P: compensating polar planimeter.

Table 3. Reproducibility of area measurement

Standard Coefficient
Mean area deviation of variation Range about the mean

_n (mm2) (mm2) (%) (%)
MOP

30 614-5 4-61 0-75 -1-88 to+1-66
30 1009-4 6-15 0-61 -1-49 to+1-12

Planimeter (rolling disc)
30 609-3 5-57 0-91 -1-37 to +1-89
30 1015-3 5-87 0-58 -0-96 to +1-94

Planimeter (compensating polar)
30 614-2 8-3 1-35 -2-19 to+2-87
30 1010-6 7-6 0-75 -0-97 to +2-26

Counting squares

30 623-2 4-25 0-68 -1-17 to+1-31
30 1021-9 6-16 0-60 -1-73 to+1-69

Area meter

30 615-7 4-0 0-65 -1-09 to+1-63
30 1023-5 3-25 0-32 -0-66 to +0-61

Weighing
30 619-4 0-73 0-12 -0-26 to+0-15
30 1025-7 1-13 0-11 -0-18 to+0-20

ANA I30



146 J. P. FRAHER

Table 4. Pairs of circumference measurements on representative axons

Fibre
no.

Map meter MOP

m1+m.,—r1 — r2mx m2 mx + m2 mx—m2 O O ri + r2 ri~r2

1 115-2 116-1 231-3 -0-9 116 115-1 231-1 0-9 0-2
2 96-0 95-9 191-9 0-1 95-2 96-2 191-4 -1-0 0-5
3 95-6 95-8 191-4 -0-2 96-2 96-0 192-2 0-2 -0-8

Measurements on a large sample
(a) Circumference

Table 4 shows 3 representative examples of pairs of circumference measurements
made on a sample of 60 transversely sectioned axons using the map meter (mx and
rn2) and MOP (r1 and r2). For each instrument, the sum (m1 + m2', >\ + r2) and dif¬
ference (/Hi — m2\ r! — r2) of the measurements made on each axon are given. Also
shown is the difference between the sums of the measurements made with each
instrument on each axon {m1 + m2—r1 — r2).

The error or variability in measurement was found to have no relationship with
axon size. This became clear when the Pearson correlation coefficient was calculated
between error, estimated by the differences between individual pairs of measurements
(e.g. n^ — nio), and axon size, estimated by the sums of individual pairs of measure¬
ments (e.g. m1 + m2). A value of —015 was found for each instrument. This did not
differ significantly from zero in either case (0-2 < P < 0-3).

The variability in measurement, as expressed by the standard deviation of the
errors, differed very significantly between the instruments (P < 0 001), the MOP
showing the greater variation of the two.

The MOP gave values for circumference which were significantly smaller than
corrected measurements made with the map meter. This becomes clear from a study
of the differences between each of the 60 individual estimates of axon circumference
using the two methods, examples of which (m1 + m2 — rx — r2) are given in Table 4.
The mean of these differences was 0-78 mm (s.d.: 1-40). This differed significantly
from zero (using a t test). Thus, the MOP tended to under-estimate circumference
relative to the map meter.

(b) Area
Comparison of the various methods of area measurement was made with the

same sample of 60 axons used in circumference measurements. Table 5 shows 3
representative examples of pairs of area measurements made using the MOP (ru r2),
the rolling disc planimeter (du d2), the compensating polar planimeter (px, p2), the
method of counting squares (v1; s2), the area meter (a1, a2) and by weighing (wq, w2).
For each instrument the sum (estimating axon size) and difference (estimating error
or variability in measurement) of the measurements made on each axon were
calculated (e.g. for the MOP: rx + r2 and rx — r2, respectively).

The correlation coefficients between error or variability and axon size were calculated
for each method of area measurement (Table 6). These showed that the two were
unrelated except when the method of counting squares was used, in which case there
was a slight positive correlation between error and axon size.

The various methods of measurement gave estimates of the mean area of the
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Table 5. Pairs of area measurements on representative axons

Fibre
no.

MOP Planimeter D

t"i r2 ry + r2 n -ra di d2 d2

1
2
3

997-5
665-8
271-3

991-0 1988-5
670-2 1336-0
263-7 535-0

6-5
-4-4

7-6

1000-0
662-7
266-7

993-0
668-6
262-7

1993-0
1331-3
529-4

7-0
-5-9

4-0

Planimeter P Counting squares

Pi Pi Pi+Pi Pi-Pi Sl Si 5-1+ 52 ■S1-J2

1
2
3

971-9
651-7
270-3

982-0 1953-9
651-7 1303-4
250-1 520-4

—10 1
0

20-2

971
651
271

981
651
273

1952
1302
544

-10
0

-2

Area meter Weighing

«i a2 Oi + a2 ai~a2 Wl w2 Wj — >r2

1
2
3

992
677
277

988 1980
675 1352
277 554

4
2
0

990-95
679-38
279-51

990-95
679-94
277-83

1981-9
1359-32
557-34

0
-0-56

1-68

Planimeter D: rolling disc planimeter.
Planimeter P: compensating polar planimeter.

Table 6. Pearson correlation coefficients (r) between error and
axon size for each method

Method r Significance

MOP -0 03 0-8 < P < 0-9
Planimeter D —0 08 0-5 < P < 0-6
Planimeter P 010 P = 0-225
Counting squares 0-28 P = 0 015
Area meter —0 01 P = 0-468
Weighing 016 P = 0-12

The significance of each value of r is given.
Planimeter D: rolling disc planimeter.
Planimeter P: compensating polar planimeter.

Table 7. Comparison of methods of estimating area

Methods compared x(mm2) s.d. (mm2) P

MOP - Planimeter D 0-38 12-08 0-8 < P < 0-9
Planimeter D - area meter -4-99 6-59 P < 0-001

Squares - area meter -7-76 6-36 P < 0-001
Area meter - weighing -2-54 7-07 0-005 < P < 0-01

Planimeter D: rolling disc planimeter.
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Table 8. Rates of carrying out measurements using various instruments

Instrument(s) Measurements/hour

(a) Circumference measurement

Map meter 75
MOP 89

(b) Area measurement
MOP 89
Planimeter D 79
Planimeter P 45
Squares 19
Area meter 36
Weighing 26

(c) Circumference and area measurement together
MOP 89
Map meter + planimeter D 38
Map meter+planimeter P 28
Map meter+squares 15
Map meter + area meter 24
Map meter+weighing 19

Planimeter D: rolling disc planimeter.
Planimeter P: compensating polar planimeter.

sample as a whole which differed from one another by up to almost 4 %. The values
found were as follows: MOP, 456 1; rolling disc planimeter, 455-9; compensating
polar planimeter, 447-5; counting squares, 453-6; area meter, 460-8; weighing, 464-1.
Each method of measuring area was compared with all the others by calculating
the difference in the estimate of the area of all axons in the sample of 60. Table 7
shows, for 4 representative pairs of measurements, the mean difference in axon
area (x), together with the standard deviation (s.d.) as well as the probability (P)
that the mean was not significantly different from zero. Only the MOP and the rolling
disc planimeter tended to give the same estimate of axon area. The probability that
both sets of measurements were similar lay between 0-8 and 0-9. Apart from this,
each method of area measurement tended to give an estimate which differed signifi¬
cantly from all others at the 2 % level at least. In most cases the differences were
very highly significant (P < 0-001).

Efficiency
Measurements could be made more rapidly with the MOP than with any of the

other methods (Table 8). In a given time, the circumferences of 19% more axons
could be measured with it than with the map meter. The MOP was quicker at area
measurement than the planimeter, while both methods were much faster than the
others (Table 8 b). However, the efficiency of the MOP was most striking when
circumference and area were measured on the same axon; in a given time it enabled
2-4-6 times as many axons to be examined than the combined methods of measuring
area and circumference separately (Table 8 c). This is because a single tracing with
the MOP enables the calculation of circumference and area (and also several
additional parameters, including Feret diameters and maximum overall diameter).
A considerable proportion of the time taken to measure area with the area meter
and by weighing was taken up in cutting out the profile of the axon from the photo¬
graphic print.
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DISCUSSION

It is first necessary to check the inherent accuracy of a method before investigating
the various sources of error which may arise in using the method to estimate circum¬
ference or area. This was done in the present study by finding the mean of a large
number of measurements of a test profile of known size. A disc of known area is
provided for this purpose with the area meter. All methods gave mean values within
±0-1 % of a known standard, apart from the map meter. However, when allowance
was made for the systematic error involved in the use of the map meter the accuracy
attained was comparable with that found when using other methods.

Reproducibility was estimated using the standard deviation and coefficient of
variation obtained from a large number of measurements of the same profile. As
these statistics reflect the tendency for individual measurements to cluster about the
mean, they indicate the likelihood of any single measurement lying within specified
limits on either side of the mean. A high level of reproducibility was attained in
measuring circumference, particularly with the map meter; on the assumption that
a series of measurements of the circumference of a given axon gives values which are

normally distributed about the mean, over 99 % of all measurements made using
the map meter were found to be within ± 1 % of the mean. By contrast, only about
half of the circumference measurements obtained with the MOP lay within these
limits.

The level of reproducibility achieved in measuring area using the method of
weighing was very high: 99 % of all observations lay within ±0-33 % of the mean.
The reproducibility attained with the other methods of area measurement was
considerably less than this, being also inferior to the level achieved with either
method of circumference measurement: 99 % of the observations fell within ±2%
of the mean using the MOP and the area meter, within ± 2-5 % of the mean using
the rolling disc planimeter and the method of counting squares, and within ± 3'5 %
of the mean using the compensating polar planimeter.

If the error in measuring an axon were related to the size of the axon, as implied
by Williams (1977), this would introduce a further source of variability into the
measurements. This was found not to be the case with either of the methods of
circumference measurement used here and with all but one method of area measure¬

ment (the exception being that of counting squares, in which there was a positive
association between axon size and error). These findings of course apply only to
profiles whose range of size is similar to those measured (circumference: 60-120 mm,
area: 500-1200 mm2) and cannot be extrapolated to larger or smaller ranges. How¬
ever, measurements avoiding any systematic error of this sort may be made on
structures whose absolute size is of a different order from that of the axons studied

by adjusting the magnification so that their size on the print is of the order given
above.

The use of different methods of measuring the same parameter generally introduces
errors. Estimates differing significantly from one another were produced by both
methods of measuring circumference and by all but one of the pairs of methods for
area measurement which were examined. The exceptional pair consisted of the rolling
disc planimeter and the MOP, whose estimates of area were markedly similar.

These findings clearly imply that so long as a particular study uses the same
method of measurement throughout, and is confined to comparing sets of measure¬
ments with one another, the errors outlined above can be minimized by using
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relative values. However, it is generally an advantage to have absolute values, for
example when comparing the results published by different authors. In comparing
absolute values, therefore, the possibility that systematic differences may occur
between various methods of measurement must be taken into account. It is impos¬
sible to know which method, if any, gives the correct readings. Thus, the methods
used introduce an uncertainty of up to at least 4 % into the results of area measure¬
ment.

The potential errors involved in making measurements with different instruments,
or in assuming that the plane of section of a given fibre is transverse when in fact
it is slightly oblique, are considerably less than the degree of uncertainty introduced
by the assumption that a single transverse section of a particular fibre is representative
of that fibre over the whole, or even part, of its length. Ultrastructural studies on
serial transverse sections of both developing and mature myelinated fibres show
that axon circumference commonly varies by 20 % or more over lengths of a few
tens of microns. This applies to both peripheral and central fibres (Fraher, 1973,
1978u, b). Thus, in order to avoid a major source of error in estimating its calibre,
an axon should be measured at several sites along its length.

SUMMARY

Various methods of measuring axonal circumference and cross sectional area
were examined. In measuring circumference, the Reichert MOP semi-automatic
image analysis system varied more than a map meter.

Several methods of area measurement were compared. Though all were relatively
accurate in the long run, variability of individual measurements differed from one

method to another, being greatest with a rolling disc planimeter and least with the
method of counting millimetre squares within the profile to be measured.

The map meter and the MOP were compared in measuring the circumferences of
a large sample of axons: the latter method was significantly the more variable. Also,
the MOP gave values significantly greater than the map meter. Comparison was
also made of area measurements on the same large sample of axons, using various
methods. Apart from the MOP and the rolling disc planimeter, each method gave
area estimates significantly different from all others. The differences were in some

cases as great as 4 %.
There was no significant correlation between the error involved and the size of the

axon in measuring axonal circumference or area.
Of all the methods studied, the MOP was the most efficient in measuring both

circumference and area in terms of time taken and versatility.
So long as a particular study is confined to comparing sets of measurements made

by the same method, the systematic errors reported above are relatively unimportant.
However, in comparing sets of measurements made with different methods, systematic
errors may be important and should be borne in mind.

I am grateful to Ms Miriam O'Reilly for typing the manuscript.
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INTRODUCTION

This paper and the next in the series (Fraher & Kaar, 1985) investigate the
maturation of alpha and gamma ventral motoneuron fibres in the fifth lumbar spinal
nerve of the rat. In the most proximal part of the ventral rootlet, close to the transi¬
tional zone between the central and peripheral parts of the nervous system, five
distinct morphological stages of axon maturation can be identified, based on axon
ensheathment. At first axons are bare and closely apposed to one another. Three to
four days before birth they become segregated by a matrix of fine processes derived
from transitional Schwann cells (Fraher & Rossiter, 1983). They then become
promyelin in form. Up to this stage their calibre distribution is unimodal. This
subsequently becomes bimodal as the internodes immediately central and peripheral
to the transitional zone become myelinated. At first these internodes are separated by
an axon segment of variable length which is enveloped by astrocyte processes. The
fibres are then at the presumptive transitional node stage (Fraher & Kaar, 1984). The
length of the gap between the two then gradually decreases to a value close to that of
typical nodes. The fibres are then at the definitive transitional node stage.

The growth of alpha and gamma axons is examined in this paper over a number of
intervals from the segregated stage up to maturity. Previous studies on the develop¬
ment of bimodal axon calibre distribution (Skoglund & Romero, 1965; Sturrock,
1975; Arees, 1978; Berthold & Carlstedt, 1982; Berthold, Nilsson & Rydmark, 1983)
were restricted to the myelinated stage. Studies on axon calibre at the onset of
myelination (Friede & Samorajski, 1967; Fraher, 1972; Hildebrand & Hahn, 1978;
Schroder, Bohl & Brodda, 1978; Friede & Bischausen, 1980) have been restricted to
selected populations of large (alpha) fibres.

The study also compares the growth of both axon groups centrally and peri¬
pherally, in the intramedullary segment immediately central to the transitional zone
and in the most proximal part of the ventral rootlet where they are myelinated by the
transitional Schwann cell. Previous studies which compared central and peripheral
axon segments (Fraher, 1976, 1978 a, b) did not do so for both groups separately.

MATERIALS AND METHODS

The material used in this study was the same as that used in the morphological
study of transitional node development (Fraher & Kaar, 1984), in which the methods
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of preparation, embedding, sectioning, staining and microscopic examination of
tissues, as well as the manner in which magnifications were calculated, are described.

Ten animals were studied at each of the following ages: 20 days fetal, 1, 3, 6, 12,
20 and 300 days postnatum. At each age, a number of ventral motoneuron axon
bundles were sectioned by alternate sequential series of thin and semithin sections
over the intramedullary segment, the transitional zone and the ventral rootlet.
Individual myelinated fibres possessing presumptive or definitive transitional nodes
were traced on serial sections over distances of about 40 /tm on either side of the
central-peripheral transition at 3 days and subsequently. They were examined
ultrastructurally at intervals of 5 gm. Only transversely sectioned fibres (Fraher,
1972) were studied. The circumference of each axon was measured at each abnodal
level, using a Reichert-MOP AM03 semiautomatic image analyser. All data were
processed using an IBM 4341 computer. Graphs were produced using a Tectronix
4051 Graphics Display Unit and a Tectronix 4662 Flat-Bed plotter. The mean central
and peripheral circumference of each myelinated axon was found. Percentage
frequency histograms were set up to show the pooled distributions of these values for
each class of myelinated axon at each age (Fig. 3). Circumference distributions were
also found for segregated and promyelin axons at each age (Fig. 2). These were based
on measurements of the bundles as a whole. The distribution of all axon circum¬
ferences at each age was also plotted (Fig. 1).

Most distributions were unimodal up to 3 days and a normal curve was fitted to
the overall distribution up to that age (Fig. 1). Subsequently, most distributions were
bimodal. These distributions were assumed to correspond to a mixture of random
samples from two normally distributed populations, each with its own mean and
variance. This assumption was plausible on the basis of probability plots, as described
by Cox (1966). The model for the relative frequency density function underlying the
data was:

+1" 7m■ k
where p is the proportion of small fibres and (/q, o-J and (ji2, er2) represent the
mean and standard deviation for the populations of gamma and alpha fibres,
respectively.

Estimates of the mean and standard deviation of each normal distribution contri¬

buting to the bimodal distribution, as well as of the mixing proportion where the
two distributions overlapped, were obtained by an iterative method, based on the
EM algorithm (Dempster, Laird & Rubin, 1977). The method was as follows: each
observation was first provisionally allocated to the alpha or gamma fibre population.
This gave an estimate of the mean and standard deviation of that population. These
statistics in turn were used to estimate the probability of each observation coming
from one or other population. This information was then used to provide a revised
estimate of the mean and standard deviation. This procedure was repeated until all
estimates stabilised and final estimates of the basic parameters of each population
were obtained. The dividing circumference separating the two populations was taken
as that circumference value at which an axon had an equal probability of coming
from either the alpha or the gamma population of axons, Where a bimodal distri¬
bution occurred, almost all fibres could be assigned to either the alpha or the gamma
group. A normal curve was fitted to each component distribution. For each of these,
the mean axon circumference and its standard deviation are given in Table 1. These
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Table 1. Data for axon circumference (/un) in pooled animals at the ages indicated.
Mean values (x), standard error of the mean (s.e.m.) and the number ofaxons examined
at each stage (n) are given for central and peripheral levels of fibres in the classes
indicated. In the case of myelinated fibres, the value used for each axon was itself the
mean of several measurements at different levels along the axon

Fibre class Age
(days)

Central Peripheral

X S.E.M. n X S.E.M. n

Segregated 20 (fetal) 2-9 002 612 2-9 002 643
1 3-6 005 481 3-5 005 373
3 3-6 0-12 222 3-7 010 232
6 3-2 008 57 3 0 008 56

Fibres possessing presumptive node
Promyelin 1 4-2 0-14 28 4-3 012 31

3 4-1 010 150 4-6 009 161
6 40 0-28 86 4-2 0-26 92

12 3-6 013 30 3-4 009 33

Myelinated 3 6-2 009 120 6-3 008 165
6 61 013 83 7-3 0-12 94

12 51 019 48 5-4 016 50

Fibres possessing definitive node
Gamma 12 4-5 10 177 4-9 1-4 36

20 6-2 1-2 131 7-2 2-8 76
300 9-7 2-6 106 116 3-9 77

Alpha 6 6-6 1-3 242 6-8 11 95
12 9-4 1-8 456 9-7 1-6 208
20 130 2-4 258 140 2-7 99

300 25-7 5-5 184 30-7 8-7 144

values in turn were used to estimate and plot the growth rates of alpha and gamma
axons over the period studied (Fig. 5).

observations

Overall axon circumference distribution
Up to 1 day postnatum, the overall axon circumference distribution was unimodal

in each animal and in all animals together (Fig. 1). A single normal curve accurately
characterised each distribution. At 3 days, though one animal had a bimodal
distribution, the remaining individual distributions as well as the pooled distribution
were unimodal, though broader than at 1 day. At 6 days and at each subsequent age,
axon circumference had a bimodal distribution, each component of which was

accurately characterised by a normal curve. There was little overlap between the
curves for alpha and gamma fibres. With age the two groups progressively separated
from one another. At all stages, gamma axons made up between 30 and 40% of the
total.

Axon circumference in the various fibre classes
The circumference frequency distribution of segregated axons was narrow and

high peaked in all cases (Fig. 2). The mean was at its greatest between 1 and 3 days
(Table 1). At each stage, central and peripheral circumferences did not differ
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Table 2. Percentage frequencies of segregated axons, of axons possessing presumptive
and definitive transitional nodes at each age. At 6 and 12 days the percentage ofallfibres
which were alpha in type and which possessed presumptive transitional nodes are

given in parentheses

Age
(days) Segregated

Presumptive node

Promyelin Myelinated

Definitive node

Small Large

20 (fetal) 100
1 94-6 5-4 — — —

3 40-4 29-1 30-5 — —

6 14-7 211 29-5 — 33-4
(6 8) (271)

12 — 8-7 10-4 15-7 65-2

(009)
20 — — — 340 660

300 — — — 360 640

significantly from one another. Promyelin axons (Table 1; Fig. 2) had a unimodal
circumference distribution. This was similar centrally and peripherally. Mean
circumference reached a maximum peripherally at 3 days. At each age it was signifi¬
cantly greater than that of segregated axons. Myelinated axons possessing pre¬

sumptive transitional nodes occurred from 3 to 12 days (Fig. 3). Their mean circum¬
ference reached a maximum at 6 days (Table 1). At 12 days it was statistically
significantly smaller than at previous stages. Myelinated axons possessing definitive
transitional nodes were first seen at 6 days. Alpha and gamma axons each had a
unimodal circumference distribution at each age (Fig. 3). The range of each
distribution increased progressively with time. The central distribution closely
resembled the peripheral distribution in form at each age but tended to be shifted to
the left relative to it. Mean values were correspondingly less for central than for
peripheral segments of both alpha and gamma axons (Table 1).

Age changes in the proportions of axons in the various classes
Age changes in the proportions of the various classes of axon are shown in

Table 2 and Figure 4. Segregated axons made up 100 % of the total at 20 days fetal.
With maturation their frequency decreased and none were present after 6 days.
Promyelin axons first appeared at 1 day and persisted until 12 days. At 3 days
about 60% of axons possessed a presumptive transitional node and were either
promyelin or myelinated. At 6 days a similar proportion was myelinated and
possessed either a presumptive or a definitive node. Subsequent to this just over 60%
of all axons were alpha and myelinated in type and possessed definitive nodes. The
proportion of segregated axons at 3 days was similar to that made up by small
myelinated axons at 20 and 300 days.

Axon growth
Total axon counts showed that all prospective alpha and gamma axons were

present at 20 days fetal, though they could not be separated from one another on the
basis of their circumferences. The calibre of both groups of axons had increased by
6 days and continued to increase progressively after that (Fig. 5 a). The relative
increase in circumference over the entire period was greater for alpha than for
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ference (microns added per day) of alpha and gamma axons over the intervals shown. (Based
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gamma axons. At 20 days fetal the proportion of the 300 day circumference reached
was 30% for gamma but only 11 % for alpha axons. The daily rate of increase in
axon circumference was slightly greater at peripheral than at central levels at each
age. The growth in calibre of alpha fibres was maximal between 20 days fetal and
6 days postnatum (Fig. 5 b). By contrast, the growth rate of gamma fibres was low
between those ages and reached its highest values between 6 and 20 days. The period
of maximum growth in calibre was accompanied by myelination of the great
majority of axons in each size class. Most alpha axons began to be myelinated
between 20 days fetal and 6 days postnatum and most gamma axons between 6 and
12 days postnatum.

DISCUSSION

Axon growth
Rapid axon growth takes place up to 3 weeks after birth. Between 20 days fetal

and 6 days postnatum this is accompanied by the differentiation of alpha and gamma
axon populations, manifested first in the broadening of the unimodal distribution and



Alpha and gamma motoneuron fibre development 85
then in the transformation of this to a bimodal form between 3 and 6 days. (This may
occur towards the earlier part of that interval, since one 3 days old animal had a
bimodal distribution.) The proportions of both axon groups are relatively fixed by
6 days. Alpha axons make up 60-70% of the total at all subsequent stages. The
appearance of the bimodal distribution is likely to be due to a spurt of growth
involving presumptive alpha axons, the growth rate of which is most rapid over the
20 days fetal to 6 days postnatum interval. At the same time, most of these become
myelinated (Fraher & Kaar, 1985) with the result that the two components of the
6 day calibre distribution are further distinguished from one another morpho¬
logically; the alpha axons are myelinated but the gamma axons are not. The most
rapid phase of growth of gamma axons occurs somewhat later.

At ages before alpha and gamma classes of axon can be statistically distinguished
from one another, inferences may be drawn regarding their growth by examining
changes in the proportions of axons in the various ensheathment classes (Table 2;
Fig. 4). It is likely that promyelin axons at 1 day are presumptive alpha axons, since
their mean calibres are greater than those of the remaining segregated axons.
Moreover, alpha axons would be expected to differentiate before gamma axons. The
axons which are myelinated and possess presumptive transitional nodes at 3 days are
also likely to be prospective alpha axons for three reasons. Firstly, their mean
circumference is considerably greater than that of all other axons at that age.

Secondly, it is significantly greater than that of myelinated gamma axons when these
are first observed, i.e. at 12 days, even though this is at a much later stage (Table 2).
Thirdly their circumference distribution is towards the right of that for myelinated
gamma 12 day axons, despite the age difference (Fig. 3). They form a similar pro¬
portion (approximately 30 %) to that made up by all axons which possess definitive
transitional nodes at 6 days (Table 2), which for similar reasons are probably alpha
axons. It is likely that between 3 and 6 days the former category of axon matures to
form the latter. Promyelin axons at 3 days are also likely to be presumptive alpha
axons since the combined proportion which they make up with myelinated axons
possessing presumptive transitional nodes is similar to that eventually made up by all
alpha myelinated axons. Also, their mean circumference is larger than that of
segregated axons at the same age. They constitute a similar proportion (approxi¬
mately 30%) to that made up by all axons which are myelinated and which possess
presumptive transitional nodes at 6 days (Table 2). It is likely that between 3 and
6 days the former category of axons matures to form the latter.

Presumptive alpha and gamma axons can therefore be distinguished from one
another from shortly after birth. Between 1 and 3 days postnatum the great majority
of presumptive alpha axons become promyelin or myelinated in form, while most
presumptive gamma axons remain segregated. At 6 days most myelinated axons are
likely to be prospective alpha axons. About half possess presumptive and half possess
definitive nodes. All possess definitive nodes at 12 days. The separation of future
alpha and gamma axons is therefore well advanced when the mean diameter of
gamma axons is about 1 //m and that of alpha axons is about 2 /«m, before myeli-
nation of gamma axons has begun. After this they follow separate maturation tracks.
These calibres are considerably smaller than the diameter of 3 gm proposed by
Berthold, Nilsson & Rydmark (1983) for separation of the two axon categories in
the cat.

Myelinated gamma axons possessing definitive transitional nodes are first seen at
12 days. Those axons possessing presumptive transitional nodes at this stage have a
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similar calibre distribution and are also likely to be gamma axons. By 20 days, all
gamma axons have definitive nodes. It is likely that the delay in myelination of
gamma axons results from selective prolongation of the segregated stage of their
development, since most or all of them are probably still segregated at 3 days and
about 40% of them remain so at 6 days (Table 2, Fig. 4). Since axons begin to be
segregated in the lumbar roots at 18 or 19 days fetal, when this process is taking place
in the proximal segments of cervical roots (Fraher & Rossiter, 1983), the segregated
phase is about twice as long for gamma as for alpha axons. Later stages of gamma
axon development do not appear to be selectively prolonged. Approximately 40 %
of gamma axons pass from the promyelin to the myelinated definitive nodal stage
between 6 and 12 days, while approximately 50% of alpha axons pass through the
same stages between 3 and 12 days. There is thus a rough similarity between the time
intervals involved for at least a proportion of the two groups.

Circumference growth rates for presumptive alpha and gamma axon groups as
identified above can be examined separately for each group as a whole over the
intervals from 20 days fetal to 3 days postnatum and from 3 to 6 days postnatum.
The rates for alpha axons (0-52 to 0-53 ^m/day, respectively) are very similar to that
for the whole period (0-53 ^m/day), suggesting that these grow at a similar rapid
rate over the period. Gamma axons on the other hand grow more rapidly over the
first interval (0-07 /mn/day) than over the second (0-01 /<m/day). Thus, their growth
is arrested in the period immediately preceding the growth spurt which is related to
the onset of their myelination.

Once alpha and gamma classes of myelinated axon have been established and
possess definitive nodes, both increase progressively in calibre with time (Table 1).
This is not the case with those axon classes which eventually disappear through
further differentiation. All three (segregated axons; promyelin and myelinated axons
possessing presumptive nodes) reach a maximum circumference one or two stages
before they disappear. This may be because presumptive alpha axons differentiate
out of each class first, so that towards the later part of its existence it contains only
presumptive gamma axons.

Onset of myelination in alpha and gamma fibres
The following observations from the present study indicate that myelination

commences in relation to a smaller axon circumference in gamma than in alpha
fibres. Firstly, promyelin axons at 1 and 3 days probably represent gamma axons
(Table 1). Secondly, axons myelinated by the transitional Schwann cell, which
possess presumptive transitional nodes, are likely to be mainly alpha axons at 3 and
6 days and gamma axons at 12 days. The mean circumference in the 3 and 6 day
groups are statistically significantly greater than in the 12 day group. Thirdly, when
definitive transitional nodes are first observed in relation to them, the overall mean
abnodal circumference of alpha axons (7-5 /<m) is significantly greater than that of
gamma axons (5-1 pm). Maturing alpha axons therefore appear to be less myelino-
genic than gamma axons, inducing myelination only when they have achieved an
absolutely greater calibre than gamma axons.

Relationship of axons and muscle development
The development of a bimodal axon calibre distribution takes place in association

with the onset of myelination. A similar association is found in the chick optic nerve
(Arees, 1978), the anterior commissure of the mouse (Sturrock, 1975) and the cat
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first sacral dorsal root (Berthold & Carlstedt, 1982). The rapid growth of the alpha
axon population observed in the present study may in turn depend upon the
establishment of functioning neuromuscular junctions. This process does not take
place simultaneously for all fibres within a given muscle. Muscle cells and neuro¬
muscular junctions are found at various stages of development over a considerable
period, but differentiation is generally complete at 4 days in the rat (Kelly & Zacks,
1969; Koenig, 1973). The maximum growth rate of alpha axons is closely related in
time to this and so may be at least partly dependent upon it. The delay in maturation
of gamma axons is associated with a delay in growth of their circumferences. This
appears to be suspended for a time and occurs as a burst between 6 and 20 days. Its
timing may also be related to the formation of their terminal connections. In the rat
hindlimb, while neuromuscular junctions are seen initially at the polar region of
intrafusal muscle fibres at birth, they are not fully differentiated until approximately
12 days after birth (Zelena, 1964).

SUMMARY

The growth of alpha and gamma motoneuron axons was studied from late fetal
life to maturity in the fifth lumbar ventral spinal root of the rat. Overall axon
circumference distribution is unimodal up to three days postnatum and bimodal
subsequently. Alpha and gamma fibre categories can be distinguished from one
another before the bimodal distribution appears, since their degrees of segregation
differ. By 3 days postnatum, the great majority of presumptive alpha axons are either
promyelin or myelinated in form. The two populations follow separate maturation
tracks subsequently, alpha axons making up between 60 and 70% of the total.
Alpha axons grow most rapidly during the first week, gamma axons during the
second and third weeks postnatum. The onset of myelination in both groups
coincides with the most rapid period of growth. The delayed rapid growth of gamma
fibres is due to a prolongation of their segregated stage; subsequent stages have a
similar duration to those of alpha fibres. The periods of most rapid growth in both
alpha and gamma fibres may be related to the formation of their respective terminal
connections in the muscles. Myelination commences in relation to a smaller axon
circumference in gamma than in alpha fibres. The former are therefore more
myelinogenic than the latter.
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INTRODUCTION

This paper examines the growth of the myelin sheath in central and peripheral
segments of alpha and gamma ventral motoneuron fibres. Using the axon calibre
data (Kaar & Fraher, 1985), sheath thickness-axon calibre relationships are examined
and compared between the two fibre groups. It has generally been assumed that a

single statistical relationship exists between myelin sheath thickness and axon cir¬
cumference both during development and in the adult (Friede & Samorajski, 1967;
Williams & Wendell-Smith, 1971; Boyd & Kalu, 1973; Sima, 1974; Fraher, 1972,
1976; Berthold & Carlstedt, 1977; Berthold, 1978; Hildebrand & Hahn, 1978;
Friede & Bischausen, 1980; Biscoe, Nickels & Stirling, 1982; Berthold, Nilsson &
Rydmark, 1983). In this paper the relationship is investigated separately in both
alpha and gamma fibre groups during development and at maturity.

MATERIALS AND METHODS

The material used in this paper was the same as that in the two previous papers
of this series (Fraher & Kaar, 1984; Kaar & Fraher, 1985). Myelination was studied
at the 6 day stage and subsequently. Fibres were divided on the basis of axon
circumference (Kaar & Fraher, 1985) into alpha and gamma groups. Myelin sheath
thickness (number of lamellae) was measured at several levels, 5 pm apart, centrally
and peripherally over distances of 20-30 /tm from the paranode, of between 100 and
400 fibres of each class at each age and was plotted against distance from the node
(Fig. 1). The mean sheath thickness was calculated for the central and peripheral
abnodal segment of each fibre. Percentage frequency histograms were derived from
these values for alpha and gamma fibres at each age (Fig. 2). Using the mean values
for pooled fibres in each class, growth rates for myelin sheath thickness were calcu¬
lated (Fig. 3).

Scatter diagrams were plotted relating the mean abnodal values for sheath thickness
and axon circumference (Kaar & Fraher, 1985) for each fibre. Separate plots were
made for the alpha and gamma groups and both groups combined at each age, for
peripheral (Fig. 4) and central (Fig. 5) fibre segments. Correlation and regression
analyses (Table 2; Fig. 6) were carried out on the data. The regression lines for alpha
and gamma fibre groups were compared with one another using the Indicator Vari¬
able technique (Table 4).

The overall mean ^-ratio of axon to fibre circumference was calculated for central
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and peripheral segments of fibres in both groups (Table 3). Fibre circumference was
calculated by a simple geometric method, using known values for axon circumfer¬
ence (Kaar & Fraher, 1985), number of lamellae and the myelin period.

The in vivo ^--ratio was also estimated for alpha and gamma fibres (Table 3). In
calculating this, account was taken of the decrease in myelin periodicity which
occurs with fixation both centrally (Finean, 1961; Hildebrand & Muller, 1974) and
peripherally (Karlsson, 1966; Berthold, Corneliuson & Rydmark, 1982), and of the
differential swelling of alpha and gamma axons during fixation (Berthold et a/. 1982).

OBSERVATIONS

Longitudinal variation in sheath thickness
In both alpha and gamma fibre groups, longitudinal sheath thickness variation

presented three patterns at each age: more than one half of all sheaths decreased
progressively in thickness in the direction of the paranode (Fig. 1). These will be
referred to as decremental sheaths. In about one quarter of all cases sheath thickness
remained constant. The remaining sheaths varied irregularly in thickness. These
proportions were similar for central and peripheral segments. There was no relation¬
ship between the type of sheath enveloping a given axon centrally and peripherally.

Among decremental sheaths of alpha and gamma fibres, the number of turns lost
increased with age (Table 1). It was comparable for central and peripheral sheaths
at each age. This represented a greater proportional decrease for central than for
peripheral sheaths, since the former were the thinner of the two. For both fibre
groups the mean thickness of the level furthest from the paranode was close to mean
internodal values for cervical ventral motoneuron axons (Fraher, 1976, 1978a) both
centrally and peripherally at similar ages.

Sheath thickness-axon circumference relationships of alpha fibres
At each age the abnodal sheath thickness of alpha fibres was unimodally distri¬

buted (Fig. 2) and was greater peripherally than centrally by a relatively constant
proportion (Table 1). It increased with age in both locations. The daily increase was
greater peripherally than centrally over each interval examined. It was greatest
peripherally between 1 and 6 days and centrally between 12 and 20 days (Fig. 3 a).
There was no significant correlation between central and peripheral sheath thickness
on individual fibres at 6 days. At all other ages it was significant and the correlation
coefficient varied from 0-41 to 0-62.

The scatter diagrams relating sheath thickness to axon circumference give an
overview of the combined effects of age changes in the two parameters. The plot
points had an elliptical distribution (Figs. 4, 5) which shifted upwards and to the
right with maturation as both parameters increased. The long axis of the 300 day
peripheral distribution was almost parallel to the X-axis. Central distributions
showed a greater degree of scatter than peripheral distributions. This was reflected
in their lower correlation coefficients (Table 2).

The slopes of the peripheral regression lines relating the parameters tended to
decrease with age, especially between 20 and 300 days (Table 2; Fig. 6). Central
regression lines had similar slopes at 6, 12 and 300 days. In both locations the slope
was greatest at 20 days. Regression lines were considerably steeper peripherally than
centrally, especially at 6 days, indicating a thinner central sheath for any given axon
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calibre. At 6 days, soon after onset of myelination in alpha fibres, the linear regression
line was similar peripherally (P = 0-6) for fibres possessing presumptive and for
those possessing definitive nodes (Table 2).

The calculated mean ^-ratios in the fixed and embedded state were 10% greater
than the estimated ^-ratios in vivo, though both showed similar age changes (Table 3).
Values decreased between 6 and 12 days and changed little subsequently. Central
values were about 10% greater than peripheral.
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Fig. 3 (a-b): The growth rate (daily increase in number of lamellae) for central (o—o) and peri
pheral (•—•) myelin sheaths on (a) alpha and (b) gamma fibres over the intervals shown.

Table 3. The ratio g of axon to fibre circumference

^-ratios in Estimated
fixed and embedded state in vivo ^-ratios

Central Peripheral Central Peripheral

(days) Gamma Alpha Gamma Alpha Gamma Alpha Gamma Alpha

6 0-94 0-84 0-91 0-78
12 0-88 0-90 0-83 0-78 0-79 0-85 0-74 0-70
20 0-86 0-87 0 80 0-78 0-78 0-82 0-70 0-70

300 0-80 0-88 0-73 0 80 0-70 0-83 0-61 0-72

Sheath thickness-axon circumference relationships ofgamma fibres
The abnodal sheath thickness of gamma fibres had a unimodal distribution at all

ages (Fig. 2). The mean central thickness was about two thirds of the peripheral
value at each age (Table 1). The daily rate of increase in sheath thickness varied in a
similar fashion centrally and peripherally (Fig. 3 b). It was greatest between 6 and
12 days in both regions. The correlation between central and peripheral sheath
thickness values for individual fibres was highly significant at all ages and varied from
0-63 to 0 -77.

In all cases, the scatter diagrams relating sheath thickness to axon circumference
formed an elliptical cluster which moved upward and to the right with age, reflecting
growth in both parameters (Figs. 4, 5). At 300 days the orientation of the cluster
resembled that for previous ages. These features were reflected in the regression lines
(Fig. 6; Table 2). The slopes of these changed relatively little with age. Those for
peripheral fibre segments decreased slightly, while those for central segments in¬
creased progressively. They were steeper peripherally than centrally at each age.

Comparison of sheath-axon relationships in alpha and gamma fibres
The mean central sheath thickness was a significantly greater proportion of the

peripheral value for gamma than for alpha fibres. Also, the correlation between
the two was stronger for the gamma than for the alpha group. As age advanced, the
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Axon circumference (fjm)

Fig. 6. Regression lines relating myelin sheath thickness to axon circumference for central and
peripheral segments of alpha ( ) and gamma ( ) fibres at the ages indicated.

clusters of plot points representing alpha and gamma fibres tended to separate from
one another. The process remained incomplete, however, even at 300 days (Figs. 4, 5).
The cluster for gamma fibres tended to lie below and to the left of the corresponding
cluster for alpha fibres at each age, centrally and peripherally. At 300 days, centrally
and peripherally, the alpha fibre cluster had its long axis approximately parallel to
the X-axis while that for the gamma fibre cluster remained similar to previous ages.
These differences became more evident on examination of the regression lines which
were steeper for gamma than for alpha fibres at each age (Fig. 6). The differences
were tested by comparing the linear regression equations relating the two variables
for alpha and gamma fibres at each age, using the Indicator Variable technique
(Table 4). This showed that the regression lines were statistically significantly different
from one another in all cases. The same technique showed that there was no significant
difference between the peripheral regression lines at equivalent stages of maturation.
Thus, at stages following shortly after the onset of myelination in both fibre groups,
the regression equation for gamma fibres at 12 days resembled that for alpha fibres
at 6 days (Fig. 6; Table 4). The regression lines for gamma fibres tended to lie to the
left of those for alpha fibres at equivalent stages, indicating that myelin sheaths of
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Table 4. Comparison of the slopes of the linear regression lines relating myelin sheath
thickness to axon circumference at abnodes bordering the definitive transitional nodes
of different groups offibres, using the Indicator Variable technique

Age
(days)

Central Peripheral

P SEft t n-4 P P SE/S t n-4 P

Gamma versus 12 1-41 0-33 4-3 403 ** -2-07 0-54 3-8 237 **

alpha fibres 20 -0-96 0-42 2-3 373 * —1-18 0-39 3-0 170 * *

300 -201 0-44 4-6 277 * *
— 2 16 0-36 60 209 **

Gamma fibres 12 1-63 0-65 2-5 76 * 0-29 0-81 0-4 130 NS
at 12 and 20 20 0-87 017 5-1 157 * * 0-62 0 31 2-0 166 *

days versus
alpha fibres
at 6 days

/?, Coefficient of the interaction term. SE/?, Standard error of ft. t, Value of t statistic (= ft/SE/?). n,
Number of observations, n-4, Degree of freedom of t.P, Two-tailed statistical probability of a difference:
*, moderately significant (0 01 P < 0 05). **, highly significant (P < 0 01).

alpha fibres tended to be thinner than those of gamma fibres when the axons had a
similar calibre.

At first, during the presumptive node stage, there was a loose correlation between
sheath thickness and axon circumference in some cases but this strengthened after a
short period for all classes of fibre (Table 2). This occurred earlier among alpha than
among gamma fibres. It tended to be stronger among gamma than among alpha
fibres and to be greater peripherally than centrally. Within both fibre groups the
correlation showed no general tendency to increase with age. The g-ratios for gamma
fibres decreased progressively with age (Table 3), unlike those for alpha fibres. At
300 days, they were about 10% less than those for alpha fibres.

DISCUSSION

Decrementa! sheath segment

The persistence throughout life of substantial longitudinal variation in thickness
of the abnodal segments of most sheaths central and peripheral to the transitional
node is noteworthy. In contrast to myelin sheaths generally, where longitudinal
sheath thickness variation decreases with maturation (Fraher, 1973, 1978 a) the
degree of unwinding over the decremental segment increases with age centrally and
peripherally. This may represent a further sustained morphological immaturity in
the region of the transitional zone in addition to those features already documented
(Carlstedt, 1980; Fraher & Rossiter, 1983 a, b).

At all stages, the decremental segment has a length of about 20 to 30 gm. It may
be readily distinguished in a number of ways on morphological grounds from the
paranode. Firstly, at the junction of the two the spiral becomes much less tightly
wound towards the abnodal side. Secondly, the developing and mature transitional
paranode can be clearly identified (Fraher & Kaar, 1984) since it possesses numerous
features in common with paranodes described by, for example, Schnapp & Mug-
naini (1978), Wiley-Livingston & Ellisman (1980) and Rosenbluth (1983). Thirdly,
in the decremental segment the pitch of the spiral changes little along its length
whereas it tends to become more tightly wound towards the nodal end of the para¬
node.
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Different circumference-sheath thickness relationships for alpha andfor gamma fibres
The previous paper (Kaar & Fraher, 1985) shows that two populations of axons

(alpha and gamma) can be statistically separated from one another even before the
onset of myelination, that the proportions of the two populations are relatively fixed
at 6 days, and that both follow different maturation paths subsequently. The present
study shows that there is an additional difference between the two groups, namely,
each has a different linear sheath thickness to axon circumference relationship at
each age up to and including maturity. Thus, when developing axons of similar
calibre are compared, gamma axons tend to have thicker myelin sheaths than alpha
axons, the regression line being steeper for the former group. The cluster of plot
points for the former lies to the left of that for the latter, especially centrally. Thus,
gamma axons seem to be more myelinogenic than alpha axons. They induce myeli¬
nation at a smaller circumference (Kaar & Fraher, 1985) and possess relatively
thicker myelin sheaths at all stages of development. These features suggest that both
the initiation and progress of myelination are closely related phenomena and so
may be controlled by the same mechanism. This mechanism appears, however, to
be intrinsically different within alpha and gamma fibres, in so far as the settings for
the sheath thickness to axon calibre relationships remain different. These extensive
differences suggest that alpha and gamma fibre populations are distinct from one
another throughout myelination. It is therefore unlikely that any flux of fibres takes
place from the gamma to the alpha groups, as suggested by Berthold et al. (1983).

Recent evidence has suggested that in adult nerves the axon calibre-myelin sheath
thickness relationship varies with the size of the fibre. Many authors have found a
curvilinear or hemi-sigmoidal distribution of plot points in the adult peripheral
(Boyd & Kalu, 1973; Sima, 1974; Berthold & Carlstedt, 1977; Berthold, 1978;
Arbuthnott, Boyd & Kalu, 1980; Biscoe et al. 1982; Berthold et al. 1983) and central
nervous systems (Berthold & Carlstedt, 1977; Hildebrand & Hahn, 1978). Some
authors have attempted to straighten the distribution of plot points by the use of
logarithms. Previous quantitative studies have also generally assumed that there is
a single relationship between sheath thickness and axon circumference for all fibres
during development, both peripherally (Friede & Samorajski, 1968; Fraher, 1976)
and centrally (Fraher, 1976). These approaches may obscure real differences which,
as the present study shows, come to light only when both groups are examined
separately.

The decline in the g-ratio with decreasing axon calibre in peripheral axons is in
agreement with the findings of Gasser & Grundfest (1939), Taylor (1942) and
Williams & Wendell-Smith (1971). Estimated overall in vivo ^-ratios for both gamma
and alpha fibres agree well with the values of Berthold et ah (1983) for cat lumbar
ventral root fibres and lie within the optimal ranges calculated by Rushton (1951)
and Smith & Koles (1970). For central axons, the ^-ratio also decreases with in¬
creasing fibre size, as found by Hildebrand & Hahn (1978). However, the g-ratios
in the present study tend to be larger than those of the last mentioned authors for
both alpha and gamma fibres.

Different axon circumference-sheath thickness relationships for central and peri¬
pheral segments

The regression lines relating sheath thickness to axon circumference centrally and
peripherally are in different positions and have statistically significantly different



100 J. P. FRAHER AND G. F. KAAR

slopes at each age. The overall mean ^--ratios in the two locations are also different.
These findings are true for both alpha and gamma fibre groups. A previous develop¬
mental study (Fraher, 19786) found no significant difference between the regression
lines for intramedullary and peripheral parts of cervical ventral root fibres. That
study, however, did not distinguish between alpha and gamma fibre groups, a factor
which would tend to increase the amount of variation in the data pairs and obscure
differences between central and peripheral segments.

Age changes in sheath thickness-axon calibre relationship
The present study offers insights into the progression of the different relationships

between sheath thickness and axon circumference in adult alpha and gamma fibres.
Both relationships change with age centrally and peripherally. For alpha fibres, the
regression lines tend to become less steep with age. However, this does not take place
smoothly. The 20 day line is considerably steeper than that at preceding and succeed¬
ing stages. Sheath thickness increases more for each unit increase in axon circumference
over the 12-20 day interval than over any other. In accordance with this is the
finding that, at 20 days, overall mean peripheral sheath thickness is 53 %, while
overall mean circumference is only 47% of the 300 day value. Equivalent central
values are 59 % and 52 %, respectively. Thus there may be a general increase in the
rate of myelin production centrally and peripherally in relation to alpha fibres
2-3 weeks after its onset. Between 20 and 300 days, the slopes of the lines decrease
because the relative increase in sheath thickness is less than that in axon circumfer¬
ence. By contrast, among gamma fibres, increase in sheath thickness tends to keep
pace with that in axon circumference. Age changes in the slopes of the regression
lines are relatively minor, there being a slight increase centrally and a decrease
peripherally.

Two further points emerge from study of temporal changes in sheath thickness to
axon circumference relationships. Firstly, many of the regulating mechanisms for
myelin production by oligodendrocytes and Schwann cells may be similar, since
within each class of fibre there is a close relationship between changes centrally and
peripherally in the position and slope of the regression line and in the value of the
^-ratio. Secondly, because the sheath thickness-axon circumference relationship
changes during maturation, it is not possible to deduce from adult values what the
relationship is like during development. Despite this, several authors (Friede &
Samorajski, 1967; Arbuthnott et al. 1980; Biscoe et al. 1982) have attempted to do
so. Because of the different axon-myelin relationships in the alpha and gamma fibre
groups, it is not acceptable to base extrapolations regarding the onset of myelination
principally or exclusively on data from gamma fibres or on data to which logarithmic
curves have been fitted. The present findings indicate that such extrapolations are
valid only at very early ages.

Strength of correlation between sheath thickness and axon circumference
The correlation between sheath thickness and axon circumference is stronger

peripherally than centrally and in gamma than in alpha fibres in each location. For
both fibre groups it decreases with age peripherally and remains low centrally. Thus
peripheral myelin sheath thickness appears to be most closely related to axon circum¬
ference around the time of onset of myelination. Other studies (Friede & Samorajski,
1967; Fraher, 1973, 1976; Low, 1976) have found that the strength of association
increases with age in all fibres together. This may be a consequence of the larger
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increase in the ranges of values for both sheath thickness and axon circumference in
pooled fibres, compared with separated alpha and gamma fibre groups. In any event,
in interpreting correlation coefficients it must be borne in mind that correlation
analysis should properly be applied only to bivariate normal distributions (Sokal &
Rohlf, 1969; Bronson, Bishop & Hedley-White, 1978) as is done in the present study.

Functional implications
The unwinding of the sheath over the decremental segment may allow current

leakage into the interstitial fluid space, especially close to the paranode. Because of
the observed differences in sheath thickness, any such leakage is likely to be greater
in absolute terms centrally than peripherally. It is likely to affect gamma fibres
relatively more than alpha fibres. This is because the longitudinal distance over
which unwinding occurs is similar in both groups, but internodal lengths are short
on gamma fibres centrally (Hess & Young, 1949, 1952; McDonald & Olrich, 1971;
Murray & Blakemore, 1980) and peripherally (Vizoso & Young, 1948; Fullerton &
Barnes, 1966). Consequently the proportion of the internode over which the sheath
unwinds is greater for gamma than for alpha fibres.

There is likely to be a large increase in the conduction velocity of nerve impulses
in all fibres on passing from the central into the peripheral nervous system, for three
reasons. Firstly, sheath thickness and axon circumference are both greater peripher¬
ally than centrally. Secondly, the ^-ratio of some gamma and many alpha fibres
centrally is likely to be greater than the optimum physiological value as calculated
on theoretical grounds (Rushton, 1951). By contrast, the majority of peripheral
segments appear to have values within the optimum range. Thirdly, internodal
length is likely to be considerably greater peripherally than centrally (Fraher, 1978 c;
Carlstedt, 1980; Murray & Blakemore, 1980). All these features are positively associ¬
ated with greater conduction velocity along nerve fibres (Paintal, 1978; Waxman,
1980). The difference may be somewhat greater for alpha than for gamma fibres
since the relative increase in sheath thickness peripherally is greater for the former.
A different pattern of variation occurs in dorsal lumbosacral roots in the adult cat
in which sheaths are thicker centrally than peripherally and axon circumference
does not change between the two locations (Berthold & Carlstedt, 1977, 1982).
Consequently conduction velocity is likely to be lower peripherally than centrally.
During development however, the pattern of differences in conduction velocity in
the cat may resemble that occurring throughout life in the rat; the above authors
found that developing central sheaths are relatively shorter and thinner than peri¬
pheral sheaths.

SUMMARY

The abnodal myelin sheaths of the internodes immediately central and peripheral
to the transitional node possess a decremental segment over which sheath thickness
gradually decreases in the direction of the paranode. This may represent a sustained
morphological immaturity of the sheath. Alpha and gamma fibre groups have
different sheath thickness to axon circumference relationships at each age during
development and at maturity. Gamma fibres have relatively thicker sheaths than
alpha fibres. In both groups the relationship is different for central and peripheral
fibre segments and also changes during maturation. It is therefore not permissible to
make inferences from the adult relationship regarding the relationship during de¬
velopment. Changes in the relationship follow similar patterns for central and
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peripheral fibre segments, suggesting that the control mechanisms are closely linked
in both locations. Sheath thickness growth both peripherally and centrally lags
behind axon calibre growth for alpha fibres. The two keep pace for gamma fibres.
The strength of the correlation between sheath thickness and axon circumference
changes little with maturation in either group. The morphological differences be¬
tween central and peripheral segments of ventral motoneuron fibres suggest that
conduction velocity increases when the impulse enters the peripheral nervous system.
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Axon-Myelin Relationships in Rat Cranial
Nerves HI, IV, and VI: A Morphometric
Study of Large- and Small-Fibre Classes
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ABSTRACT
The primary objectives of this study were to determine (1) if quantitative

axon-myelin relationships are similar for large- and for small-fibre classes
within individual nerves and (2) if the same axon-myelin relationships hold for
equivalent fibre classes in closely similar nerves. The oculomotor, trochlear,
and abducent nerves of the rat were examined since they each contain distinct
large- and small-fibre classes and are similar in a wide range of anatomical and
developmental respects. Accordingly, morphometric analyses of axon-myelin
relationships were performed separately on large and small fibres of each of
the three nerves.

Within each nerve, the setting of the relationship between the two
parameters was found to be different for the two fibre classes: Scatterplots
relating sheath thickness to axon perimeter for large fibres were shifted
upwards relative to those for small fibres. These differences were also reflected
in the positions of the regression lines fitted to the plots and in the g-ratios.

Significant differences were found between nerves in relation to their
large fibres: Those of the abducent nerve had significantly thicker sheaths,
those of the oculomotor nerve had significantly smaller axon perimeters, and
the myelin sheath -axon perimeter relationship of the abducent nerve differed
significantly from that of the other two.

This study therefore shows that morphometric axon-myelin relationships
may differ significantly between equivalent fibre classes of nerves that are
closely similar in respect of morphological class, central origin, peripheral dis¬
tribution, developmental environment, and function.

Key words: perimeter, lamellae, g-ratio, regression, correlation

In studies of developing and mature nerve fibres, both
peripheral and central, it has been widely assumed that a
single quantitative relationship, either linear or curvilinear,
exists between myelin sheath thickness and axon calibre,
extending over all fibre-size classes in a given nerve (Friede
and Samorajski, '67, '68; Williams and Wendell-Smith, '71;
Fraher, '72, '76, '78; Sima, '74; Berthold and Carlstedt, '77;
Berthold, '78; Hildebrand and Hahn, '78; Arbuthnott et al.,
'80; Friede and Bischausen, '80; Biscoe et al., '82; Berthold et
al., '83; Hahn et al., '87). This approach suffers from the
drawback that treating all fibres in a nerve as a single group
may obscure real differences in sheath thickness-axon cali¬
bre relationships between individual fibre classes (Boyd and
Kalu, '73), particularly if these parameters are bimodally or
multimodally distributed. These differences may come to
light only when the different fibre classes are examined sep¬
arately, in accordance with rigorous statistical practice

(Bronson et al., '78; Fraher and Kaar, '85; Kaar and Fraher,
'85; Fraher et al., '88a). Such differences have been demon¬
strated between large- and small-fibre classes of rat lumbar
ventral roots (Kaar and Fraher, '85).

Variations in sheath thickness-axon calibre relationships
have been documented on the basis of g-ratios for a wide
range of nerves in the rat by Fahrenkamp and Friede ('87).
Each of these nerves differed significantly from all of the
others examined in one or more respects, including fibre
content and peripheral distribution. The present study ex¬
amines the relationship of myelin sheath thickness to axon
perimeter in a set of closely similar nerves—namely, the rat
oculomotor, trochlear, and abducent nerves. The motoneu-
rones of all three belong to the somatic efferent class and the
voluntary musculature innervated by them is very similar in
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general function and in phylogenetic and developmental
origin. In addition, each nerve contains markedly distinct
large and small myelinated fibre populations (Bronson and
Hedley-Whyte, '77; Bronson et al., '78; Kerns, '80; Hahn et
al., '87; Fraher et al., '88b,c; Smiddy et al., '88). This enables
myelin sheath-axon calibre relationships of each fibre class
to be analysed across a group of closely similar nerves. How¬
ever, the oculomotor nerve contains an additional, visceral
efferent, fibre class over the other two, and the effects, if
any, of this on axon-myelin relationships may also be stud¬
ied.

MATERIALS AND METHODS

Sixteen adult Wistar albino rats from the same stock,
aged between 70 and 75 days postnatum, were used. They
were anaesthetised with a 3:1 anaesthetic ether:chloroform
mixture and then perfused through the left ventricle with a
solution containing 2.5% paraformaldehyde and 2.0% glu-
taraldehyde in orthophosphate buffer at pH 6.6-6.8, pre¬
heated to 38°C. Perfusion was continued for 15-20 minutes.
To aid fixation of tissue, perfusate was also introduced into
the sacral part of the subarachnoid space and allowed to
escape through a cranial burr hole midway along the sagittal
suture for a further 30 minutes. The dorsal part of the neu-
rocranium was then removed. The oculomotor, trochlear,
and abducent nerves were divided at the level of the poste¬
rior limit of the cavernous sinus. The entire brainstem was

dissected free, removed from the skull, and placed in a bath
of the above fixative. Here the brainstem was bisected in the
median sagittal plane and separate tissue blocks were pre¬
pared, each consisting of the oculomotor, trochlear, or abdu¬
cent nerve and the portion of the brainstem from which it
emerged. Specimens were then washed in buffer, dehy¬
drated in ethanols, placed in epoxypropane, and embedded
in Araldite.

Five oculomotor, five trochlear, and six abducent nerves
were examined. Each nerve was sectioned transversely at a
level 300-500 pm distal to its brainstem attachment. Thin
sections were stained with uranyl acetate (saturated solu¬
tion in 50% methanol) and poststained with lead citrate
(Reynolds, '63). Semithin sections were stained with tolu-
idine blue, examined in a Reichert Polyvar photomicros-
cope, and photographed at negative magnifications from
x28 to x 112. Thin sections were examined in a JEOL JEM
1200 EX electron microscope.

An electron micrographic montage was made at x 3,500 of
the entire face of each nerve cross-sectioned. The precise
magnification of each electron micrograph was determined
by photographing a standard calibration grid under the
same conditions as the thin sections during each photo¬
graphic session. Fibres were readily assigned visually to
small and large classes (Fig. la). Any fibre of doubtful classi¬
fication was assigned to the most appropriate class by using
an iterative method (Kaar and Fraher, '85) based on the EM
algorithm (Dempster et al., '77) which assigns each fibre
within a bimodally distributed population to large and small
classes on the basis of probability plots (Cox, '66).

For morphometric study of the myelinated fibres, only
those which were transversely sectioned (Fraher, '72) were
examined. Those sectioned at the levels of nodes, para-
nodes, or incisures of Schmidt-Lanterman were excluded

Fig. 1. Electron micrographs of transversely sectioned oculomotor
nerve, a: Tendency for small fibres to cluster, b: Parts of the myelin
sheaths of a large and of a small fibre, a, x 4,400. b, x 89,000.



386 J.P. FRAHER

IV
120-1

100^

LiJ
<

LLl

<

80-

60-

40-

20'

10 20 10
I

20
—i

30

VI

—r-

10 20 30

PERIMETER (pm)

Fig. 2. Regression lines fitted to large- and small-fibre plots for each
individual nerve (numbered) relating myelin sheath thickness (lamel¬
lae) to axon perimeter. (For abducent nerves number 4 and 5 it was not

possible to fit a regression line to the data for the small-fibre class.) The
regression lines for individual nerves would not coincide if produced. Ill:
oculomotor nerve; IV: trochlear nerve; VI: abducent nerve.

from the study. A similar number of fibres were selected at
random from each nerve. The total numbers examined are

included in Table 3. The perimeter of each axon was mea¬
sured on the montage and converted to microns with the aid
of a Reichert-MOP image analyser. Myelin sheath thickness
was measured for each fibre as the total number of lamellae
(Fig. lb). These were counted from an electron micro-
graphic negative taken of each fibre selected at x 8,000. The
mean value and standard deviation of each parameter were
calculated from the individual animal means (Table 1).
Overall percentage frequency histograms for both variables
were derived from the pooled data for all specimens of each
nerve. For each nerve, regression and correlation analyses of
the relationships between the variables were performed sep¬
arately for large- and small-fibre classes both for individual
animals (Fig. 2, Table 2) and for the pooled data (Fig. 3,
Table 3). The g-ratio (d/D) was calculated for each myelin¬
ated fibre examined, as follows. The axon diameter (d) was
calculated as that of a circle having the same circumference
as the axon perimeter. The myelin sheath thickness was cal¬
culated as the number of lamellae multiplied by the myelin

TABLE 1. Mean Values (± Standard Deviations) for Axon Perimeter,
Myelin Sheath Thickness, and the Ratio of Axon to Fibre Diameter, g, for

Small- and Large-Fibre Classes1

Nerve
Fibre
class

Perimeter
(nm)

Myelin
sheath

thickness
(lamellae) g

Oculomotor Small 5.1 (± 0.3) 18.7 (± 1.4) 0.785 (± 0.015)
Large 15.2 (± 0.8) 64.82 (± 5.9) 0.753 (± 0.019)

Trochlear Small 6.5 (± 0.8) 22.7 (± 2.0) 0.784 (± 0.008)
Large 18.4 (± 1.6) 65.92 (± 3.0) 0.783 (± 0.011)

Abducent Small 5.5 (± 0.5) 19.2 (± 5.1) 0.793 (± 0.036)
Large 17.6 (± 1.1) 88.82 (± 2.9) 0.719 (± 0.038)

xEach mean value was calculated as the average of the individual animal means.
2Individual animal mean sheath thickness values for the abducent nerve were all consider¬
ably greater than those for the other two nerves.

periodicity calculated for each specimen. This was doubled
and added to the calculated diameter to give fibre diameter
(D). The average value was calculated for each fibre class of
each specimen studied. From these data the mean values
were calculated for each nerve (Table 1). By using the
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Fig. 4. Scattergrams relating g-ratio to axon perimeter. The clusters
for the two fibre classes in each nerve are separate. That for the small
class is shifted only slightly upwards relative to that for the large in
nerves III and VI, but not in IV. Ill: oculomotor nerve; IV: trochlear
nerve; VI: abducent nerve.

TABLE 2. Mean (± Standard Deviation) Values for the Regression and Correlation Statistics Relating Myelin Sheath Thickness to Axon Perimeter for
Large- and Small-Fibre Classes of Individual Animals1

Fibre class

Small Large

Nerve n r a b r a b

Oculomotor 5 .43 (±.13) 11.0 (±2.7) 1.45 (±.55) .54 (±.18) 34.6 (±7.3) 2.05 (±.87)
Trochlear 5 .37 (± .12) 15.2 (± 4.3) 1.35 (± .72) .67 (± .07) 35.1 (± 6.2) 1.69 (± .22)
Abducent 6 .30 (±.26) 15.6 (± 4.8) 0.76 (± .61) .48 (± .10) 63.7 (± 11.8) 1.46 (± .42)

!n: number of animals; r: correlation coefficient; a: intercept of regression line with Y (myelin sheath) axis; b: slope of regression line. All correlation coefficients differ significantly from
zero.
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TABLE 3. Linear Regression and Correlation Statistics Relating Myelin
Sheath Thickness to Axon Perimeter for Large and Small Fibre Classes,

Derived From Pooled Values for Each Nerve1

Fibre class

Small Large

Nerve n r a b n r a b

Oculomotor 208 .37* 11.8 1.35 176 .49* 36.9 1.92
Trochlear 126 .40* 15.5 1.23 248 .68* 35.4 1.67
Abducent 121 .05 18.3 0.18 195 .22* 71.9 0.90

1n: number of pairs; r: correlation coefficient; a: intercept of regression line with Y (myelin
sheath) axis; b: slope of regression line. * Correlation coefficient differs significantly from
zero.

TABLE 4. Linear Regression and Correlation Statistics Relating g-Ratio to
Axon Perimeter for Large- and Small-Fibre Classes, Derived From Pooled

Values for Each Nerve

Fibre class

Small Large

Nerve n r a b n r a b

Oculomotor 208 .54 .680 .020 176 .54 .652 .006
Trochlear 126 .57 .683 .016 248 .73 .688 .005
Abducent 121 .62 .647 .025 195 .69 .566 .009

'n: number of pairs; r: correlation coefficient; a: intercept of regression line with Y (myelin
sheath) axis; b: slope of regression line. All correlation coefficients differ significantly from
zero.

pooled data for each nerve, percentage frequency histo¬
grams for the g-ratio of small and of large classes were
derived and g was plotted against axon perimeter (Fig. 4).
All data treatment was performed by using an IBM 4341
mainframe computer.

OBSERVATIONS

Small myelinated and unmyelinated axons tended to oc¬
cur together in groups dispersed throughout all parts of all
three nerves (Fig. 1). Axon perimeter and myelin sheath
thickness were both bimodally distributed, large- and small-
fibre classes being sharply distinguished from one another.
This was reflected in the clear division into two clusters of
the scatterplots relating the two parameters (Fig. 3) and of
those relating g to axon perimeter (Fig. 4). Equivalent data
(Table 1) for the three nerves were compared by using
t-tests. The most marked systematic and statistically signif¬
icant differences were the following, which were found
within the large-fibre class: The abducent nerve possessed
the thickest sheaths, the mean value of which exceeded that
of the corresponding sheaths of the other two nerves by
around 35%. The oculomotor nerve possessed the axons of
smallest calibre, the mean value being about 20% less than
the means of the other two nerves.

Plots of the regression lines for individual animals (Fig. 2)
showed a sharp distinction between those fitted to the large-
and to the small-fibre classes. In most animals the former
were steeper than and lay well above the latter. For each
nerve, the mean slopes of the regression lines relating to the
two fibre classes (Table 2) did not differ significantly from
one another. However, the mean intercepts of the regression
lines for the large fibres were statistically very significantly
greater (P < .001) than those for the small fibres for each
nerve. This shows that there are significant differences in
sheath-axon relationships between the two fibre classes.

Most of the large-fibre regression lines had similar slopes
within each nerve (Fig. 2). Those of the oculomotor and
trochlear nerves were grouped closely together. However,
those of the abducent nerve were somewhat more dispersed.
This was noteworthy and reflected a degree of interanimal
variation in myelin sheath thickness within the large-fibre
class of the abducent nerve in the absence of any similar
degree of variation in axon perimeter. As a result, the regres¬
sion line relating the variables was shifted upwards in those
animals having thicker sheaths (Fig. 2). While the mean
slopes of the regression lines did not differ significantly
between the large-fibre classes of the three nerves, the mean
intercept for the abducent nerve (Table 2) was very signifi¬
cantly (P < .001) greater than that for both the other nerves.
This reflects the significantly thicker myelin sheaths of
large abducent fibres.

The slopes of the regression lines fitted to the pooled plots
(Table 3, Fig. 3) describe the average relationships between
the parameters for the large- and small-fibre classes. Within
each nerve, these did not differ significantly from one
another, but the line fitted to the large-fibre class lay well
above that fitted to the small fibres. The slopes of the
regression lines for the large- and for the small-fibre classes
of the abducent nerve were significantly less than those for
the other two nerves, which did not differ significantly from
one another in this respect.

The correlation between sheath thickness and axon pe¬
rimeter was weak for both fibre classes, moreso for the small
than for the large fibres (Tables 2, 3). The value for pooled
small abducent fibres did not differ significantly from zero.
For the remaining classes, the proportion of the variance of
myelin sheath thickness attributable to a linear relationship
between it and axon perimeter, as given by the coefficient of
determination (r2), varied from 5% to 47%. For the large
abducent fibres, the pooled correlation coefficients were less
than the means. This was perhaps because the interanimal
sheath thickness variation (Fig. 2) resulted in a more dis¬
persed scatterplot when pooled (Fig. 3), with consequent
greater variance about the regression line.

Sheath-axon relationships are also reflected in the g-ratio
(Fig. 4, Table 1). The scatterplots relating g to sheath thick¬
ness were sharply divided into large- and small-fibre clus¬
ters for each nerve. Within each fibre class, g increased with
increasing axon perimeter, the two being significantly posi¬
tively correlated (Table 4). Within each nerve there was
substantial overlap between the g values for the two fibre
classes; only a small proportion of the small fibres of the
oculomotor and abducent nerves had g values exceeding
those of the large fibres (Fig. 4). These features were illus¬
trated by the means (Table 1): In the oculomotor and abdu¬
cent nerves, those for the small fibres slightly exceeded
those for the large; in the trochlear nerve there was virtually
no difference between the two values. Compared with the
data presented by Fahrenkamp and Friede ('87) for the ocu¬
lomotor nerve, the g-ratio values found in this study are sim¬
ilar for the small fibres but greater for the large fibres.

Between nerves, g-ratios for the small fibres did not differ
significantly. However, among the large fibres (Table 1), the
mean value for the trochlear nerve was statistically signifi¬
cantly greater (P < .05) than those for each of the other two.
The mean value for the abducent nerve was less than those
for each of the other nerves, the difference being significant
(p < .01) for the trochlear nerve but not (.05 < P < .10) for
the oculomotor nerve. These findings reflected the rela¬
tively large calibre of large fibres in the trochlear nerve and
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the relatively thick sheaths of large fibres in the abducent
nerve.

DISCUSSION

Myelin sheath-axon calibre regression lines
The setting of the myelin sheath thickness-axon perime¬

ter relationship is quite different for the large and for the
small fibres of each nerve. If axon-myelin relationships for
the two fibre classes are essentially similar, then the regres¬
sion lines fitted to both clusters for each nerve (Figs. 2, 3)
should coincide when produced. This is not the case. That
for the large fibres lies well above that for the small class.
This is highlighted by comparing the relationships for the
smaller fibres of the large class with those for the larger
fibres of the small class on the pooled plots (Fig. 3). Even
though these two subgroups have similar axon perimeters,
the sheath thickness of the former exceeds that of the latter
by a factor of between two and four. It therefore follows
from examination of the scatterplots and the regression
lines that it is inappropriate to identify a single rectilinear
relationship between the combined clusters. The possibility
remains that the relationship is curvilinear, for example sig¬
moid (Boyd and Kalu, '73; Hahn et al., '87). However, such
an interpretation implies that the relationship is continu¬
ously variable within each cluster. The sharp distinction of
the scatterplots into two clusters with only a few scattered
points between them weighs strongly against this possibil¬
ity. These disparities could be associated with a different
setting of the sheath thickness-axon perimeter relationship
at different developmental stages, considering the marked
separation in time of the myelination and maturation of the
large- and small-fibre classes, at least in the trochlear
(Kerns, '80) and abducent (Hahn et al., '87) nerves. Alterna¬
tively, the maturation process could be arrested at a rela¬
tively early stage within the small-fibre class, as the findings
of Hahn et al. ('87) would suggest.

Within the pooled distribution for each nerve (Fig. 3), the
close similarity of the slopes of the regression lines for large
and small fibres suggests a linkage between the sheath
thickness-axon perimeter relationship of the two classes,
specific to that nerve, such that a given increase in axon
perimeter in each class is associated with a similar increase
in sheath thickness. However, a firm conclusion in this
regard is not possible, because comparison of the slopes by
using individual animal rather than pooled values does not
achieve statistical significance. This, however, may be due
to the small number of animals used.

The differences between the abducent and the other two
nerves in the setting of the sheath thickness-axon perimeter
relationships (Figs. 2, 3, Tables 2, 3) are noteworthy. They
show that equivalent fibre classes in closely similar nerves
have significantly different axon-myelin relationships. Fac¬
tors such as increase in internodal length during develop¬
ment, due to differences in growth of individual nerves, may
influence internode geometry, possibly including axon-my¬
elin relationships (Thomas and Young, '49; Schlaepfer and
Myers, '73; Friede, '83). However, it is unlikely that these
operate differentially on the nerves examined, because of
the similarity of their peripheral courses (Hahn et al., '87)
and distribution and therefore because of the influences of
the tissues which they traverse during development.

Myelin sheath thickness—axon calibre
correlation

Sheath thickness-axon calibre relationships are properly
considered separately for large- and small-fibre classes, at
least in a bimodally distributed population. The association
between the two variables is weak (Tables 2, 3). The propor¬
tion of the variance attributable to a linear relationship
between them is less than 25% in all cases except for the
large fibres of the trochlear nerve, for which it is 47%. For
the abducent nerve it is less than 6% for both classes. Thus,
any causal influence of axon calibre on myelin sheath thick¬
ness would seem to be small. In contrast to the relatively low
correlation coefficients found when small- and large-fibre
classes are considered separately (Table 3), much higher
values (.85 for the abducent, .91 for the trochlear, and .92 for
the oculomotor nerve) are obtained when all fibres of each
nerve are considered together. These high values result from
the fact that the point clusters representing the two fibre
classes are widely separated on the scatterplot. They give a
false impression of strong correlation and result from inap¬
propriate statistical handling of the data which follow a
bivariate normal distribution (Bronson et al., '78; Kaar and
Fraher, '85).

Because the small myelinated fibre class of the oculomo¬
tor nerve is likely to contain an additional, parasympathetic,
component over the other two nerves, it might be expected
to show some systematic morphometric differences from the
equivalent class in these. However, this would not seem to
be case. No clear differences were identified between its
small myelinated fibres and those of the other two nerves on
the basis of axon perimeter, myelin sheath thickness,
g-ratio, or the setting of its sheath-axon relationship relative
to that of the large-fibre component.

CONCLUSIONS

In the oculomotor, trochlear, and abducent nerves myelin
sheath thickness-axon calibre relationships for the distinct
large- and small-fibre classes should be analysed separately.
Within each nerve, the axon-myelin relationships charac¬
terising the two fibre classes differ substantially in some
respects, such as the setting of the relationship between the
two parameters, but show similarities in others, such as the
slopes of the regression lines relating them. Significant mor¬
phometric differences may occur between nerves in relation
to fibres of the same developmental and morphological
class, having a very similar central origin, peripheral distri¬
bution and function, such as the large myelinated fibres in
the three nerves studied. These differences may relate to
axon calibre, to myelin sheath thickness, and to axon-my¬
elin relationships as expressed in regression statistics and
the g-ratio. These findings suggest that individual periph¬
eral nerves may exert nerve-specific influences in some as-
yet-obscure fashion on the axon calibre-myelin sheath
thickness relationships of similar classes of constituent
fibres.

ACKNOWLEDGMENTS
The author thanks Mr. D. O'Leary and Ms. B. Rea for

their technical assistance, Ms. M. Cole and Professor M.A.
Moran of the Department of Statistics, University College,
Cork, for their help and advice regarding statistical matters,



390 J.P. FRAHER

and Ms. M. Bogan and Ms. V. Paul for typing the manu¬
script.

LITERATURE CITED

Arbuthnott, E.R., I.A. Boyd, and K.U. Kalu (1980) Ultrastructural dimen¬
sions of myelinated peripheral nerve fibres in the cat and their relation to
conduction velocity. J. Physiol. (Lond.) 308:125-157.

Berthold, C.H. (1978) Morphology of normal peripheral axons. In S.G. Wax-
man (ed): Physiology and Pathobiology of Axons. New York: Raven
Press, pp. 3-63.

Berthold, C.H., and T. Carlstedt (1977) Observations on the morphology at
the transition between the peripheral and the central nervous system in
the cat. III. Myelinated fibres in S! dorsal rootlets. Acta Physiol. Scand.
[Suppl.] 446:43-60.

Berthold, C.H., I. Nilsson, and M. Rydmark (1983) Axon diameter and my¬
elin sheath thickness in nerve fibres of the ventral root of the seventh
lumbar nerve in the adult and developing cat. J. Anat. 136:483-508.

Biscoe, T.J., S.M. Nickels, and C.A. Stirling (1982) Numbers and sizes of
nerve fibres in mouse spinal roots. Q. J. Exp. Physiol. 67:473-494.

Boyd, J.A., and K.U. Kalu (1973) The relation between axon size and number
of lamellae in the myelin sheath for afferent fibres in groups I, II and III
in the cat. J. Physiol. (Lond.) 232:31-33.

Bronson, R.T., Y. Bishop, and E.T. Hedley-Whyte (1978) A contribution to
the electron microscopic morphometric analysis of peripheral nerve. J.
Comp. Neurol. 178:177-186.

Bronson, R.T., and E.T. Hedley-Whyte (1977) Morphometric analysis of the
effects of exenteration and enucleation on the development of third and
sixth cranial nerves in the rat. J. Comp. Neurol. 176:315-330.

Cox, D.R. (1966) Notes on the analysis of mixed frequency distributions. Br.
J. Math. Stat. Psychol. 19:39-47.

Dempster, A.P., N.M. Laird, and D.B. Rubin (1977) Maximum likelihood
from incomplete data via the EM algorithm. J. R. Stat. Soc. [B] 39:1-38.

Fahrenkamp, I., and R.L. Friede (1987) Characteristic variations of relative
myelin sheath thickness of 11 nerves of the rat. Anat. Embryol. (Berl.)
177:115-121.

Fraher, J.P. (1972) A quantitative study of anterior root fibres during early
myelination. J. Anat. 112:99-124.

Fraher, J.P. (1976) The growth and myelination of central and peripheral seg¬
ments of ventral motoneurone axons. A quantitative ultrastructural
study. Brain Res. 105:193-211.

Fraher, J.P. (1978) Quantitative studies on the maturation of central and
peripheral parts of individual ventral motoneuron axons. I. Myelin sheath
and axon calibre. J. Anat. 126:509-533.

Fraher, J.P., and G.F. Kaar (1985) The development of alpha and gamma
motoneurone fibres in the rat. II. A comparative ultrastructural study of
their central and peripheral myelination. J. Anat. 141:89-103.

Fraher, J.P., G.F. Kaar, D.B. Bristol, and J.P. Rossiter (1988a) Development
of ventral spinal motoneurone fibres. Prog. Neurobiol. 31:399-439.

Fraher, J.P., P.F. Smiddy, and V.R. O'Sullivan (1988b) The central-periph¬
eral transitional regions of cranial nerves. Oculomotor nerve. J. Anat.
161:103-113.

Fraher, J.P., P.F. Smiddy, and V.R. O'Sullivan (1988c) The central-periph¬
eral transitional regions of cranial nerves. Trochlear and abducent nerves.
J. Anat. 161:115-123.

Friede, R.L. (1983) Variance in relative internode length (1/d) in the rat and
its presumed significance for the safety factor and neuropathy. J. Neurol.
Sci. 60:89-104.

Friede, R.L., and R. Bischausen (1980) The precise geometry of large inter-
nodes. J. Neurol. Sci. 48:367-381.

Friede, R.L., and T. Samorajski (1967) Relation between the number of my¬
elin lamellae and axon circumference in fibres of vagus and sciatic nerve
of mice. J. Comp. Neurol. 130:223-232.

Friede, R.L., and T. Samorajski (1968) Myelin formation in the sciatic nerve
of the rat. A quantitative electron microscopic, histochemical and
radioactive study. J. Neuropathol. Exp. Neurol. 27:546-571.

Hahn, A.F., Y. Chang, and H. deF. Webster (1987) Development of my¬
elinated nerve fibers in the sixth cranial nerve of the rat: A quantitative
electron microscope study. J. Comp. Neurol. 266:491-500.

Hildebrand, C., and R. Hahn (1978) Relation between myelin sheath thick¬
ness and axon size in spinal cord white matter of some vertebrate species.
J. Neurol. Sci. 38:421-434.

Kaar, G.F., and J.P. Fraher (1985) The development of alpha and gamma
motoneuron fibres in the rat. I. A comparative ultrastructural study of
their central and peripheral axon growth. J. Anat. 141:77-88.

Kerns, J.M. (1980) Postnatal differentiation of the rat trochlear nerve. J.
Comp. Neurol. 186:291-306.

Reynolds, E.S. (1963) The use of lead citrate at high pH as an electron-
opaque stain in electron microscopy. J. Cell Biol. 7:208.

Schlaepfer, W.W., and F.K. Myers (1973) Relationship of myelin internode
elongation and growth in the rat sural nerve. J. Comp. Neurol. 147:255-
266.

Sima, A. (1974) Relation between the number of myelin lamellae and axon
circumference in fibres of ventral and dorsal roots and optic nerve in nor¬
mal, undernourished and rehabilitated rats. Acta Physiol. Scand.
[Suppl.] 410:1-38.

Smiddy, P.F., V.R. O'Sullivan, and J.P. Fraher (1988) The central-peripheral
transitional regions of rat trochlear and abducent nerves. J. Anat.
161:254-255.

Thomas, P.K., and J.Z. Young (1949) Internode lengths in nerves of fishes. J.
Anat. 83:336-350.

Williams, P.L., and C.P. Wendell-Smith (1971) Some additional parametric
variations between peripheral nerve fibre populations. J. Anat. 109:505-
526.



THE JOURNAL OF COMPARATIVE NEUROLOGY 304:253-260 (1991)

Myelin-Axon Relationships Established by
Rat Vagal Schwann Cells Deep to the

Brainstem Surface

JOHN P. FRAHER AND JOHN P. ROSSITER

Anatomy Department, University College, Cork, Ireland

ABSTRACT
The central-peripheral transitional zones of rat dorsolateral vagal rootlets are highly

complex. Peripheral nervous tissue extends centrally for up to several hundred micrometers
deep to the brainstem surface along these rootlets. In some instances this peripheral nervous
tissue lacks continuity with the peripheral nervous system (PNS) and so forms an island within
the central nervous system (CNS). In conformity with the resulting complexity of the CNS-PNS
interface, segments of vagal axons lying deep to the brainstem surface are myelinated by one or
more intercalated Schwann cells, contained in peripheral tissue insertions or islands, at either
end of which they traverse an astroglial barrier. Intercalated Schwann cells are thus isolated
from contact or contiguity with the Schwann cells of the PNS generally. They are short, having
a mean internodal length of around 60% of that of the most proximal Schwann cells of the PNS
proper, which lie immediately distal to the CNS-PNS interface and which are termed
transitional Schwann cells. The thickness of the myelin sheaths produced by intercalated
Schwann cells is intermediate between that of transitional Schwann cells and that of
oligodendrocytes myelinating vagal axons of the same calibre distribution. This is not due to
limited blood supply or to insufficient numbers of intercalated Schwann cells, the density of
which is greater than that of transitional Schwann cells. These factors are unlikely to restrict
expression of their myelinogenic potential. Nevertheless, the regression data show that the
setting of the myelin-axon relationship differs significantly between the two categories of
Schwann cell. Thus, the myelinogenic response of Schwann cells to stimuli emanating from the
same axons may differ between levels along one and the same nerve bundle. Mean myelin
periodicity was found to differ between sheaths produced by intercalated and by transitional
Schwann cells.

Key words: sheath thickness, axon perimeter, g-ratio

The rat vagus nerve is attached to the brainstem by series
of rootlets arranged in dorsolateral, intermediate, and
ventrolateral groups. The dorsolateral rootlets are likely to
be sensory and some at least of their fibers project to the
nucleus of the tractus solitarius (Kalia and Sullivan, '82;
Miceli and Malsbury, '85; Bieger and Hopkins, '87). Traced
peripherally, they traverse the inferior cerebellar peduncle
as intramedullary rootlets, emerge through its surface and
converge to form a number of aggregated rootlet bundles
which in turn unite and contribute to the vagus nerve trunk
(Rossiter and Fraher, '90). In nerves other than the vagus
(Berthold and Carlstedt, '77; Fraher, '78b; Fraher and
Kaar, '86; Fraher and Sheehan, '87; Fraher et al., '88a,b)
the tissue composition of rootlets changes from central to
peripheral over a relatively short length, at or mostly
superficial to the surface of the CNS. That length of rootlet
containing both central and peripheral tissue is termed the
transitional zone. In these cases the CNS-PNS interface

consists of a relatively simple, approximately planar or
irregularly conical surface. By contrast, in vagal rootlets
there is extensive interdigitation of central and peripheral
tissues both superficial and deep to the brainstem surface
(Rossiter and Fraher, '90). As a result the vagal TZ is
exceptionally long and the CNS-PNS interface is very
extensive and highly convoluted (Fig. la): Central tissue
projections extend distally into the rootlets and peripheral
tissue insertions extend centrally along the rootlets for up
to several hundred micrometers. Furthermore, the periph¬
eral tissue insertions expand markedly deep to the brain¬
stem surface. PTIs generally retain a tenuous continuity
with peripheral tissue in the rootlet distal to the TZ.
However, in some cases continuity is absent and the rootlet
contains a peripheral tissue island deep within the brain¬
stem (Fig. la).
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In accordance with this complexity, a substantial propor¬
tion of myelinated vagal axons cross the CNS-PNS interface
more than once (Fig. lb) and so alternate between the
central and peripheral tissue compartments (Rossiter and
Fraher, '90). As they do so, they remain myelinated through¬
out the extent of the TZ. Traced in a central to peripheral
direction, such axons are ensheathed as follows (Fig. lb).
Central to the PTI or peripheral tissue island the axon runs
in the CNS and is myelinated by oligodendrocytes. It then
traverses a PTI or a peripheral tissue island, where it is
myelinated by one or more Schwann cells, termed interca¬
lated Schwann cells. Distal to this it traverses the central
nervous tissue of the CTP, where it is myelinated by one or
more oligodendrocytic myelin sheaths. Further distally
again it enters the PNS proper, where it is myelinated by
typical Schwann cells, the most proximal ofwhich is termed
the transitional Schwann cell. This study is concerned with
the myelin-axon relationships of these fibers. Even though
the peripheral nervous tissue of PTIs is continuous with
that distal to the TZ by means of peripheral tissue strands,
all the axons within these strands were found to be

unmyelinated (Rossiter and Fraher, '90). Accordingly, all
axon segments myelinated by Schwann cells in a PTI or
island were found to traverse central nervous tissue both

proximal and distal to this. Intercalated myelinating
Schwann cells are thus unique in comprising a naturally
occurring population which is largely or completely sur¬
rounded by central nervous tissue deep to the brainstem
surface.

An earlier paper described the morphology of the CNS-
PNS transition of myelinated and unmyelinated vagal
axons and also of the attendant astroglial CNS-PNS inter¬
face (Rossiter and Fraher, '90). This study examines the
morphometric relationships established by intercalated
Schwann cells and their myelin sheaths with the axon
segments which they enfold, under the singular circum¬
stances of rat dorsolateral vagal rootlets. These are com¬
pared with corresponding features of transitional Schwann
cells distal to the CNS-PNS interface. This permits testing
of the hypothesis that the myelin-axon relationships estab¬
lished in a given axon bundle are the same at all levels along
that bundle.

MATERIALS AND METHODS
Specimen preparation

The material used also formed the basis of the morpholog¬
ical study referred to above (Rossiter and Fraher, '90) in
which a detailed account of specimen preparation has been
given. In summary, ten Wistar albino rats from six litters
aged between 65 and 100 days were anaesthetized using an
ether: chloroform mixture. They were killed by perfusion
through the left ventricle with primary fixative containing
2.5% paraformaldehyde and 2.0% glutaraldehyde in ortho-
phosphate buffer at pH 6.6-6.8, preheated to 38°C. Follow¬
ing 2 hours immersion in primary fixative, specimens
consisting of the intracranial parts of the glossopharyngeal
and vagus nerves, together with the block of medulla

Abbreviations

CNS central nervous system
PNS peripheral nervous system
TZ transitional zone

CTP central tissue projection
PTI peripheral tissue insertion

oblongata to which they were attached, were washed in
buffer, post-fixed in osmium tetroxide, dehydrated in etha-
nols and epoxypropane, and embedded in Araldite. The
dorsolateral vagal rootlets of nine specimens were sectioned

b

Fig. 1. a: Diagrammatic longitudinal sections through four dorsolat¬
eral vagal rootlets showing the relationships between central (shaded)
and peripheral (crosses) nervous tissue. Each rootlet contains a central
tissue projection (CTP). A peripheral tissue insertion (PTI) lying below
the brainstem surface is generally continuous with the peripheral
tissue of the same rootlet by a narrow strand of tissue (left). In some
cases continuity is absent, resulting in a peripheral tissue island (*), or
is established only through a connection (arrowheads) with the PTI of a
neighbouring rootlet. One myelinated axon is shown traversing the
rootlet (see lb), b: Diagrammatic longitudinal section through the free
part (solid outline; F) and the intramedullary part (dashed outline) of a
dorsolateral vagal rootlet. This shows the ensheathment of a my¬
elinated axon as it traverses the free rootlet, the CTP, the PTI and
central (C) to the PTI as it is followed towards the vagal nuclei. The
continuous basal lamina (arrows) covering the CTP, surrounding the
PTI, enveloping the intercalated and transitional Schwann cells, and
covering the brainstem surface is shown. Internodes myelinated by
transitional Schwann cells: white. Internode myelinated by intercalated
Schwann cell: black. Internodes myelinated by oligodendrocytes: dots.
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transversely on a previously calibrated Reichert OMU4
ultramicrotome to provide alternate sequential series of
thick (0.5 pm) and thin (80-100 nm) sections through 83
rootlets. In most specimens the series included the entire
extent of the TZs of the majority or all of the rootlets
present, as well as varying lengths of the aggregated
rootlet bundles. Thick sections were stained with toluidine
blue and photographed at negative light microscopic magni¬
fications of from x 18 to x 280. Thin sections were mounted
on Formvar-coated hexagonal grids, stained with uranyl
acetate and lead citrate and photographed at negative
electron microscopic magnifications of x600 to x 150,000.
Precise magnifications were determined by photographing
a standard calibration grid at each session. An electron
micrographic montage was made of the entire cross section
at each of 49 to 136 levels along each rootlet studied in
detail. The levels were separated by 3 to 8 pm intervals. In
addition, serial ultrathin sections were made of the entire
TZs of two further rootlets, each from a specimen belonging
to a different litter. These were mounted, stained, exam¬
ined, and photographed as described above. The relative
position in each series of each thick section and/or grid was
known, as was the mean thickness of all sections. The
positions of individual features within each series could
therefore be determined accurately.

Morphometry
Similar numbers of fibers were studied from each speci¬

men.

Axon calibre. Vagal fibers were classified into three
groups: those myelinated by transitional Schwann cells
(group 1), those myelinated by intercalated Schwann cells
in the PTIs or peripheral tissue islands (group 2), and those
myelinated by oligodendrocytes (group 3). Transversely
sectioned (Fraher, '72) fibers belonging to each group were
identified in the electronmicrographic montages (93 in
group 2 and over 200 in each of the other two groups). For
each fiber thus selected axon perimeter and axon cross
sectional area were determined, using a Kontron-IPS auto¬
matic image analysis system. The axon diameter was
derived from the area as that of a circle having the same
area as the axon profile. Axon perimeter distributions were
determined for groups 1 and 2 (Fig. 3).

Myelin sheath thickness. For each fiber selected, the
myelin sheath thickness was determined as the number of
lamellae. To allow calculation of the g-ratio (see below),
myelin periodicity was determined separately as the mean
interlamellar distance for each group within each specimen
(Table 1). Lamellae were counted on electron micrographic
negatives from a random sample of fibers which were
determined to have been transversely sectioned, according
to strict criteria (Fraher, '72). Sheaths were photographed
at a nominal magnification of x 150,000. A more exact
magnification was calculated for each specimen using the
same standard calibration grid throughout the study.

Myelin-axon relationships. Myelin-axon relationships
of the three fiber groups were examined and compared with
one another. Some of the fibers in groups 1 and 3 tended to
be larger than those in group 2. Therefore, to compare sets
of fibers which were as closely equivalent as possible in
terms of perimeter, the samples were controlled for that
variable as follows: The 93 axons from group 2 were
assigned to 10 classes by perimeter with class intervals of
1.0 pm. The proportion in each class was determined and a
relative frequency distribution derived. Fibers belonging to
groups 1 and 3 were assigned to the same axon perimeter

classes as for group 2. To make these groups similar to
group 2, fibers were removed at random from each class
interval so that the relative frequency distributions for
groups 1 and 3 were the same as that for group 2. The
resulting fiber numbers were 172 in group 1 and 136 in
group 3. Mean values and relative frequency distributions
for myelin sheath thickness (lamellae) were determined
(Fig. 4; Table 1). Myelin-axon relationships were shown in
scattergrams relating lamellae to axon perimeter (Fig. 5).
The accompanying correlation and regression data are
given in Table 2. The g-ratio was determined for each fiber
as d/D, where d is axon diameter (calculated as described
above) and D equals d + 2 x sheath thickness. The sheath
thickness was determined for each fiber as the number of
lamellae multiplied by the mean interlamellar distance for
the group in the specimen to which it belonged. For each
group the mean g-ratio was determined (Table 1) and
correlation and regression analyses were performed relat¬
ing g-ratio to axon perimeter (Table 2).

Internodal lenyths. Serially sectioned specimens were
used to trace individual axons with alternating central and
peripheral myelinated segments through the entire length
of the TZ and for considerable distances distal to it. This

permitted determination of both intercalated and transi¬
tional Schwann cell internodal length, and also the length
of internodes myelinated by oligodendrocytes on the central
segments of vagal fibers.

OBSERVATIONS
Fiber identification

Exact documentation of all sections allowed precise deter¬
mination of the levels at which each rootlet and its compo¬
nent fibers were sectioned, in each of the following four
rootlet segments (Fig. lb): i) in the PNS proper peripheral
to the TZ; ii) in the CTP (Fig. 2a); iii) in the PTI or
peripheral tissue island (Fig. 2b—d); and iv) between iii and
the nuclei of origin or termination of the vagus. PTIs and
peripheral tissue islands appeared pale (Fig. 2b-d) because
of the large numbers of unmyelinated fibers enveloped by
Schwann cells which they contained (Fig. 2g). Transitional
and intercalated Schwann cells were evident at the light
microscope level (Fig. 2a-d). They were readily identifiable
ultrastructurally (Fig. 2e,g) and closely resembled one
another. Segments of vagal axons in the CTP, and also
central to the PTI or peripheral tissue island were my¬
elinated by oligodendrocytes (Fig. 2fj and possessed fea¬
tures typical of central nervous axons.

The interface between PTIs or peripheral tissue islands
and the surrounding brainstem consisted of a layer of
interdigitating astrocyte processes resembling the glia limi-
tans (Rossiter and Fraher, '90). This layer was separated
from the peripheral nervous tissue by a continuous cover¬
ing of basal lamina (Fig. lb). Where it was pierced by axons
passing between the CNS and PNS compartments the basal
lamina was reflected as a tubular sleeve which extended
along the intercalated Schwann cells.

Fiber ensheathment

Dorsolateral vagal rootlets consisted on average of 20%
myelinated and 80% unmyelinated axons. The calibre spec¬
trum of the former varied between rootlets. Some contained
a higher proportion of relatively large diameter (2-4 pm)
axons than others, in which smaller myelinated axons
predominated.
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Fig. 2. a—d: Light micrographs of semiserial sections through the
brainstem showing (a) a central tissue projection (arrows) in a dorsal
vagal rootlet (b-d), a pale peripheral tissue insertion sectioned at
progressively deeper levels below the brainstem surface (arrows). Note
the Schwann cell nuclei (arrowheads) within the peripheral tissue
insertions. A transversely sectioned aggregated rootlet bundle contain¬
ing typical peripheral nervous tissue can be seen at the top of (a)
(a-d: x540). e: Electron micrograph showing transversely sectioned
myelinated transitional Schwann cell internodes lying in a groove on

the astrocytic processes comprising the surface of the central tissue
projection (asterisks) (x 10,400). f: Electron micrograph through a
central tissue projection showing vagal axons myelinated by oligodendro¬
cytes and surrounded by astrocytic processes (asterisks) (x 14,050). g:
Electron micrograph showing a myelinated intercalated Schwann cell
internode, transversely sectioned through the nucleus, in a peripheral
tissue insertion. Basal lamina surrounds the Schwann cell, which is
embedded in an endoneurial collagenous matrix (x 14,800).
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distribution for axons myelinated by intercalated (unshaded) and
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At the level of the CTP, a large majority (over 95%) or all,
of the axons in a given rootlet which were myelinated by
transitional Schwann cells, acquired an oligodendrocytic
myelin sheath as they were traced centrally. Of these, 80%
were myelinated in this manner over their entire course in
the brainstem. However, 20% were myelinated by one or
more intercalated Schwann cells further centrally, either in
a PTI or a peripheral tissue island. The remaining 5%
which were myelinated by Schwann cells throughout the
CTP displayed alternation of myelin sheath types further
centrally.

Myelinated axon calibre. Myelinated axon calibre distri¬
bution differed between those segments myelinated by
transitional and by intercalated Schwann cells (Fig. 3).
That of the former was unimodal, skewed to the right, while
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Fig. 4. Relative frequency histograms showing myelin sheath thick¬
ness distribution (lamellae) for equivalent axon calibre populations (see
text) of axons belonging to group 1 (transitional Schwann cell intern-
odes), group 2 (intercalated Schwann cell internodes), and group 3
(intramedullary vagal internodes myelinated by oligodendrocytes).

that of the latter was approximately normal. The mean
calibre of the former was 1.4 times that of the latter and the
difference between the two was statistically very significant
(P < 0.001). The distributions had similar modal values
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and differed mainly because that for intercalated segments
was not skewed. This was because intercalated internodes
tended to be absent from larger axons and were not found at
all in relation to axons over 2.7 gm in calculated diameter.

Myelin-axon relationships. Myelin-axon relationships
of intercalated (group 2) and transitional (group 1) Schwann
cells were compared with one another and with those of
internodes of intramedullary vagal fibers myelinated by
oligodendrocytes (group 3). That the comparison was con¬
trolled for axon calibre is evident from the close similarities
of their axon perimeters (Table 1).

Myelin sheath thickness was unimodally distributed
within each group (Fig. 4). The sheaths of intercalated
Schwann cells were considerably thinner than those of
transitional Schwann cells. The mean value of the latter
was 29% greater than that of the former. Oligodendrocytic
sheaths were the thinnest of the three groups, their mean
value being 36% less than that of intercalated Schwann
cells. The differences in the means were all statistically
significant (P < 0.001).

Myelin-axon relationships differed between the three
groups, as was evident in the scattergrams and regression
equations relating myelin sheath thickness to axon perime¬
ter (Fig. 5; Table 2). The relative differences in mean sheath
thickness described above were maintained for all axon

calibres. This was evident from the different positions of
the regression lines (Fig. 5). These had similar slopes,
indicating that myelin sheath thickness increased at a
similar rate with increasing axon perimeter in each group.
The strength of the association between sheath thickness
and axon perimeter, as estimated by the coefficient of
determination (r2), was relatively low. Thus, only 16 to 27%
of sheath thickness variance could be accounted for in
terms of a linear relationship with axon perimeter (Table
2). Within each group, the g-ratio showed a slight but
significant tendency to increase with increasing axon perim¬
eter. The g-ratio also differed significantly between the
three groups. Their mean values were highest for centrally
myelinated segments and lowest for segments myelinated
by transitional Schwann cells. Intercalated Schwann cells

had intermediate values. G-ratio differences were partly
due to the fact that myelin periodicity varied between the
three groups in such a way as to accentuate the differences
in numbers of lamellae (Table 1). Individual values for
periodicity varied within each group. Overlap between
groups was only slight. Mean periodicity was greatest for
group 1 sheaths and least for group 3, with group 2
intermediate. All of these values were statistically signifi¬
cantly different from one another (P < 0.01).

Internodal lengths. The internodal lengths of interca¬
lated and transitional Schwann cells and of internodes
myelinated by oligodendrocytes proximal or distal to the
intercalated internode were determined by following individ¬
ual fibers on serial sections. All were unimodally distrib¬
uted. The mean value (Table 1) for those of intercalated
Schwann cells was about 60% of that for each of the other
two types. The difference was statistically very highly
significant (P < 0.001).

Unmyelinated axons
The degree of segregation of unmyelinated axons was

greatest where they were enveloped by intercalated Schwann
cells. Thus, in the PTIs and peripheral tissue islands the
mean (±S.D.; n) number of axons per Schwann cell unit
(4.6 ± 5.6; 240) was less than that distal to the TZ (8.6 ± 7.7;
200), the difference being statistically highly significant
(P < 0.001). This was also reflected in the proportions of
nonmyelinating Schwann cell units having a 1:1 relation¬
ship with an axon. This was 29% for intercalated and 14%
for transitional Schwann cells.

DISCUSSION
Internodal lengths

Intercalated internodes are markedly shorter than either
the oligodendrocytic or the transitional internodes related
to the same fibers. This may be because the stretch of axon
myelinated by intercalated Schwann cells passes through
an astrocytic barrier at either end of the PTI (Rossiter and

TABLE 1. Mean Values (± Standard Deviation) for Axon Perimeter, Myelin Sheath Thickness, g-Ratio, Myelin Periodocity, and Internodal Length
for Fibres in Group 1 (Transitional Internodes Distal to the TZ), Group 2 (Intercalated Schwann Cell Internodes), and Group 3

(Vagal Internodes Myelinated by Oligodendrocytes)

Myelin sheath Myelin Internodal
Fibre Perimeter thickness periodicity length
group (jxm) (lamellae) g-ratio (nm) (p.m)
1 4.72 (±1.04) 24.7 (±6.3) 0.68 (±0.06) 13.3 (±0.88) 79.8 (±16.1)
2 4.73 (±1.23) 19.1 (±4.7) 0.74 (±0.04) 12.2 (±0.48) 49.4 (±16.3)
3 4.77 (±1.06) 14.0 (±5.7) 0.82 (±0.06) 11.1 (±0.93) 77.7 (±25.1)

TABLE 2. Regression Data Relating Myelin Sheath Thickness (Lamellae) and the g-Ratio to Axon Perimeter for Fibres in Group 1 (Transitional Internodes
Distal to the TZ), Group 2 (Intercalated Schwann Cell Internodes) and Group 3 (Vagal Internodes Myelinated by Oligodendrocytes)

Axon perimeter

Myelin sheath thickness G-ratio

Fibre group r a b r a b
1 0.393* 13.4 2.4 0.391* 0.58 0.08
2 0.525* 9.6 2.0 0.394* 0.64 0.07
3 0.413* 3.3 2.2 0.081** 0.77 0.03

r, Pearson correlation coefficient;
a, intercept of regression line with Y (myelin sheath) axis;
b, slope of regression line.
*Significantly different from zero (P < 0.001);
**Significantly different from zero (P = 0.04).
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Fraher, '90), which is likely to curtail the tendency for
intercalated Schwann cells to elongate. The importance of
the barrier function of astrocytic tissue is well established.
It seems to play an essential role in excluding Schwann cells
from the CNS compartment (Blakemore, '83; Sims and
Gilmore, '83; Harrison, '85; Blakemore et al., '86; Gilmore
and Sims, '86; Carlstedt, '88). For these reasons, growth in
length of intercalated internodes is likely to be limited by
the growth in length of the PTI or peripheral tissue island.
This in turn is likely to depend on growth of the inferior
cerebellar peduncle in the plane in which the long axes of
the dorsolateral vagal rootlets lie. By contrast, transitional
Schwann cell elongation is limited by an astrocytic barrier
at one end only, which may permit these to elongate more
than intercalated Schwann cells. Nevertheless, transitional
internodes are likely to be considerably shorter than those
lying further distally in the nerve, as was shown to be the
case in adult cat SI dorsal rootlets (Carlstedt, '81).

Schwann cell numbers and distribution
Schwann cells are present in higher concentrations in

PTIs and peripheral tissue islands than at levels distal to
the CTP. This is reflected in the smaller size of unmyeli¬
nated axon bundles and the higher frequency of Schwann
cells having a 1:1 relationship with the enveloped axon in
the first two of these locations compared with the third. It is
also evident from the very short internodal lengths of
intercalated myelinating Schwann cells.

Myelin-axon relationships
Random selection of fiber samples with closely similar

perimeter distributions in each of the three groups facili¬
tates analysis ofdifferences in their myelin sheath thickness-
axon perimeter relationships. This procedure enables close
comparison to be made of the thickness of the myelin
sheaths produced by intercalated and transitional Schwann
cells and by oligodendrocytes in response to the myelino-
genic stimuli emanating from axons with equivalent axon
calibres.

The myelin-axon relationships established by the same
set of vagal axons with Schwann cells differ between the
two locations studied. Sheath thickness distal to the TZ is
greater than that in the PTI or peripheral tissue island by
an amount which is relatively constant for axons of all
calibres. This is evident from the positions of the regression
lines relating the two variables (Fig. 5). That for the former
lies above that for the latter to a similar degree over the
entire range of axon perimeters examined. It follows that
the setting of the sheath thickness-axon calibre relation¬
ship is lower for intercalated than for transitional Schwann
cells, insofar as an axon segment of a given perimeter has a
thinner sheath if myelinated by the former than by the
latter. The strength of the association between sheath
thickness and axon calibre is relatively low in both loca¬
tions, less than 30% of the variance of the former being
attributable to a linear relationship with axon perimeter.
These findings show that the myelin-axon relationships
established by Schwann cells may differ between two levels
along the same fiber bundle within a given nerve. They
complement previous studies (Fraher, '89) showing that
myelin-axon relationships may differ significantly between
equivalent fiber classes of different nerves which are closely
similar in morphological type, central origin, peripheral
distribution and function.

Oligodendrocytic myelin sheaths were the thinnest of the
three groups. This finding is in conformity with that for rat
cervical (Fraher, '76, '78a) and lumbar (Fraher and Kaar,
'85) ventral motoneuron axons and for small myelinated
axons in cat sacred dorsal roots (Berthold and Carlstedt,
'77), in all of which central fiber segments had thinner
myelin sheaths than peripheral. The regression lines show
that the rate of increase in oligodendrocytic sheath thick¬
ness with increasing axon perimeter is very similar to that
of the two groups of Schwann cells. Thus, for different axon
perimeters over the range studied, there is a relatively
constant ratio between the sheath thicknesses of the three
fiber groups.

The fact that the g-ratios differ significantly from one
another further underlines the dissimilarity in the myelin-
axon relationships of the three groups. The mean values for
fibers in groups 2 and 3 are similar to those for peripheral
and central segments, respectively, of small motoneuron
axons in rat L5 rootlets (Fraher and Kaar, '86). Values for
groups 1 and 2 are less than those for small fibers in
peripheral segments of oculomotor, trochlear, and abdu¬
cent nerves (Fraher, '89), the difference being especially
marked for group 1 fibers.

It is unlikely that the production of thin sheaths by the
intercalated Schwann cells results from overstretching of
their capacity to produce myelin, for two reasons. Firstly,
they are relatively very short, and so the area of myelin
membrane produced by each cell is less than that produced
by Schwann cells generally which have sheaths of similar
thickness. Secondly, they are plentiful in the PTI, where
their density is greater than at levels distal to the TZ. This
is reflected in the relatively small number of unmyelinated
axons per intercalated Schwann cell unit. Furthermore, the
myelinogenic activity of intercalated Schwann cells is sup¬
ported by a rich blood supply (Rossiter and Fraher, '90).
Thus, it is likely that intercalated Schwann cells fully
express their response to the axonal myelinogenic stimuli
influencing them. Nevertheless, myelin production is sub¬
stantially less than for transitional Schwann cells distal to
the CTP, which are presumably exposed to the same
myelinogenic stimuli. Thus, Schwann cells at different
levels along the same axon bundle may produce different
amounts of myelin around axons of one and the same
calibre. This conclusion applies to axon bundles as a whole.
However, it may also apply to individual axons. Thus, the
sample of fibers which was traced on serial sections tended
to show the same pattern of sheath thickness change
between levels as described above for individual bundles.

The possession of relatively thin sheaths may have a
significant effect on intercalated Schwann cell function. On
the basis of their g-ratios, it is likely that conduction
velocity along them is slower than that along transitional
internodes but faster than that along oligodendrocytic
vagal internodes. However, the fact that internodes my¬
elinated by oligodendrocytes are longer than intercalated
ones compensates to some degree for the slower conduction
velocity resulting from the g-ratio difference, since they
possess fewer nodes at which impulse delay occurs. This
tends to result in closer conduction velocities and therefore
greater synchrony of impulse propagation along fibers
which possess alternating central and peripheral myelin
sheaths compared with those which are centrally myelin¬
ated throughout the TZ. Thus, in this instance at least,
Schwann cell location may in some way influence myelin
sheath dimensions so that internodal function is adapted to
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that of neighbouring fibers. This would be an advantage if
fibers belonging to the same functional group fell into the
two morphological types.

Myelin periodicity
The greater myelin periodicity for transitional Schwann

cell sheaths than for oligodendrocytic sheaths is in agree¬
ment with numerous findings that interlamellar spacing is
wider for peripheral than for central myelin (e.g., Finean,
'61; Karlsson, '66; Berthold and Carlstedt, '77). The inter¬
mediate value for intercalated sheaths was statistically
significantly different from each of the other two values.
The finding that it was less than the value for transitional
sheaths could reflect basic differences between the composi¬
tion of intercalated Schwann cell myelin and that produced
by Schwann cells generally. Alternatively, it could repre¬
sent a differential fixation effect at the two levels.
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INTRODUCTION 1

Numerous workers have studied the total numbers of ventral root axons capable
of being counted with the light microscope (Hatai, 1903; Dunn, 1912; Duncan,
1934u; Moyer & Kaliszewski, 1958).

Branching of nerve fibres is known to occur in developing, adult and regenerating
nerves, and it has been observed in the living by Speidel (1933, 1964). The literature
up to 1950 dealing with fibre branching has been reviewed by Sunderland & Lavarack
(1953). Evidence in favour of such branching has been found in frog sciatic and
femoral nerves (Dunn, 1902), in rat peroneal nerves (Greenman, 1913), in branches
of nerves to cat leg muscles (Eccles & Sherrington, 1930) and in human (Bors, 1925;
Swensson, 1949) and dog cranial nerves (McLean, 1927). These studies, as well as
those for total numbers of ventral root axons mentioned above, have all been under¬
taken at the light microscope level and are therefore limited by the inability of the
light microscope to demonstrate the finer axons.

The present study was carried out on rat ventral nerve roots. The electron micro¬
scope was used to examine the changes taking place during the perinatal period in
the total number of axons per root as well as in the numbers belonging to various
classes of axon within the root. Evidence suggestive of axon branching was also
considered.

In the course of another study dealing with myelination (Fraher, 1973), each of
a number of rat lower cervical ventral roots had been sectioned transversely at
several levels, the first and last levels being at some distance from one another. The
opportunity was therefore taken of carrying out a limited study of the manner in
which the numbers of myelinated, and of various classes of unmyelinated, axons
varied over distances of the order of several hundreds of microns along the roots.
The pattern thus found for these roots, which contain predominantly somatic efferent
fibres, was compared with that for roots which also contain visceral efferent fibres,
by studying in the same manner mid-thoracic ventral roots over a similar age range.

For the purposes of the present investigation the following terms are defined:
(i) Compact myelin is said to be present only when (at least) two parts of the

same spiral mesaxon separated by one turn have coalesced so that both period and
intraperiod lines have appeared. The latter line is frequently less clearly demonstrable
in newly formed compact myelin. Any fibre whose sheath contains compact myelin
thus defined will be referred to as being myelinated.

(ii) Noncompact myelin is said to be present when either the mesaxon describes
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Fig. 1. Electron micrographs showing (a) a packet of fetal axons, (b) transitional axons (T),
and (c) a promyelin axon (P).

less than one complete turn about the axon, or the mesaxon has completed one or
more spiral turns about its axon but has nowhere condensed to give rise to period
and intraperiod lines. Such axons are regarded as unmyelinated.

(iii) Fetal axon. Detailed accounts of the morphological changes occurring in
peripheral nerves during their maturation have been given by Peters & Muir (1959),
Cravioto (1965), Gamble & Breathnach (1965), Gamble (1966), Allt (1969), Ochoa
(1971), Webster, Martin & O'Connell (1973) and Martin & Webster (1973). Par¬
ticularly during the early stages of development it is frequently the case that axons
are arranged in groups or packets of two or more, each packet being in a distinct
compartment bounded by one or more Schwann cells. The individual axons are

separated from one another by shallow gaps, there being no visible structure between
them (Fig. 1). Such axons are fetal axons (Friede & Samorajski, 1968). The packets
will be referred to as fetal packets. One Schwann cell may envelop more than one
fetal packet.

(iv) Transitional axon. As a packet of axons enveloped by a single Schwann cell
matures, the individual axons are progressively separated from one another, so that
the original packet is divided into a number of smaller packets, each of which is
further subdivided, thus progressively reducing the number of axons in each packet.
Even with axon/Schwann cell ratios which are greater than unity, therefore, a single
axon may become the only occupant of a particular groove on the Schwann cell
surface. Such an axon will be referred to as a transitional axon (Fig. 1) and corre¬

sponds to the segregated axon of Webster, Martin & O'Connell (1973).
(v) Promyelin axon. In all cases examined in the present study, it is only when the

segregation process has produced (in T.S.) the appearance of a single axon in a

single Schwann cell that compact myelin can be formed. An unmyelinated axon
enclosed in one Schwann cell at a particular level will be referred to as a promyelin
axon (Fig. 1). It, together with its enveloping Schwann cell will be referred to as a
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promyelinfibre (Friede & Samorajski, 1968), because it is thought to have the potential
of myelination. Webster et al. (1973) have shown that a given axon may be assigned
to more than one of the above classes at different levels of one and the same Schwann
cell. Very few axons were observed which were not in contact with a Schwann cell.
Such axons, if solitary, were included in the transitional class; if in a group of two
or more they were classed as fetal. Thus, every axon observed in each root studied
could be assigned to one of the above four classes, viz. myelinated, fetal, transitional
and promyelin.

MATERIALS AND METHODS

The present study was carried out on fetal rats at a post-coitum age (accurate to
within one hour) of 20 days as well as on newborn and postnatal animals aged 1, 2,
6, 12, 17 and 21 days. The method of fixation and embedding of tissue has been
previously described (Fraher, 1972). Following ether anaesthetization the animal
was perfused through the left ventricle with a solution at 4 °C of 4% paraform¬
aldehyde and 0-5 % glutaraldehyde in phosphate buffer at a pH of 7-2. Bilateral
laminectomy was then carried out, and the 12 to 14 most rostral spinal medullary
segments, together with the attached pairs of roots and proximal parts of the spinal
nerve trunks, were carefully exposed under a dissecting microscope. These were
removed en bloc, osmicated, and the spinal medulla divided by transverse sections
into segments. The segments were embedded in Araldite, note having been taken of
the curvature, shape and orientation of each ventral root and its constituent rootlets.

The roots chosen for investigation were from two levels: lower cervical (C6 and C7)
and mid-thoracic (T5 and T6). In the cervical region two roots were studied from
20 day fetuses (each from a different litter mate), two roots from 1 day postnatal
animals and one each from newborn, 2, 6, 12 and 21 day postnatal animals. In the
thoracic region two roots (each from a different litter mate) were studied in the
newborn and the 2 day old, but only one root from a 20 day fetus and from animals
1, 6 and 17 days old. At two days the cervical and thoracic roots were taken from
the same animal.

The change in number of axons was studied over a length of root which varied
between specimens from 50 to 250 /im. Distances between proximal and distal levels
of section were as follows:

(i) Cervical: 20 day fetal, root 1: 100 /(m; 20 day fetal, root 2: 192 /<m; newborn:
180//m; 1 day, root 1: 200 /;m; 1 day, root 2: 100/im; 2 days: 200 //m; 6 days:
185 //m; 12 days: 184/«n;21 days: 150//m.

(ii) Thoracic. 20 day fetal: 50 /un; newborn, root 1: 50 //m; newborn, root 2:
131 //m; 1 day: 200 /im; 2 days, root 1: 140 /tm; 2 days, root 2: 110/<m; 6 days:
220 //m; 17 days: 125 /tm.

Ultrathin transverse sections were made at either end of the length studied. These
were stained with lead citrate (0-2%) and uranyl acetate (saturated solution in 50%
ethanol) and examined in an AEI (Metropolitan-Vickers) EM6 electron microscope.
For the purposes of the present investigation it was essential that all ultrathin sections
used should be sufficiently close to the transverse to enable the outlines of all un¬

myelinated axons to be clearly distinguished, particularly those which were members
of fetal axon packets. Only those sections fulfilling this criterion were studied because

9 ANA Il8
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it was frequently difficult to distinguish adjacent fetal axons from one another if
the plane of section departed considerably from the transverse.

Serial thick (0-5-1 0 //m) transverse sections were made of the intervening segment
of the root, using a Porter-Blum MT2 automatic ultramicrotome. These, stained
with a mixture of 0-8 % toluidine blue and 0-2 % pyronin B, were examined at intervals
along the root to ensure that the plane of section remained approximately transverse
throughout, and that no nerve fibres joined or left the root or its constituent rootlets
over the length covered by the study. Both of these conditions were fulfilled in
every case.

An electron micrographic montage was made of the whole cross section of all the
roots under investigation, or of all their constituent rootlets, at the proximal and
distal ends of the lengths studied. The electron optic magnification differed from one
root to another, being x 2500, x 4000 or x 6000. In order to check the magnification,
a calibration grid was photographed, under the same conditions of magnification
as the root, at each photographic session.

At both proximal and distal levels the numbers of myelinated, promyelin, transi¬
tional and fetal axons were counted and the percentage of the total made up by
axons of each class was calculated. In order to decrease observer error, counts were
made twice in each root. The difference in the number belonging to each class over
the length of the root was also noted and was expressed as a percentage of the number
at the proximal level per 100 /<m distance along the root. In addition, the number
of axons in each fetal packet was noted at both levels for each root. The difficulty
of distinguishing between fetal axons and Schwann cell processes has been noted
by Robertson (1960) and by Dyck & Hopkins (1972). Only those profiles which
were unequivocal sections through unmyelinated axons were counted. However, in
only a very small proportion of cases was there any doubt as to the nature of the
profile sectioned.

OBSERVATIONS

Figure 2 shows the total numbers of axons in cervical and thoracic ventral roots
at the ages indicated. The numbers present in the more mature cervical roots were

considerably less than those of the earlier ones. The thoracic totals did not show
such a dramatic fall during the period under review.

The segregation of axons from one another proceeds more rapidly in the cervical
than in the thoracic roots. The proportion of fibres having an axon/Schwann cell
ratio of unity had become large in the cervical roots shortly after birth (Fig. 3). In
the thoracic region such fibres still comprised less than one half of the total at 17
days (Fig. 3). These trends are followed fairly closely by the changing proportion
of the total made up by the myelinated axons in each case.

Figures 4 and 5 show the numbers and percentages made up by the various classes
of axon at both proximal and distal root levels over a similar range of ages in the
cervical and thoracic regions respectively. Tt is clear that the spectra of axon numbers
and percentages in the cervical roots differ considerably from those in the thoracic
over the period encompassed by the present study; the percentage made up by
myelinated axons is much larger, and by fetal axons much smaller, in the cervical
roots when similar stages are compared.
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Fig. 2. Graphs showing total numbers of axons contained in cervical (circles) and thoracic
(triangles) ventral roots at various ages. In all cases the numbers given refer to those at the most
proximal level of section of the root.

% 50 -

Fig. 3. Graphs showing the percentages of the total number of axons in each root examined
which were made up (i) by myelinated and (ii) by fully segregated (myelinated together with
promyelin) axons. Cervical roots: myelinated axons - closed circles; fully segregated axons -

open circles. Thoracic roots: myelinated axons-closed triangles; fully segregated axons-
open triangles.

The degree of segregation of individual axons may be taken as an indicator of
root maturity. The histograms relating to the 20 day fetal cervical roots show that
the degree of maturity may vary considerably between corresponding roots in
different animals whose ages were closely similar (Fig. 4). Marked variation was
also noted in the maturity of the component rootlets of individual roots.

In one 20 day fetal and in the 1 day postnatal animal, all rootlets making up

9-2
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Table 1. Cervical roots

This table shows the change with distance along each cervical root studied both of the numbers
of axons in each class, and of the total number of axons per root. In order to facilitate com¬
parison between roots, the change is expressed as a percentage increase or decrease over a
distance of 100/;m along the root in each case. The difference between the numbers at the
proximal and distal levels is expressed as a percentage of that at the proximal.

Age
f

20 day 20 day New¬
Axon class fetus fetus born 1 day 1 day 2 days 6 days 12 days

Myelinated — — -6-6 + 1-8 -3-2 -2-7 + 0-5 -0-3

Promyelin + 1-4 + 11-6 -5-4 -2-3 -0-2 -1-4 -2-5 -5-4
Transitional + 35-6 -4-6 + 15-4 + 12-4 + 3-8 + 0-4 -5-2 + 21-6
Fetal + 33-4 + 32-9 + 11-9 + 4-8 + 87-5 + 13-3 + 55-4 + 19-0

Total + 30-8 + 5-3 + 17 + 1-3 + 9-6 -0-4 + 2-4 + 0-2

Table 2. Thoracic roots

This table shows the change with distance along each thoracic root studied both of the numbers
of axons in each class, and of the total number of axons per root. In order to facilitate com¬
parison between roots the change is expressed as a percentage increase or decrease over a distance
of 100 gm along the root in each case. The difference between the numbers at the proximal
and distal levels is expressed as a percentage of that at the proximal.

Age

20 day New¬ New¬
Axon class fetus born born 1 day 2 days 2 days 6 days 17 days

Myelinated — -20-0 -187 -6-4 -6-3 -1-2 -0-2 0

Promyelin 0 -4-5 -0-8 + 9-5 + 3-6 -117 -1-2 + 26-5
Transitional + 8-0 + 24-6 + 33-5 -6-3 + 14-2 -7-7 + 3-4 + 12-9
Fetal + 13-3 + 5-5 + 1-7 + 4-5 + 117 + 17-8 -9-9 -27-2

Total + 11-4 + 4-8 + 4-2 + 1-9 + 8-7 + 7-4 -4-2 -11

the cervical root were studied separately at three different levels. Considerable differ¬
ences were evident not only between the axon spectra but also between the manner
in which the numbers of contained axons changed per unit length in each from one
level to another.

Tables 1 and 2 relate to the change in numbers of axons in each class between the
different levels of the various roots. To facilitate comparison the change in each
case is expressed as a percentage increase or decrease over a distance of 100/un.
In all but four of the roots the number of myelinated axons decreased proximo-
distally; in two cases (1 and 6 day old cervical) it underwent a slight increase; in the
remaining case (17 day old thoracic) it remained unchanged. The fixation of the
unmyelinated axons in the 21 day old cervical root was poor, allowing counts to be
made of the myelinated axons only: 715 of these were counted at both levels, which
were separated by 150 /tm.

Both promyelin and transitional axon numbers behaved variably, though the
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Table 3. Cervical roots

For each root studied data are given for the following classes: (i) all axons in the root; (ii) all
fully segregated axons (myelinated together with promyelin); (iii) all partially segregated axons
(transitional together with fetal).

In the case of each of the above classes the total number of axons is given at the proximal (p)
and distal (d) levels of section, as well as the difference between these values (p — d). Since
distances between proximal and distal levels of section varied from one root to another, in order
to facilitate comparison between roots, an increase or decrease in number of axons in each
class over a standard distance of 100/im is also given: (p-d)IWO /im.

(i) (ii) (iii)
Total Fully segregated Partially segregated

Prox Dist p — dl Prox Dist P~d\ Prox Dist P~d\
Age (days) (p) (d) p — d 100/im (p) (d) p—d 100/im (p) (d) p — d 100 /tm

20 day fetus 2041 2256 + 215 + 112 337 412 + 75 + 39 1704 1844 + 140 + 73
20 day fetus 1439 .1882 + 443 + 443 146 148 + 2 + 2 1293 1734 + 441 + 441
Newborn 1931 1953 + 22 + 12 1275 1134 -141 -78 656 819 + 163 + 90
1 1S07 1957 + 50 + 26 1601 1596 -5 -2 306 361 + 55 + 28
1 1779 1946 + 167 + 167 1111 1092 - 19 - 19 668 854 + 186 + 186
2 841 835 -6 -3 621 596 -25 - 13 220 239 + 19 + 10
6 682 712 + 30 + 17 571 568 -3 -2 111 144 + 33 + 18
12 716 730 + 14 + 8 664 659 -5 -3 52 71 + 19 + 10

Table 4. Thoracic roots

For each root studied data are given for the following classes: (i) all axons in the root; (ii) all
fully segregated axons (myelinated together with promyelin); (iii) all partially segregated axons
(transitional together with fetal).

In the case of each of the above classes the total number of axons is given at the proximal (p)
and distal (d) levels of section, as well as the difference between these values (p — d). Since
distances between proximal and distal levels of section varied from one root to another, in
order to facilitate comparison between roots, an increase or decrease in number of axons in
each class over a standard distance of 100 /<m is also given: (p — d)l\00 pm.

(i) (ii) (iii)
Total Fully segregated Partially segregated

Prox Dist p — dl Prox Dist p — d\ Prox Dist p — d\
Age (days) (p) (d) p — d 100/mi (p) (d) p — d 100/<m (p) (d) p — d 100 /<m

20 day fetus 1670 1779 + 109 + 273 49 56 + 7 + 18 1621 1723 + 102 + 255
Newborn 1234 1293 + 59 + 118 331 315 -16 -32 903 978 + 75 + 150
Newborn 1602 1691 + 89 + 68 380 354 -26 -20 1222 1337 + 115 + 88
1 1591 1652 + 61 + 31 454 463 + 9 + 5 1137 1189 + 52 + 26
2 1668 1832 + 164 + 117 510 486 -24 -17 1158 1346 + 188 + 134
2 1129 1212 + 83 + 75 391 376 - 15 -14 738 836 + 98 + 89
6 1495 1358 -137 -62 521 517 -4 -2 974 841 -133 -60
17 832 821 -11 -8 403 420 + 17 + 14 429 401 -28 -22

former tended more often to show a decrease, and the latter an increase, proximo-
distally.

In all cases examined for fetal axons, apart from the 6 and 17 day thoracic, their
numbers increased proximo-distally (Figs. 4, 5); the relative magnitudes of these
changes are shown in Tables 1 and 2. The fetal axons made up a greater percentage
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of the total distally than proximally in all cervical roots, but only in the thoracic
roots of one newborn, the 1 day and both 2 day old animals (Figs. 4, 5).

Tables 3 and 4 show, at proximal and distal levels of section, the total numbers
of axons present in each root, as well as the total numbers of fully segregated (mye¬
linated together with promyelin) and of partially segregated (transitional together
with fetal) axons. Distances between the levels varied from one root to another.
Because of this, differences in axon numbers are expressed (i) as the actual increase,
or decrease and (ii) in order to facilitate comparison between the different roots, as
a calculated increase or decrease over a standardized distance of 100 /(m. It is clear
that the total number of axons generally tends to show a proximo-distal increase,
though this is less marked in the older roots. Much the greater proportion of this
increase is due to a rise in the number of partially segregated axons. The last-mentioned
set shows an increase in all cases but two (the 6 and 17 day thoracic), whereas the
numbers of fully segregated axons generally show only minor variations from one
level to another.

From Figures 6 and 7 it is evident that the distribution of the numbers of fetal
packets containing given numbers of axons tends to show an exponential decrease
with increasing packet size. These figures clearly show the much greater degree of
segregation from one another of cervical than of thoracic axons at similar ages.

Also, the total number of fetal packets was greater distally than proximally in all
roots examined except for the least mature of the 20 day cervical fetal roots and the
six day postnatal thoracic.

It is of interest to note that only a single structure resembling an axonal growth
cone was observed (in one of the 20 day cervical fetal roots). Also, features suggestive
of unmyelinated axon degeneration were uncommon.

DISCUSSION

It has generally been found, using the light microscope, that a progressive increase
takes place in the total number of axons per ventral root over a considerable period
after birth (Flatai, 1903; Dunn, 1912; Duncan, 1934a; Moyer & Kaliszewski, 1958).
Duncan (1934a, b) concluded that the full complement of axons may have been
present in the roots at an earlier stage than is suggested by the light microscope
findings, and that myelination of existing axons, rather than the outgrowth of new

ones, explains the increases observed. Clearly, all of these studies were severely
limited by the inability of the light microscope to demonstrate the finer axons.

Duncan (1934a) found that the number of myelin sheaths steadily increased in
the 8th thoracic ventral root of the rat for at least 300 days after birth but that the
adult number of myelin sheaths was present in the largest lumbar ventral root by
the 18th day after birth. The present findings of a relatively slow rate of increase
with age in the proportion of the total made up by myelinated axons in the 5th or 6th
thoracic ventral root are compatible with the above observations of Duncan. The
similarity may be due to the slow rate of maturation of preganglionic autonomic
fibres in both cases. That the rate of maturation of cervical ventral roots in the

present study (as judged by the proportion of axons which were myelinated) is com¬

patible with that found by Duncan (1934a) for lumbar roots (as summarized above)
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is probably related to the absence of an autonomic component from both sets of
roots.

Though corresponding spinal nerves were examined in the present study, the total
number of axons per root varied considerably between roots of similar age. Similar
variation was noted in the light microscope studies of Duncan (1934b) and of Moyer
& Kaliszewski (1958), even in adult roots. The animals used in the present study
commonly showed pre- or post-fixation of the cervical enlargement of the spinal
cord, and the variation noted was likely to have been influenced by this factor.

The present findings seem to indicate the presence in the cervical roots at and
before birth of more than the adult complement of axons (Fig. 2). This is followed
by a decrease in number which begins soon after birth and seems to reach a fairly
constant value by the age of about one week in the cervical roots. Taking into account
the total number of axons per root, as well as the percentage made up by the various
classes in the earlier stages, it seems likely that the decrease may result from a loss
not only of fetal and transitional, but also of promyelin axons. Aguayo, Terry &
Bray (1973) found that a decrease takes place over approximately the same period
of time in rat cervical sympathetic unmyelinated axons. Flowever, the fact that few
roots were examined in the present study in the two to six day postnatal period
precludes a more precise estimate of the timing and rate of the fall in numbers.

Surprisingly few degenerating unmyelinated axons were seen, perhaps due to the
rapidity of the process. A loss of axons from ventral roots during development has
also been found for the Anuran tadpole (Prestige & Wilson, 1972). This correlates
with the finding of degeneration of Anuran ventral horn motoneuron cell bodies
during development by Hughes (1961). Among mammals, Romanes (1946) found
that the number of ventral horn cells in mouse lumbosacral enlargement normally
decreased during the first week after birth. Also, Prestige (1965, 1967) has observed
degeneration of Anuran dorsal root ganglion cells during maturation.

Comparison of proximal with distal axon counts indicated a tendency for mye¬
linated axons to be less numerous distally in the younger roots. This may reflect a

central-peripheral gradient in nerve maturation. It may be due to the presence of
axons which are only beginning to myelinate in those parts closest to the central
nervous system.

That promyelin axons were generally fewer in number distally could result from
their division or from their sharing of Schwann cells with other axons at more peri¬
pheral levels. Alternatively both of these factors might be operative. Such behaviour
would also conform to the central-peripheral gradient in fibre maturation. Recent
observations (Webster, 1971; Webster et al. 1973) indicate that a given axon may
be assigned to different classes at different levels of one and the same Schwann cell;
the degree of segregation of an axon from others enveloped by the same Schwann
cell tended to be greater in the juxtanuclear region than at more proximal or distal
levels of the cell. This situation would tend to obscure the central-peripheral gradient,
particularly if the proximal section by chance showed more of one type of axon than
the distal one. However, the examination of such large numbers of axons as were
studied would help to overcome the above tendency by diminishing the influence
of the level along a Schwann cell at which any given axon was sectioned.

It follows from the findings of Webster et al. (1973) that, on tracing axons along
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a nerve, a repeating systematic change in numbers belonging to each class of axon
would be found if, at a given age, all Schwann cells were of equal length and were in
phase with one another along the nerve. This would obscure any tendency for axons
to become less segregated from one another distally. However, even if all Schwann
cells were of equal length, they would be most unlikely to be in phase with one
another. This is because the axons comprising a single given root emerge from the
spinal cord from all parts of an area on its antero-lateral surface whose width is
about 20% of the total transverse diameter of the spinal cord (Fraher, 1973, un¬

published observations).
The increase in total numbers of axons in the younger animals over very short

distances is most marked in the thoracic roots (Tables 1 and 2). It is largely attributable
to the increase in the combined total of the incompletely segregated (transitional and
fetal) axons (Tables 3 and 4). By the nature of the method it was impossible to
identify the class of axons at the proximal level which contributed most to the increase
in the number of fetal axons at the distal level, assuming that branching was

responsible.
If permanent branching were responsible for the distal increase in axon number,

then eventually, as the root matured, the number of myelinated axons should undergo
considerable proximo-distal increase per unit length. This increase should, however,
be less than that for fetal axons, because of the growth in length of the roots. However,
the myelinated axons showed a slight increase in two cases only. This could be due
to a greater proportion of myelinated axons having by chance been sectioned through
an unmyelinated segment, or a node, proximally than was the case distally. This,
together with the fact that the rate of change of fetal axon numbers was found to
vary over short distances is suggestive of the impermanence of these branches. There
was no evidence of injury to the animals. In any case, the pattern of number change
showed a continuous trend involving fetal as well as postnatal roots. The former
were unlikely to have been traumatized in utero.

The peripheral nerves of the 14 week menstrual age human fetus studied by Gamble
& Breathnach (1965) were somewhat less mature than the 20 day fetal rat ventral
roots examined in the present study; they corresponded more closely to 18 day
roots. These authors found a very marked decrease in the total numbers of axons
contained in small cutaneous nerves when fetal material was compared with adult.
They proposed that Schwann cell division with consequent diminution of the axon/
Schwann cell ratio as well as disappearance of axons may account for the fall in
numbers of the latter.

Another possible explanation for the large numbers of axons counted in the
younger roots in the present study could lie in the looping of dorsal root axons into
the ventral root as they grow distally, before proceeding on their way into the spinal
nerve, in a manner similar to that found in relation to both the optic nerve and tract
in the chiasmal region of man (see Crosby, Humphrey & Lauer, 1962). However,
no evidence was found of any reversal of direction on the part of myelinated axons
followed by means of serial sections through distances of 250 //m along roots (Fraher,
1973).

Thus it seems likely that numbers of unmyelinated axons are lost during maturation
of the ventral roots. Also, though the number of roots studied was small, there is
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some evidence that a proportion of the incompletely segregated axons branch freely
during earlier stages of development, and that many of these branches are transient,
arising at least in part in the root itself.

SUMMARY

The present study was carried out on a limited number of rat ventral nerve roots.
Evidence is presented suggesting the occurrence of a decrease, shortly after birth,
in the total number of axons in lower cervical roots.

The observations are compatible with the hypothesis that the decrease noted was
at the expense of the unmyelinated rather than the myelinated axons.

The thoracic roots, however, did not show such a fall in totals during the period
when the numbers were falling in cervical roots.

Evidence is also presented suggesting that unmyelinated ventral root axons may
branch relatively freely during early development, but the branches are transient.

I am indebted to Professor G. J. Romanes for his helpful advice and criticism,
to Mr T. Patterson and Mr R. MacDougall for their technical assistance and to
Mrs G. Liddle for typing the manuscript.

REFERENCES

Aguayo, A. J., Terry, L. C. & Bray, G. M. (1973). Spontaneous loss of axons in sympathetic unmye¬
linated nerve fibres of the rat during development. Brain Research 54, 360-364.

Allt, G. (1969). Ultrastructural features of the immature peripheral nerve. Journal of Anatomy 105,
283-293.

Bors, E. (1925). liber das Zahlenverhaltnis zwischen Nerven- und Muskelfasern. Anatomischer Anzeiger
60, 415-416.

Cravioto, H. (1965). The role of Schwann cells in the development of human peripheral nerves. An
electron microscopic study. Journal of Ultrastructure Research 12, 634-651.

Crosby, E. C., Humphrey, T. & Lauer, E. W. (1962). Correlative Anatomy of the Nervous System. New
York: The Macmillan Co.

Duncan, D. (1934a). A determination of the number of nerve fibres in the eighth thoracic and largest
lumbar ventral roots of the albino rat. Journal of Comparative Neurology 59, 47-60.

Duncan, D. (19346). A relation between axone diameter and myelination determined by measurement
of myelinated spinal root fibres. Journal of Comparative Neurology 60, 437-471.

Dunn, E. H. (1902). On the number and on the relation between diameter and distribution of the nerve
fibres innervating the leg of the frog, Rana virescens brachycephala, Cope. Journal of Comparative
Neurology 12, 297-328.

Dunn, E. H. (1912). The influence of age, sex, weight and relationship upon the number of medullated
nerve fibres and on the size of the largest fibres in the ventral root of the second cervical nerve of the
albino rat. Journal of Comparative Neurology 22, 131-157.

Dyck, P. J. & Hopkins, A. P. (1972). Electron microscopic observations on degeneration and regenera¬
tion of unmyelinated fibres. Brain 95, 223-234.

Eccles, J. C. & Sherrington, C. S. (1930). Numbers and contraction-values of individual motor-units
examined in some muscles of the limb. Proceedings of the Royal Society, Series B 106, 326-357.

Fraher, J. (1972). A quantitative study of anterior root fibres during early myelination. Journal of
Anatomy 112, 99-124.

Fraher, J. (1973). A quantitative study of anterior root fibres during early myelination. IT. Longi¬
tudinal variation in sheath thickness and axon circumference. Journal of Anatomy 115, 421-444.

Friede, R. L. & Samorajski, T. (1968). Myelin formation in the sciatic nerve of the rat. A quantitative
electron microscopic, histochemical and radioautographic study. Journal of Neuropathology and
Experimental Neurology 27, 546-570.



142 JOHN P. FRAHER

Gamble, H. J. (1966). Further electron microscopic studies of human foetal peripheral nerves. Journal
ofAnatomy 100, 487-502.

Gamble, H. J. & Breathnach, A. S. (1965). An electron microscopic study of human foetal peripheral
nerves. Journal ofAnatomy 99, 573-584.

Greenman, M. J. (1913). Studies on the regeneration of the peroneal nerve of the albino rat: number
and sectional areas of fibres: area relation of axis to sheath. Journal of Comparative Neurology 23,
479-513.

Hatai, S. (1903). On the increase in the number of medullated nerve fibers in the ventral roots of the
spinal nerves of the growing white rat. Journal of Comparative Neurology 13, 177-183.

Hughes, A. (1961). Cell degeneration in the larval ventral horn of Xenopus laevis (Daudin). Journal of
Embryology and Experimental Morphology 9, 269-284.

McLean, A. J. (1927). An attempt to identify the central cells mediating kinaesthetic sense in the extrinsic
eye muscles. Archives ofNeurology and Psychiatry 17, 285-302.

Martin, J. R. & Webster, H. de F. (1973). Mitotic Schwann cells in developing nerve: their changes in
shape, fine structure, and axon relationships. Developmental Biology 32, 417-431.

Moyer, E. K. & Kaliszewski, B. F. (1958). The number of nerve fibres in motor spinal nerve roots of
young, mature and aged cats. Anatomical Record 131, 681-699.

Ochoa, J. (1971). The sural nerve of the human foetus: electron microscope observations and counts of
axons. Journal ofAnatomy 108, 231-245.

Peters, A. & Muir, A. R. (1959). The relationship between axons and Schwann cells during development
of peripheral nerves in the rat. Quarterly Journal ofExperimental Physiology 44, 117-130.

Prestige, M. C. (1965). Cell turnover in spinal ganglia of Xenopus laevis tadpoles. Journal ofEmbryology
and Experimental Morphology 13, 63-72.

Prestige, M. C. (1967). The control of cell number in the lumbar spinal ganglia during the development
of Xenopus laevis tadpoles. Journal ofEmbryology and Experimental Morphology 17, 453-471.

Prestige, M. C. & Wilson, M. A. (1972). Loss of axons from ventral roots during development. Brain
Research 41, 467-470.

Robertson, J. D. (1960). The molecular structure and contact relationships of cell membranes. Progress
in Biophysics and Biophysical Chemistry 10, 343-418.

Romanes, G. J. (1946). Motor localization and the effects of nerve injury on the ventral horn cells of the
spinal cord. Journal ofAnatomy 80, 117-131.

Speidel, C. C. (1933). Studies on living nerves. Activities of amoeboid growth cones, sheath cells and
myelin segments as revealed by prolonged observation of individual nerve fibres in frog tadpoles.
American Journal ofAnatomy 52, 1-75.

Speidel, C. C. (1964). In vivo studies of myelinated nerve fibres. In International Review of Cytology
16 (Eds. G. H. Bourne and J. F. Danielli), 173-231. New York and London: Academic Press.

Sunderland, S. & Lavarack, J. O. (1953). The branching of nerve fibres. Acta anatomica 17, 47-61.
Swensson, A. (1949). Faseranalytische Untersuchungen am Nervus trochlearis und Nervus abducens.

Acta anatomical, 154-172.
Webster, H. de F. (1971). The geometry of peripheral myelin sheaths during their formation and growth

in rat sciatic nerves. Journal of Cell Biology 48, 348-367.
Webster, H. de F., Martin, J. R. & O'Connell, M. F. (1973). The relationships between interphase

Schwann cells and axons before myelination: a quantitative electron microscopic study. Developmental
Biology 32, 401-416.



THE JOURNAL OF COMPARATIVE NEUROLOGY 280:171-182 (1989)

Age Changes in Axon Number Along the
Cervical Ventral Spinal Nerve Roots in

Rats

J.P. FRAHER and V.R. O'SULLIVAN
Department of Anatomy, University College, Cork, Ireland

ABSTRACT
Axon counts were made at two standardised levels of C7 ventral spinal

nerve roots from 46 female rats representing nine ages between birth and
500 days. The objective was to provide a definitive account of proximodistal
changes in axon numbers and of age changes in axon numbers both during
postnatal development and at several stages during maturity. At each age
there is a proximodistal increase in the numbers of axons in all categories
examined (myelinated, promyelin, transitional, and fetal) between levels
midway along the subarachnoid course of the root and where it is apposed
to but separate from the dorsal root ganglion.

During maturation and throughout maturity axon totals change simi¬
larly at both levels: After a slight increase immediately postnatum, they
decline sharply between 4 and 20 days due to a marked loss of unmyelinated
axons. A gradual decline in myelinated axon numbers continues to 500 days.
While these changes are occurring, axon numbers in all categories show a
proximodistal increase throughout. The magnitude of this increase lessens
with age for all but the transitional category due to a preferential decrease
in numbers distally. Though these observations do not differentiate between
axon branching and looping of sensory axons into the ventral root as a cause
of the proximodistal increase in numbers, they tend to support the former.

At each age during maturation axon proportions at proximal and distal
levels correspond well for each animal, indicating that axon segregation
proceeds at related rates within each root. Age changes in axon proportions
within the transitional and fetal categories indicate that the postnatal stage
of axon segregation results from axon loss, rather than Schwann cell
proliferation.

Key words: axon counts, development, neuroanatomy

Ventral spinal nerve roots are particularly suitable for
examining longitudinal changes in axon numbers, since
addition or loss of fascicles can be unequivocally excluded
by examination of serial sections of the root where it tra¬
verses the subarachnoid space and is enveloped in a clearly
defined sheath. Of the numerous studies involving ventral
root axon counts, the majority have concerned single levels,
commonly of a large number of roots (Duncan, '32; Cogge-
shall et al., '77; Biscoe and Lewkowicz, '82; Biscoe et al.,
'82; Wee et ah, '85). Axon counts at two or more levels of
one and the same root have constituted a relatively small
part of some of these studies (Biscoe et al., '82) but have
been the principal concern of a number of others (Hatai,
'03; Fraher, '74; O'Sullivan, '80; Risling and Hildebrand,
'82; Risling et al., '84; Vergara et ah, '86).

Investigations of proximodistal changes in ventral root
axon counts have produced conflicting findings. For myelin¬
ated axons, a proximodistal decrease was reported by Hatai
('03), while no proximodistal change was found by Biscoe et
al. ('82) or by Vergara et al. ('86) and a proximodistal in¬
crease was found by O'Sullivan ('80). While light micro¬
scopic studies (Hatai, '03; Duncan, '32) may provide
relatively reliable data on myelinated axon counts, electron
microscopy is essential for numerical studies of developing
myelinated and of unmyelinated axons (Fraher, '74; Ochoa,
'76). For unmyelinated axons, a proximodistal increase was
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Fig. 1. Diagram showing successive stages of unmyelinated axon matu¬
ration (see text), a: Fetal axons (shaded) are arranged in packets of two or
more in the same groove on the surface of a Schwann cell. b,c: Each
transitional axon (shaded) is the single occupant of a groove on the surface
of a Schwann cell which envelops at least one other axon, d: Each promyelin
axon is the only axon enveloped by a Schwann cell which has not com¬
menced myelinating it.

"vr/ distal

"proximal

Fig. 2. Diagram showing the proximal and distal levels of section through
the ventral root (VR). DR: dorsal root; SC: spinal cord.

found by O'Sullivan ('80), Biscoe et al. ('82), Risling and
Hildebrand ('82), Risling et al. ('84), and Vergara et al. ('86).
However, all of these investigations were performed with
small numbers of specimens and the roots examined came
from different spinal nerves in a range of species. Further¬
more, some evidence has been presented which indicates
that proximodistal changes in axon counts may be age-
related (Hatai, '03; Fraher, '74; O'Sullivan, '80). It is clear
that a more extensive investigation than any of the afore¬
mentioned is required to resolve these matters. The pri¬
mary aims of the present study on axon numbers in the rat
C7 ventral root are to determine (1) if they differ between
proximal and distal levels and (2) if they vary with age, not
only during postnatal development but also at different
stages of maturity.

The morphological changes in the relationships between
Schwann cells and axons during development are well
known (see, for example: Peters and Muir, '59; Cravioto,
'65; Gamble and Breathnach, '65; Gamble, '66; Allt, '69;

Ochoa, '71, '76; Martin and Webster, '73; Webster et al., '73;
Fraher, '74; Gamble et al., '78; Carlsen and Behse, '80;
Nilsson and Berthold, '88). In the present study, axons were
classified on the basis of their appearance on transverse
section (Fig. 1) into four categories (Friede and Samorajski,
'68; Fraher, '74):

1. Fetal axon: Early in peripheral nerve development ax¬
ons are commonly arranged in groups of two or more, each
group being bounded by one or more Schwann cells. These
groups are termed fetal packets (Fraher, '74). The individ¬
ual axons in one of the packets are termed fetal axons and
they are separated from one another by narrow gaps with¬
out any Schwann cell cytoplasm intervening.

2. Transitional axon: A single axon which is the only
occupant of a groove on the surface of a Schwann cell which
envelops at least one other axon is a transitional axon.

3. Promyelin axon: A single unmyelinated axon enclosed
by a single Schwann cell is a promyelin axon.

4. Myelinated axon: An axon whose myelin sheath con¬
tains compact myelin, i.e., when both period and intraper-
iod lines can be discerned, is a myelinated axon.

MATERIALS AND METHODS

A total of 46 female Wistar albino rats were used: five
neonates, six 4-day-olds, and five at each of the following
ages—2, 9, 20, 30, 70, 250, and 500 days. The animals were
taken from litters delivered 21.5 days + 2 hours after
mating. Their ages were known to within 2 hours. Siblings
were killed at different ages and all of the animals killed
at a given age came from different litters. None had shown
any signs of disease during life.

The animals were anaesthetised with anaesthetic ether
supplemented with chloroform and perfused through the
left ventricle with a solution containing 2.5% paraformal¬
dehyde and 2.0% glutaraldehyde in an orthophosphate
buffer at pH 6.6-6.8, preheated to 38°C. Perfusion was
continued for 15-20 minutes. To augment fixation (Kaar et
al., '83), perfusate was also introduced into the sacral part
of the subarachnoid space and allowed to escape through a
cranial burr-hole. The spinal roots were irrigated in this
way for a period of time which varied from 10 minutes in
the neonate to 60 minutes in the 500-day-old animals. Fol¬
lowing bilateral laminectomy, a seventh cervical hemiseg-
ment of the spinal cord was carefully removed together
with the dorsal and ventral roots attached to it and the
proximal 2-3 mm of its spinal nerve.

The hemisegments were bathed in perfusate for a further
30 minutes. After treatment with buffer and osmium te-
troxide, they were washed in distilled water and stained en
bloc with 2% aqueous uranyl acetate. After staining, they
were dehydrated in ethanol, placed in epoxypropane, and
embedded in Araldite.

From each specimen, five to ten semithin (0.45 (im) and
ten to 20 thin (80-110 nm) transverse sections were cut at
two levels (Fig. 2) along the ventral root with a Reichert
OMU4 ultramicrotome. The proximal level lay halfway be¬
tween the attachments of the ventral rootlets to the spinal
cord and the level at which the subarachnoid segment of
the ventral root became apposed to the dorsal root ganglion.
The distal level lay halfway along that length of the ventral
root which lay in a groove on the ventral aspect of the
dorsal root ganglion. To confirm the overall integrity of
each specimen, it was examined in detail before embedding
by using a dissecting microscope, and both semithin and
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Fig. 3. Electron micrographs of transversely sectioned (a) neonatal and
(b) 500-day ventral roots showing the average quality of fixation, (a) x 7,000;
(b) x 9,800.

thin sections were cut at intervals of 50-70 nm through the
most proximal part of the spinal nerve and over the entire
course of the ventral root. These were also used to check
the accuracy of the plane of sectioning. Semithin sections
were stained with toluidine blue and examined in a Reich-
ert Polyvar photomicroscope. Thin sections were post-
stained with lead citrate and examined in a Corinth 500
electron microscope. The average quality of fixation is illus¬
trated in Figure 3.

Electron micrographic montages were made of a propor¬
tion of each root face. The areas photographed were ran¬
domly delineated by the bars of the grids on which the
specimens had been mounted without any preferred orien¬
tation. The entire area within each such space was photo¬
graphed at an original magnification of x 2,000 and printed
and montaged at a final magnification of approximately
x 8,000. This magnification was sufficient to ensure accu¬
rate counts of unmyelinated axons. The precise magnifica¬
tion of each series of electron micrographs was determined
from prints of a standard calibration grid photographed
under the same conditions of magnification as the thin
sections during each photographic session. For each level
montaged, the serially adjacent semithin section was pho¬
tographed and was printed at a magnification of x400.

The fibres in rat lower cervical ventral roots are grouped
into two or three large fascicles. Each fascicle is a direct
continuation of an aggregated rootlet bundle (Kaar and
Fraher, '86) and persists as an independent structure over
the entire length of the root. Nerve fibres from adjacent
fascicles intermingle little if at all in the course of the
ventral root. Comparison of the electron micrographic mon¬
tages and the light micrographs enabled the exact propor¬
tion of each fascicle and of the entire root face covered by
the electron micrographic montages to be calculated. The
montages represented a minimum of 40% of each compo¬
nent fascicle in the root face at each level examined for

specimens aged between birth and 20 days, and a minimum
of 20% of those for older specimens. The proportion of the
root face sampled for each animal is given in Table 1.

The numbers of myelinated, promyelin, transitional and
fetal axons were counted on the set of montages derived
from each root face and the percentage of the total made up

by each axon category was calculated for the proximal and
for the distal level of each root studied (Table 1). Knowing
the proportion of the total cross-sectional area of the entire
root face represented by the individual montages, the total
number of axons in each category present in the ventral
root at each level examined was calculated (Table 2). The
mean values for each axon category at each age were cal¬
culated by pooling the results for the individual animals
(Fig. 4, Table 2). From these, the mean proximodistal
changes in numbers and percentages for each axon cate¬
gory were calculated (Table 3). The proportions of myelin¬
ated and promyelin axons combined and of transitional and
fetal axons combined at each age are given in Figure 6. The
number of fetal packets and the number of axons per packet
were also counted at each level. From these data the per¬
centage of the total number of packets counted made up by
each of the different fetal packet sizes was calculated for
each specimen and for all specimens combined at each age
(Fig. 5).

OBSERVATIONS

Age changes in axon numbers
Total axon number changed in a similar fashion with age

at proximal and distal root levels (Fig. 4). It showed a
tendency to increase in the early postnatal period, espe¬
cially proximally. This was followed by a sharp decrease
between 4 and 20 days. This was due in large part to a loss
of unmyelinated axons, the number ofwhich fell to a greater
extent than could be accounted for by their becoming my¬
elinated (Fig. 4, Table 2). Over the same period the number
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TABLE 1. For Each Animal at Each Age, the Percentage of the Total Number of Axons Counted Which Was Made Up by Myelinated (M), Promyelin (P),
Transitional (T), and Fetal (F) Classes at Proximal and Distal Root Levels; Also, the Percentage of the Total Cross-Sectional Area of the Root Face (%)

Which Was Examined and Mean Percentages for Each Axon Category for Each Age

Proximal level Distal level

% proportions % proportions
Age (days) Spec. No. M P T F % M P T F %

0 1 37.9 25.8 29.9 6.4 100.0 33.4 20.4 17.7 28.4 41.8
2 39.7 22.9 27.3 10.1 77.1 27.5 12.5 20.4 39.7 65.9
3 34.3 26.3 19.4 19.9 65.8 25.4 20.6 18.1 36.0 53.5
4 43.9 33.2 14.6 8.3 100.0 33.4 20.0 13.2 33.5 100.0

Mean
5 21.7 55.7 17.4 5.2 100.0 25.7 36.6 14.1 23.6 100.0

35.5 32.8 21.7 10.0 88.6 29.1 22.0 16.7 32.2 72.2
2 1 45.8 25.3 20.8 8.1 80.0 36.7 16.9 14.4 32.0 62.8

2 60.6 15.3 10.8 13.3 87.6 39.3 11.5 9.0 40.3 88.4
3 42.6 23.6 23.8 10.0 89.1 31.3 13.0 20.5 35.3 70.5
4 51.3 23.6 19.8 5.3 100.0 39.2 15.3 16.9 28.6 100.0
5 56.1 22.2 17.4 4.3 100.0 46.9 17.0 15.5 20.6 100.0

Mean 51.3 22.0 18.5 8.2 91.3 38.7 14.7 15.3 31.4 84.3
4 1 65.8 14.0 8.9 11.3 49.1 51.4 14.6 9.6 24.4 51.4

2 50.5 14.1 21.0 14.5 43.0 42.0 11.3 21.7 25.0 45.5
3 54.6 21.9 17.2 6.3 67.2 34.9 10.3 15.4 39.4 74.5
4 57.6 20.3 15.0 7.1 100.0 52.9 17.6 15.4 14.0 100.0
5 62.1 16.8 13.5 7.6 62.7 44.1 13.0 12.8 30.1 100.0
6 55.7 17.7 18.5 8.1 100.0 43.3 14.5 13.2 29.0 100.0

Mean 57.7 17.5 15.7 9.2 70.3 44.8 13.6 14.7 27.0 78.6
9 1 70.1 9.0 7.4 13.5 43.8 53.1 7.4 14.9 24.6 48.1

2 83.6 5.0 3.9 7.5 47.9 51.0 4.0 8.0 37.0 42.2
3 78.8 4.0 2.8 14.4 89.9 57.4 5.2 7.0 30.4 64.2
4 81.9 8.7 4.1 5.4 100.0 61.6 7.9 9.1 21.4 100.0
5 80.8 7.8 4.4 7.0 100.0 72.6 8.0 6.1 13.4 igo.o

Mean 79.0 6.9 4.5 9.6 76.3 59.1 6.5 9.0 25.4 70.9
20 1 86.4 2.7 5.8 5.1 50.1 82.0 3.5 3.9 10.7 58.8

2 86.1 3.3 5.3 5.3 42.6 66.8 2.4 12.2 18.5 62.7
3 82.6 1.9 7.0 8.6 43.5 72.2 2.9 13.6 11.4 100.0
4 94.1 1.8 2.9 1.3 58.2 83.8 3.0 6.9 6.2 40.7
5 87.0 1.7 6.2 5.0 57.0 80.3 4.5 11.3 3.9 70.3

Mean 87.2 2.3 5.4 5.1 50.3 77.0 3.3 9.6 10.1 66.5
30 1 89.2 2.2 6.8 1.8 43.1 78.9 2.4 14.1 4.6 60.5

2 91.9 1.6 4.1 2.5 36.2 83.4 4.3 9.8 2.6 26.3
3 89.4 4.2 4.6 1.8 32.2 80.5 5.7 10.6 3.2 27.3
4 93.7 1.4 4.9 - 26.6 86.1 3.6 8.3 2.1 27.6
5 87.9 2.7 6.3 3.1 23.0 81.2 6.1 10.8 1.9 29.0

Mean 90.4 2.4 5.3 1.8 32.2 82.0 4.4 10.7 2.9 34.1
70 1 91.5 3.8 3.8 0.9 30.5 77.6 3.9 14.6 3.9 28.7

2 87.9 2.9 2.0 7.3 58.1 64.4 1.9 26.6 7.2 52.6
3 96.8 1.0 2.2 _ 25.7 89.6 4.0 5.5 1.0 21.6
4 97.1 1.1 1.3 0.5 22.0 83.3 3.5 9.5 3.7 31.9
5 94.0 1.4 3.5 1.2 40.6 80.7 2.6 14.9 1.7 29.0

Mean 93.5 2.0 2.6 2.0 35.4 79.1 3.2 14.2 3.5 32.8
250 1 97.1 1.3 1.6 - 33.3 67.8 2.9 24.2 5.1 34.9

2 91.9 1.1 7.0 - 29.6 78.5 2.1 18.7 0.7 18.8
3 94.7 0.9 2.7 1.8 26.6 87.8 3.5 6.7 2.0 18.6
4 92.7 1.7 5.6 _ 34.9 69.7 2.7 26.2 1.4 21.4
5 85.9 0.9 11.5 1.7 33.9 75.5 1.9 21.2 1.4 29.8

Mean 92.5 1.2 5.7 0.7 31.7 75.9 2.6 19.4 2.1 24.7
500 1 96.0 1.2 2.2 0.6 24.2 88.5 2.5 7.4 1.6 32.9

2 94.9 0.5 4.2 0.5 33.9 81.9 4.8 12.7 0.6 21.1
3 90.9 1.9 6.2 1.0 23.6 78.1 3.8 18.2 - 18.1
4 93.8 0.8 5.4 - 32.6 82.4 2.0 13.2 2.4 18.6
5 97.3 0.5 2.2 _ 33.0 83.1 3.1 11.7 2.1 21.3

Mean 94.6 1.0 4.0 0.4 29.5 82.8 3.2 12.6 1.3 22.4

of myelinated axons increased rapidly. Between 20 and 500
days total axon numbers continued to decline, but at a
much more gradual rate than previously. This decline was
slightly greater distally than proximally, so that the differ¬
ence in axon numbers between the two levels tended to
lessen with age (Table 3).

Considerable interanimal variation occurred in total axon

counts and in counts for individual axon classes at each age
and level (Table 2). Nevertheless, an accurate estimate of
the composition of the adult rat C7 ventral root could be
obtained by pooling the data in Table 2 for the 20 rats in

the four oldest age groups. This gave overall mean axon
totals of 1,288 at the proximal level, of which 7% were
unmyelinated and 1,632 at the distal, of which 20% were
unmyelinated.

Proximodistal changes in axon numbers
At all ages there was a proximodistal increase in the

mean number in each category of axon (Fig. 4, Table 3).
The proximodistal increase in myelinated axon numbers
declined sharply after 30 days. That for fetal axons declined
markedly and progressively between 2 and 30 days. By
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TABLE 2. Total Axon Numbers and Numbers of Myelinated (M) and Unmyelinated (U), Including Promyelin (P), Transitional (T), and Fetal (F) Classes, at
Proximal and Distal Root Levels at the Ages Indicated

Proximal level Distal level

Age (days) Spec. No. Total M U (P T F) T M U (P T F)

0 1 1,366 517 849 (352 409 88) 2,500 836 1,664 (510 443 711)
2 1,377 547 830 (315 376 139) 2,833 779 2,054 (354 577 1,123)
3 1,640 563 1,077 (432 318 327) 2,441 620 1,821 (502 441 878)
4 1,833 805 1,028 (608 268 152) 2,732 913 1,819 (545 360 914)
5 1,850 402 1,448 (1,031 322 95) 2,443 629 1,814 (894 344 576)

Mean 1,613 567 1,046 (548 339 160) 2,590 755 1,834 (561 433 840)
2 1 1,325 607 718 (335 275 108) 1,700 624 1,076 (287 245 544)

2 1,363 825 538 (209 147 182) 3,037 1,192 1,845 (349 272 1,224)
3 1,610 686 924 (379 383 162) 2,960 927 2,033 (384 605 1,044)
4 1,691 868 823 (399 335 89) 2,391 938 1,453 (366 404 683)
5 1,443 809 634 (321 251 62) 1,839 863 976 (312 285 379)

Mean 1,486 759 728 (329 278 121) 2,385 909 1,477 (340 362 775)
4 1 1,834 1,206 628 (257 163 208) 2,798 1,437 1,361 (409 269 683)

2 2,050 1,034 1,016 (288 430 298) 2,674 1,123 1,551 (303 580 668)
3 1,690 923 767 (371 290 106) 2,709 946 1,763 (278 417 1,068)
4 1,730 996 734 (352 259 123) 1,982 1,049 933 (349 306 278)
5 1,590 988 602 (267 214 121) 2,405 1,061 1,344 (313 307 724)
6 1,644 916 728 (291 304 133) 2,230 966 1,264 (324 294 646)

Mean 1,756 1,011 746 (304 277 165) 2,466 1,097 1,369 (329 362 678)
9 1 2,029 1,421 608 (183 151 274) 2,715 1,443 1,272 (200 405 667)

2 1,221 1,020 201 (61 48 92) 2,339 1,193 1,146 (93 187 866)
3 1,301 1,025 276 (52 37 187) 2,642 1,515 1,127 (139 185 803)
4 1,678 1,374 304 (146 68 90) 2,227 1,372 855 (175 203 477)
5 1,780 1,438 342 (139 79 124) 1,946 1,412 534 (155 118 261)

Mean 1,602 1,256 346 (116 77 153) 2,374 1,387 987 (152 220 615)
20 1 1,716 1,482 234 (46 100 88) 1,867 1,530 337 (65 73 199)

2 1,146 986 160 (38 61 61) 2,171 1,451 720 (53 265 402)
3 1,587 1,311 276 (30 110 136) 1,927 1,391 536 (55 262 219)
4 1,072 1,008 64 (19 31 14) 1,381 1,157 224 (42 96 86)
5 1,410 1,227 183 (25 88 70) 1,864 1,497 367 (84 210 73)

Mean 1,386 1,203 184 (32 78 74) 1,842 1,405 437 (60 181 196)
30 1 1,056 942 114 (23 72 19) 1,563 1,232 331 (40 220 71)

2 1,228 1,128 100 (19 50 30) 1,789 1,492 293 (76 175 46)
3 1,348 1,205 143 (56 62 25) 1,731 1,394 337 (99 183 55)
4 1,372 1,285 87 (19 68 -) 1,927 1,658 269 (69 160 40)
5 1,799 1,582 217 (48 113 56) 1,984 1,611 373 (121 214 38)

Mean 1,361 1,228 132 (33 73 26) 1,799 1,477 321 (81 190 50)
70 1 1,121 1,025 96 (43 43 10) 1,432 1,111 321 (56 209 56)

2 1,137 999 138 (33 22 83) 1,596 1,028 568 (30 424 114)
3 1,561 1,510 51 (16 35 -) 1,865 1,670 195 (74 102 19)
4 1,726 1,676 50 (18 23 9) 2,143 1,786 357 (75 204 78)
5 1,261 1,185 76 (17 44 15) 1,592 1,285 307 (41 238 28)

Mean 1,361 1,279 81 (25 33 23) 1,726 1,376 349 (55 235 59)
250 1 1,120 1,087 33 (15 18 -) 1,683 1,141 542 (49 407 86)

2 1,255 1,154 101 (13 88 -) 1,542 1,211 331 (32 288 11)
3 1,268 1,200 68 (11 34 23) 1,369 1,203 166 (48 91 27)
4 1,181 1,095 86 (20 66 -) 1,711 1,192 519 (47 449 23)
5 1,234 1,059 175 (12 142 21) 1,395 1,053 342 (27 295 20)

Mean 1,212 1,119 93 (14 70 9) 1,540 1,160 380 (41 306 33)
500 1 1,333 1,279 54 (17 29 8) 1,352 1,198 154 (33 100 21)

2 1,204 1,142 62 (6 50 6) 1,493 1,223 270 (71 190 9)
3 1,306 1,187 119 (25 81 13) 1,764 1,377 387 (66 321 -)
4 1,137 1,067 70 (9 61 -) 1,345 1,108 237 (27 178 32)
5 1,108 1,078 30 (6 24 -) 1,358 1,129 229 (42 159 28)

Mean 1,218 1,151 67 (13 49 5) 1,462 1,207 256 (48 190 18)

contrast, that for transitional axons tended to become pro¬
gressively greater between 4 and 250 days (Fig. 4). The
proximodistal increase in promyelin axon numbers was
small at all stages and showed no age-related trend.

The total axon count was considerably greater distally
than proximally at all stages (Fig. 4, Table 3). The differ¬
ence was greatest at birth and diminished markedly be¬
tween then and 20 days, largely because of a loss of 75% of
fetal axon profiles at the distal level. Subsequently, the
difference between the two levels tended to gradually lessen
further. The extent by which the distal total exceeded the
proximal fell from 32% at 30 days to 20% at 500 days.
Myelinated and transitional fibres contributed most to the
proximodistal difference over that interval (Table 3).

Axonal segregation

The proportions of axons in the various categories in the
ventral root underwent considerable changes during early
postnatal life (Table I). These changes quantitatively de¬
fined the temporal sequence of axonal segregation. The
marked interanimal differences in the proportions of axons
in each of the four categories at each age (Table I) indicate
the wide variation which occurred in the rate of ventral
root maturation.

The proportion of the total made up by myelinated axons
increased markedly during the first week postnatum at the
expense of the unmyelinated categories and approached its
maximum value at 9 days. It did not finally stabilize until
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Fig. 4. Graphs showing age changes in mean estimated total numbers in
the axon categories indicated at proximal (•) and distal (O) root levels.
Ordinates: axon numbers; abscissae: age (days).

around 20 days, when the proportion of promyelin axons
stabilized also. That of fetal axons had stabilized in the
majority of cases at 20 and in the remainder at 30 days.
Subsequently, proportions in each of these three categories
fluctuated only slightly. The transitional category stabi¬
lized at 9 days proximally and changed little thereafter.
However, it followed a unique pattern distally, reaching a
minimum at 20 days and increasing gradually from then

until 250 days. In addition, it was noteworthy that except
for the fetal axon class, the proportions of the axons in each
of the remaining categories bore similar relationships to
one another at proximal and at distal levels in each animal
(Table 1), indicating that axon segregation was at a similar
stage at both levels.

Age changes in the distribution of fetal packet size are
shown in Figure 5. This changed little between birth and 9
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TABLE 3. The Proximodistal Increases in Numbers and the Percentage in
the Myelinated (M), Promyelin (P), Transitional (T), and Fetal (F) Axon
Categories, and the Percentage of the Total Increase Accounted for by

Each of Those Categories

Age Total M P T F

(days) No. % No. % No. % No. %

0 977 188 19 13 1 94 10 680 70
2 899 150 17 11 1 84 9 654 73
4 710 86 12 25 4 85 12 513 72
9 772 131 17 36 5 143 19 462 60

20 456 202 44 28 6 103 23 122 27
30 438 249 57 48 11 117 27 24 5
70 365 97 27 30 8 202 55 36 10

250 328 41 13 27 8 236 72 24 7
500 244 56 23 35 14 141 58 13 5

days. The range of fetal packet size fell markedly between
then and 30 days and changed little subsequently. These
findings were in keeping with age changes in fetal axon
numbers (Fig. 4, Table 2).

The degree to which axons have been segregated by
Schwann cells so that there is a 1:1 ratio between the two
is an index of the degree of peripheral nervous system
maturation. The proportion of such fibres is given by the
sum of the values for the myelinated and promyelin classes
combined (Fig. 6). A proximodistal gradient in axonal seg¬
regation was present at all stages. This was most marked
between birth and 9 days when the proportion of the total
made up by fully segregated axons proximally exceeded
that distally by a relatively constant factor which averaged
1.33 (Fig. 6). This declined between 9 and 20 days and
changed little subsequently, averaging 1.13 between then
and 500 days. The decline was associated with the marked
drop in fetal axon numbers distally.

DISCUSSION

Age changes in total axon numbers
The increase in total axon numbers at both root levels in

the early postnatal period suggests that additional axons
appear in the ventral root at that stage. The marked de¬
crease during the next 2 weeks is associated with a substan¬
tial loss of unmyelinated axon profiles which is greater
than can be accounted for by the proportion of these which
become myelinated. In the immediate postnatal period de¬
generation of myelinated and promyelin axons was also
noted, when total numbers of the former were rapidly in¬
creasing. Thus, axonal segregation does not preclude degen¬
eration, even at this stage. This degeneration may reflect
the terminal stages of the widespread motoneurone death
that occurs prenatally (Lance-Jones, '82; Cowan et al., '84;
Oppenheim, '86; Oppenheim et al., '86). A sharp postnatal
decrease in axon numbers was also noted previously
(Fraher, '74), though it occurred at a somewhat earlier
stage than in the present study. After the initial sharp
decline, total axon numbers continue to decrease, though
less gradually, over the whole period studied. The present
study clearly shows that this entails loss of myelinated
axons, and a few examples of these undergoing degenera¬
tion were found at all ages. An age-related loss of myelin¬
ated axons has been reported by some workers for periph¬
eral nerves (Greenman, '13; Cottrell, '40; Rexed '44; Birren
and Wall, '56; Berg et al., '62; Samorajski, '74; Tohgi et al.,
'77; Stanmore et al., '78) and spinal nerve roots (Duncan,
'34; Corbin and Gardner, '37; Krinke, '83) but not by others
(Sharma et al., '80; Rao and Krinke, '83; Heasman and
Beynon, '87).

From the present study it is clear that considerable inter-
animal variation occurs in total axon numbers and espe-
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cially in numbers of unmyelinated axons throughout life.
Pooling the data for the four oldest age groups reduces the
influence of this variation and provides a considerably
greater population of animals than in previous studies in¬
volving ventral root axon counts. The proportions of unmy¬
elinated axons found in ultrastructural studies of the C7
ventral roots of adult mice (Biscoe et al., '82) and cats (Wee
et al., '85) resemble those of the present study. The total
number (1,390) of myelinated axons found by Duncan ('32)
in a light microscopic study of the C7 ventral root of a
single 10-month albino rat resembles the value determined
from the present study. The proportion of unmyelinated
axons (1.9%) and the mean total axon number (1,605) found
by Coggeshall et al. ('77) in three adult rat C7 ventral roots
both differ substantially from the present results. Their
greater myelinated axon total could be due to sectioning
the root at a distal level, though this would not explain the
differences in the unmyelinated counts. In general, such
discrepancies in axon counts could result in part from sam¬
pling small numbers of specimens from a population which,
as the present study shows, is subject to considerable inter-
animal variation. The present study also identifies a num¬
ber of other factors which could account for such disparities
even within the same strain of animal: The proportion of
unmyelinated axons present is dependent on the age of the
animal. Furthermore, there is a considerable proximodistal
change in the numbers of unmyelinated axons, and the
levels of section examined may not be equivalent in differ¬
ent studies.

Unmyelinated axon loss with age

Substantial numbers of unmyelinated axons are lost
proximally and distally between 2 and 9 days (see above).
Examination of Table 2 shows that marked loss of unmy¬
elinated axons continues subsequently, for the following
reasons: Between 9 and 20 days, when myelinated axon
numbers change little, the numbers of unmyelinated axons
decrease substantially, on average by 47% at proximal and
56% at distal levels. Between 70 and 500 days, when there
is a net loss of myelinated axons, unmyelinated axon totals
undergo a further, less marked, decrease of 17% proximally
and 27% distally. A postnatal loss of unmyelinated axons
has been described by some workers for ventral roots (Pres¬
tige and Wilson, '72; Fraher, '74; O'Sullivan, '80; Bennett
et al., '83), sympathetic nerves (Aguayo et al., '73), and
peripheral nerves (Ochoa and Mair, '69; Samorajski, '74).
In a study of 1-, 5-, 14-day, and adult rat sciatic nerves,
Jenq et al. ('86) found that the numbers of unmyelinated
axons decrease and those of myelinated axons increase dur¬
ing each of the intervals. However, in that study all the
adult animals were treated as a single entity and no com¬

parison was made of myelinated axon counts at different
adult ages. Allowing for the loss of unmyelinated axons to
the myelinated category, the net loss of unmyelinated ax¬
ons found by these workers amounts to 27% between 1 and
14 days. Thus, the magnitude of unmyelinated axon profile
loss in the developing sciatic nerve is comparable to the
decrease of 35% between birth and 20 days in the C7 ven¬
tral root.

Proximodistal changes in axon number
The present study is the first to systematically examine

myelinated and unmyelinated axon counts at standardised,
well-separated ventral root levels during development and
at several stages during maturity. In an ultrastructural

study of two adult mouse lumbar ventral roots, Biscoe et al.
('82) found no systematic variation between myelinated
axon numbers and found a proximodistal increase in un¬
myelinated axon numbers. A somewhat more extensive
ultrastructural study of rat lower cervical and midthoracic
ventral roots between 20 days fetal and 21 days postnatum
showed a proximodistal increase in total axon numbers, but
only at younger ages (Fraher, '74); however, the levels ex¬
amined both lay in the subarachnoid course of the ventral
root and were only 50-250 /im apart. Risling and Hilde-
brand ('82) found a proximodistal increase in axon numbers
and in the proportion of the total made up by unmyelinated
axons in the L7 ventral roots of seven adult cats and two
kittens. Vergara et al. ('86) found little change in myelin¬
ated axon numbers over the full length of the subarachnoid
course of the L7 ventral roots of four adult cats, but the
numbers of unmyelinated axons showed a mean proximo¬
distal increase of 79%.

The present study demonstrates that in all cases the
mean total number of axons in each category is greater
distally than proximally at all stages of postnatal develop¬
ment and throughout maturity. The contribution of the
various axon classes to the distal excess varies with age
(Table 3). Myelinated and transitional fibres are responsi¬
ble for substantial proportions of it throughout; fetal fibres
constitute by far the greater proportion up to 9 days, but
little thereafter. A similar pattern exists in the C6 rat
ventral root at equivalent ages (O'Sullivan, '80).

The distal excess of axons could be accounted for in at
least three ways. Firstly, dorsal root axons could run cen¬
trally in the ventral root proximal to the distal level of
section and then pierce the ventral root sheath to enter the
dorsal root ganglion. Examination of serial semithin sec¬
tions of the ganglionic part of the ventral root ruled this
out. Secondly, dorsal root fibres could form a loop into the
ventral root that would extend proximally to a level be¬
tween the two planes of section (Frykholm, '51; Maynard et
al., '77; Coggeshall, '80, '86; Bostock, '81; Chung et al., '83;
Risling et al., '84). Each such fibre would be represented by
two distinct profiles at the distal level. Examples of looping
have been reported as far proximally as the L7 ventral
rootlets of the cat (Risling et al., '84). Physiological evidence
has been obtained for looping in rat lumbar and sacral
ventral roots (Bostock, '81). However, looping fibres were
sought in previous quantitative serial section studies of rat
cervical ventral roots (Fraher, '73, '74, '78; O'Sullivan, '80)
but were not found. A third possible cause of a proximodis¬
tal increase in numbers is axon branching. This has been
reported for developing, adult, and regenerating peripheral
nerve axons (Sunderland and Lavarack, '53; Murray and
Thompson, '57; Speidel, '64; Bray, '73; Ochoa, '76; Jacobson,
'78; Kerns, '80; Liu, '81), dorsal root axons (Langford and
Coggeshall, '79), myelinated lumbar ventral root axons at
their central-peripheral transitional nodes (Fraher and
Kaar, '84), and unmyelinated cervical ventral root axons
(Fraher, unpublished observations). Sensory axons entering
the spinal cord through the ventral root (Coggeshall et al.,
'75, '77, '80; Applebaum et al., '76; Emery et al., '77; May¬
nard et al., '77; Kim et al., '87) would not cause proximodis¬
tal number differences unless they branched, and such
branching would tend to reverse the proximodistal in¬
creases noted in the present study.

The present study contains evidence which could support
either axon branching or looping as a cause of the proxi¬
modistal increase noted. Mean myelinated axon numbers
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increase to a maximum at both root levels studied and then
undergo a decrease of 270 (18%) distally and 105 (8%) prox-
imally. If the proximodistal increase is due solely to branch¬
ing, the greater loss of myelinated axon profiles at the
distal level could be accounted for by selective loss either of
motoneurones whose axons branch between the two levels
or of those branches which arise between the two levels.
Alternatively, the decrease could involve preferential loss
of looping dorsal root axons.

Evidence regarding neuronal death may help to differen¬
tiate between these possibilities. Preferential loss of moto¬
neurones whose axons branch or of dorsal root ganglion
cells whose axons loop into the ventral root would be asso¬
ciated with decreasing numbers of somata of those neu¬
rones. However, it is generally agreed that significant
motoneurone death does not occur postnatally (Lance-Jones,
'82; Harris and McCaig, '84; Janjua and Leong, '84; Hard-
man and Brown, '85; Oppenheim, '86; Bennett et ah, '86).
Furthermore, the number of dorsal root ganglion cells is
unlikely to diminish until a relatively advanced age (Hatai,
'02; Scharf and Blumenthal, '67; Ohta et al., '74; Lawson,
'79). However, the elimination of supernumerary axon
branches does not entail neuronal death. On balance, there¬
fore, the present evidence supports this as being responsible
for a substantial part of the decrease in total myelinated
axon numbers during maturity. This in turn supports the
hypothesis that motoneurone axon branching rather than
looping of dorsal root axons into the ventral root may be
responsible for the proximodistal increase in myelinated
rat lower cervical ventral root axons. The preferential
marked decline in unmyelinated axon numbers at the dis¬
tal root level in the postnatal period is likewise compatible
with a substantial loss of collateral axonal sprouts.

Temporal sequence of axonal segregation
The present findings establish quantitatively the tem¬

poral sequence of the principal stages of axonal segrega¬
tion, during which the numbers and proportions of axons
in the various classes gradually stabilize. Stability is
reached at different stages by the various axon categories
and is subject to considerable variation between animals
(Table 1). Nevertheless, at each age there is good correspon¬
dence between the relative proportions of myelinated, pro-
myelin, and transitional axon categories at proximal and
distal levels of any given root, indicating that these are
sprn-egated at related rates at the two levels. This does not
apply to the fetal axons, however, the relative proportions
of which at proximal and distal levels may differ markedly
and bear little necessary relationship to those of the other
axon classes. This marked discrepancy could be compatible
with wide interanimal variation in the extent to which
collateral axon sprouts arise over the length of root studied.

Axon segregation in cervical ventral roots progresses very
rapidly at first and much of it takes place in late fetal life
(Fraher, '74) when around 50% of all presumptively myelin¬
ated axon segments attain a 1:1 ratio with an enveloping
Schwann cell. Around 75% of all myelinated and promyelin
axons combined have been segregated fully at birth at both
proximal and distal levels. This process is largely com¬
pleted by 9 days and has ended at 20 days proximally and
at 30 days distally. Segregation of those axons which re¬
main permanently unmyelinated occurs at a slower rate
than that of presumptively myelinated axons. It proceeds
steadily up to 20 days proximally and 30 days distally. Over
much of the postnatal period it is represented by a shift of
axons from the fetal to the transitional class. This coincides

with a sharp decline in fetal packet size (Fig. 5) and a
marked loss of fetal axon profiles at proximal and especially
distal levels (Table 2). It entails the great majority of un¬
myelinated axon profiles losing contact with one another,
but not to the extent that each comes to be related to a

single Schwann cell. Schwann cell numbers do not increase
postnatally at either ventral root level examined, and mi¬
totic figures are virtually absent (O'Sullivan, '87). Thus,
the postnatal stage of segregation of presumptively unmy¬
elinated axons is primarily associated with axon loss. At
least in the rat C7 ventral root, therefore, axon segregation
is a two-stage process. The first, involving Schwann cell
proliferation, is largely prenatal; the second, involving axon
loss, is largely postnatal.
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INTRODUCTION

The motoneurons of the oculomotor, trochlear and abducent nerves belong to the
somatic efferent class and the voluntary musculature innervated by all three is very
similar in general function and in phylogenetic and developmental origin. The
oculomotor nerve contains an additional, visceral efferent (parasympathetic) fibre
class that is not present in the other two. Each nerve contains clearly distinct large and
small myelinated fibre populations (Bronson & Hedley-Whyte, 1977; Bronson, Bishop
& Hedley-Whyte, 1978; Kerns, 1980; Hahn, Chang & Webster, 1987;Fraher, Smiddy
& O'Sullivan, 19886, c; Fraher, 1989). Previous studies of myelinated and un¬
myelinated axon numbers or proportions (Bronson & Hedley-Whyte, 1977; Kerns,
1980; Hahn et at. 1987) each examined only one of the three nerves; they did not all
include unmyelinated counts. Furthermore, they are not strictly comparable, since the
nerves were examined at different ages and at different levels. Accordingly, counts
could be influenced by axon branching, maturational changes or the addition of
communicating bundles of fibres from other nerves, especially at the level of the
cavernous sinus. This study examines the numbers of large and small myelinated and
of unmyelinated axons in the three nerves. Differences in the proportions of small
myelinated and unmyelinated fibre classes over the nerves may be used to estimate the
size of the parasympathetic outflow in the rat oculomotor nerve.

MATERIALS AND METHODS

Sixteen adult Wistar albino rats from the same stock, aged between 70 and 75 days
postnatum, were used. They were anaesthetised and fixed as described previously
(Fraher, Kaar, Bristol & Rossiter, 1988 a; Fraher et al. 19886). Having removed the
dorsal part of the neurocranium, the oculomotor, trochlear and abducent nerves were
divided at the level of the posterior limit of the cavernous sinus. Separate tissue blocks
were removed, each consisting of the oculomotor, trochlear or abducent nerve and the
part of the brainstem to which it was attached. Specimens were washed in buffer,
dehydrated in ethanols, placed in epoxypropane and embedded in Araldite.

Five oculomotor, five trochlear and six abducent nerves were examined. Transverse
sections were made of each nerve 300 to 500 //m distal to its brainstem attachment.
Thin sections were stained with uranyl acetate (saturated solution in 50% methanol)
and poststained with lead citrate (Reynolds, 1963). Semithin sections were stained
with toluidine blue, examined in a Reichert Polyvar photomicroscope and photo¬
graphed at negative magnifications from x 28 to x 112. Thin sections were examined
in a JEOF JEM 1200 EX electron microscope.
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Table 1. Mean ( + standard deviation) axon counts and percentages in oculomotor,
trochlear and abducent nerves

Myelinated Unmyelinated Ratios
L/S

Large (L) Small (S)

Nerve
No.

( + S.D.) %
No.

(±S.D.) % No. %

Oculomotor 927 ( + 33) (58) 461 ( + 52) (29) 222 (13) 2-0
Trochlear 225 (±12) (73) 57 ( + 8) (19) 26 (8) 40
Abducent 258 (±13) (64) 71 (±7) (17) 77 (19) 3-6

An electron micrographic montage at a print magnification of x 3500 was made of
the entire face of each nerve cross-sectioned. Myelinated fibres clearly fell into distinct
small and large classes (Fig. 1). The total number of fibres of each kind in each nerve
was counted (Table 1). Unmyelinated axon totals in each nerve were estimated from
electron micrographs which were taken at random locations over the entire nerve face.
These covered 25 to 30 % of the total nerve cross-sectional area. They were printed at
x 12000.

OBSERVATIONS

The mean numbers and percentages of large and small myelinated and of
unmyelinated axons in each nerve are shown in Table 1. All three nerves contained a

majority of large myelinated axons. Each also contained a substantial proportion of
small myelinated axons, which was greater in the oculomotor nerve than in the other
two. The numbers of both types of myelinated axon were remarkably similar in all
specimens of each nerve. This is reflected in the low standard deviations. The ratio of
large to small myelinated axon numbers in the oculomotor nerve was approximately
half that in each of the other two nerves. Unmyelinated axons were most frequent in
the abducent nerve and least frequent in the trochlear.

Most small myelinated axons and Remak bundles of unmyelinated axons occurred
clustered together in groups dispersed throughout all parts of all three nerves (Fig. 1).
In addition, however, they were particularly concentrated in that part of the
oculomotor nerve derived from its medial rootlets.

DISCUSSION

The small myelinated fibres in the oculomotor nerve are likely to include its visceral
efferent component. However, it is not clear what type of neuron this fibre class
represents in the trochlear and abducent nerves, which are generally considered not to
contain autonomic components. They may supply intrafusal muscle fibres. Alterna¬
tively, they may innervate slow muscle fibres, as proposed for the trochlear nerve by
Kerns (1980). Their mean calibre is rather less than that of the gamma fibres in lumbar
ventral spinal nerve roots (Kaar & Fraher, 1985; Fraher et al. 1988 a). The oculomotor

Fig. I (a-c). Electron micrographs showing transversely sectioned myelinated fibres of (a) the
oculomotor, (b) the trochlear and (c) the abducent nerves, (c) shows clustering of small myelinated
axons and unmyelinated axon bundles, (a) x8400; (b) x9000; (c) x 8400.
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nerve contains a substantially larger proportion of small myelinated fibres than either
of the other two (Table 1). On the assumption that the oculomotor contains a similar
proportion of small myelinated fibres of the same type as the other two nerves, it may
be calculated, using the ratios in Table 1, that it contains on average an excess of 216
fibres of this type. This probably represents a good estimate of the size of the rat
oculomotor myelinated parasympathetic outflow and amounts to about half of its
small myelinated fibre component. From previous studies (Fraher et al. 1988 b, c) it is
evident that some small myelinated fibres emerge from the brainstem in rootlets in all
parts of the emergent zones of the abducent and oculomotor nerves and in all segments
of the usually single trochlear nerve root. However, the medial oculomotor rootlets
contain especially large proportions and consist, in some cases exclusively, of small
myelinated fibres. These may represent the myelinated autonomic outflow of that
nerve.

In a similar manner to that described above, the expected number of unmyelinated
axons in the oculomotor nerve can be calculated using the numbers present in the
other two nerves. On the basis of trochlear counts the oculomotor contains an excess

of 114, whereas on the basis of abducent counts it contains a deficit of 52 unmyelinated
axons. Unmyelinated axons are present in oculomotor rootlets central to the
CNS-PNS interface (Fraher, 1988, unpublished observations). These could be
unmyelinated parasympathetic axons or could represent central unmyelinated
segments of small axons which were myelinated peripherally. No conclusion may
therefore be drawn as to whether the oculomotor nerve contains an unmyelinated
preganglionic parasympathetic outflow. However, it seems likely that any such
component, if present, would be small.

The unmyelinated axons described differ in arrangement from those which make up
the distinct bundles that join the nerves and run with them for short distances in the
region of the cavernous sinus (Hahn et al. 1987; Nojyo, Tamamaki, Matsuura & Sano,
1988) before separating from them again. Instead, they are found in scattered groups
in all parts of the transversely sectioned nerve face. In this they resemble unmyelinated
axons found in cervical ventral spinal nerve roots (Fraher & O'Sullivan. 1989). Like
some of the latter (Dalsgard, Risling & Cuello, 1982; Risling, Dalsgard, Cukierman
& Cuello, 1984) they may innervate the pia mater or terminate as free endings in the
endoneurium.

The myelinated rat oculomotor fibre number found by Bronson & Hedley-Whyte
(1977) was 15 % less than that of the present study. The rat trochlear nerve at the level
of entry into the superior oblique muscle (Kerns, 1980) had a similar myelinated fibre
composition to that found in the present study, but contained double the percentage
of unmyelinated axons. It is clearly possible that these join the nerve in the interval
between the subarachnoid course of the nerve and the level studied, or else arise
through branching. The percentages of large and small myelinated axons in the
abducent nerve were similar to those reported by Hahn et al. (1987) in 20 days
postnatal rats.

SUMMARY

In the rat oculomotor, trochlear and abducent nerves, large and small classes of
myelinated fibres can be clearly distinguished. Small myelinated axons comprise a
larger proportion of the total in the oculomotor nerve than in the other two. Mean
counts enable the myelinated preganglionic parasympathetic outflow of the oculo¬
motor nerve to be estimated at 216 fibres. Unmyelinated fibres are most frequent in"
the abducent nerve and least frequent in the trochlear nerve.
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SUMMARY

Initially, ventral motoneurone axons in the transitional zone are closely apposed
to one another. They subsequently become progressively separated by astrocyte
processes which grow into the axon bundles. These processes become progressively
more numerous and project into the ventral rootlet as a glial dome. This disappears
with maturation, the surface of the transitional zone becoming level with that of the
surrounding cord.

At first, a considerable length of the axon in and deep to, the transitional zone is
covered only by astrocyte processes. The sleeve of oligodendrocyte cytoplasm myelin¬
ating the axon extends distally along it towards the cord surface, thus decreasing the
length of axon covered by astrocyte processes. Concurrently, the Schwann cell myelin¬
ating the most proximal peripheral internode becomes invaginated into the cord over

lengths of 50 fim or more. Finger-like processes stem from its central end and abut on
the nodal axolemma, as in peripheral nodes. However, a few astrocyte processes
remain closely applied to the nodal axolemma, even at maturity. In the adult, the
attachment zone consists of closely packed invaginations, each containing the central
end of a Schwann cell and its myelin sheath, presenting a honeycomb appearance. \

INTRODUCTION

The axons of ventral motoneurones cross the anterolateral white column of the

spinal cord in bundles which pass through the surface of the cord to enter the subarach-

* Present address: Department of Anatomy, University College, Cork, Ireland.
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noid space. Here they comprise the rootlets which eventually join together to form the
ventral roots of the spinal nerves.

The transitional zone at the surface of the spinal cord, through which these
bundles pass, has a complex structure (Fraher 1978c). This paper examines the tran¬
sitional zone in the cervical region of the developing and mature spinal cord of the rat.
A preliminary account of the findings has been given previously (Fraher 1978a).

MATERIALS AND METHODS

The transitional zone between the spinal cord and ventral rootlets was examined
in a total of 41 Wistar rats. The ages at which animals were examined were as follows
(the number of animals examined at each age is given in brackets): fetuses aged: 171/2
post coitum (2) and 20 days post coitum (2); newborn (6); maturing animals at 1 day
(3), 2 days (6), 3 days (5), 4 days (2), 6 days (4), 12 days (4), 21 days (2). Five adult
animals were also studied.

A detailed description of the methods of tissue preparation used has been given
previously (Fraher 1972). Following anaesthetization with ether, the animals were

perfused through the left ventricle with a solution of 4 % paraformaldehyde and 0.5 %
glutaraldehyde in phosphate buffer at a pH of 7.2. Following bilateral laminectomy
the cervical and upper thoracic segments of the spinal cord, together with the attached
spinal nerve roots and the meninges covering all of these, were removed en bloc after
the spinal nerve trunks had been cut across. After osmication, the 7th cervical segment
and its roots were dehydrated in an ethanol series and placed in epoxypropane. They
were subsequently embedded in Araldite.

At each age, the root-cord junction was examined by means of serial thin and
semithin (0.5-1.0 [jlm) sections of the spinal cord which were cut as follows: (1) trans¬
verse to the spinal cord; (2) tangential to and (3) at right angles to the spinal cord
surface at the attachment of the ventral rootlets. Sections were made using a Reichert
OMU3 ultramicrotome. Thin sections were stained with 0.2% lead citrate for 2 min
and then with uranyl acetate (saturated solution in 50% ethanol) for 10 min. These
were examined using a Philips 301 electron microscope. Semithin sections were stained
with 0.8% toluidine blue. They were examined and photographed using a Reichert
Polyvar photomicroscope and a Leitz Orthoplan microscope, fitted with an Orthomat
camera.

RESULTS

17\ and 20 day fetuses
In the 171/2-day fetuses, the ventral motoneurone axons were directly apposed

to one another in both central and peripheral parts of the bundles. By 20 days, Schwann
cell processes had begun to segregate the axons from one another in the ventral root.
This segregation was greater in extent than that of the central segments, where only an
occasional glial process intervened between the axons. The transition between central
and peripheral nervous systems was not clearly evident within the bundles at this stage.
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Newborn
In the newborn, nearly all axons were unmyelinated centrally and peripherally.

Centrally, pale, slender astrocyte processes intervened between some of the axons

(Fig. la). Very few oligodendrocyte processes were present. Peripherally, axon segre¬

gation was well advanced, though little myelination had yet begun (Fig. lb). The
number of axon segments enveloped by a single Schwann cell varied from one to several.
However, the amount of Schwann cell cytoplasm was distinctly less than in more distal
parts of the root. This cytoplasm was dense and contained numerous ribosomes and
mitochondria. Mesaxons were commonly very tortuous and convoluted.

The interface between the cord and the rootlet was uneven. Astrocyte processes
extended distally into the rootlet for a few microns. Conversely, some Schwann cells
projected into the cord for a short distance. The central ends of some of these lay in
shallow depressions 011 the cord surface (Fig. lb). Generally, no basal lamina inter¬
vened between the two types of cell at this stage.

Some astrocytes around the edge of the fibre bundle projected above the surface
of the cord in the 20-day fetal and newborn animals (Fig. 2). These were enveloped,
sometimes almost completely, by darker cells belonging to the root sheath or pia
arachnoid. The cytoplasm of these cells was in many parts stretched out as a thin
sheet following the undulant surfaces of the astrocytes very faithfully (Fig. 2b). From
the surface of the astrocyte which faced the axon bundle, processes extended to inter¬
vene between the axons at the surface of the cord (Fig. 2c).

Fig. 1. Transverse sections through newborn ventral motoneurone axons. Just central to the cord
surface (a) a few astrocyte processes (arrowed) intervene between the axons. At about the level of the
cord surface (b) dense Schwann cell processes envelope the peripheral axon segments to a variable
degree; some of them also make contact with axons proper to the CNS (Ax).
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Fig. 2. a: pedunculated astrocytes enveloped by darker cells at the cord surface, b: detail, showing
part of darker cell closely following the surface of the astrocyte, c: detail, showing processes stemming
from the attached surface of the astrocyte and surrounding the longitudinally sectioned ventral moto-
neurone axons. Many granules, resembling glycogen in size, are contained in the astrocyte processes.
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Fig. 3. Sections of spinal cord (below) and ventral rootlets (above) at the junctional region between the
two. At 2 days (a) pale irregular astrocytic domes project into the rootlets. At 6 days (b) many peripheral
myelin sheaths extend well deep to the cord surface.

1 and 2 days
Over the first 2 days after birth, astrocyte processes became gradually more

numerous in the transitional zone. They arose from cell bodies lying around the edge
of the fibre bundle and extended into the bundle to branch and interweave with one

another between the axons. As they did so, they gradually separated the axons in the
transitional zone from one another.

Superficially, the mass of astrocyte processes extended into the proximal part
of many rootlets as a shallow dome whose surface was highly irregular and rose to a

height of lOjMm above the surface ofthe surrounding cord (Fig. 3). Extensions consisting
of intricately interwoven astrocyte processes passed distally into the rootlet from the
dome (Fig. 4f). Collars of astrocyte processes also extended distally from the dome for
a short distance into the rootlet around some axons, particularly those which were un¬

myelinated (Figs. 4 a-e). Generally, these consisted of a number of interlocking astro¬
cyte processes (Fig. 4a, b). Flowever, occasionally they consisted of a single large process
into which the axon segment was invaginated, a mesaxon-like structure being thus
formed (Fig. 4c). The collars were on occasion fenestrated. Where the Schwann cell
and astrocyte collar met, the two types of cell often interdigitated with one another in a

complex manner, no basal lamina intervening between them (Figs. 4d, e). The basal
lamina surrounding both collar and Schwann cell in these cases formed a continuous
sleeve (Fig. 4a). In some cases, the collar fell short of the Schwann cell; the intervening
segment of axon was then covered by basal lamina. Some astrocytic collars extended
distally along myelinated axons, occasionally far enough to surround the proximal
end of the myelin sheath. Astrocyte processes also projected distally as an interrupted
lip surrounding the rootlet and lying under the root sheath (Fig. 5).

The majority of axons were bare over long distances (commonly of 20 /rm,
occasionally of up to 100 /im) where they traversed the dome and the cord deep to it
(Fraher 1978c); the axolemma was covered by astrocyte processes separated from it
by a gap of about 20 nm or was closely apposed to that of adjacent axons. At 2 days,
sleeves of oligodendrocyte cytoplasm surrounding axons extended distally into the
transitional zone more frequently than in younger animals, though very few of these
came close to the cord surface. Their plasma membranes were separated from those
of the surrounding astrocytes by gaps of about 20 nm. With increasing depth into the
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Fig. 4. Astrocyte processes extending into the ventral rootlet at 2 days, a and b: longitudinal and trans¬
verse sections through astrocytic collars around axons, c: a single astrocyte process surrounding the
entire circumference of an axon segment. A mesaxon-Iike structure (arrowed) has been formed.
d and e: pale astrocyte and dark Schwann cell processes arranged concentrically at the junction of
astrocytic collar and central end of Schwann cell. /: transverse section through an astrocytic pro¬
jection into the ventral root consisting of 3 separate processes, surrounded by a common basal lamina,
containing no axon.
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Fig. 5. Longitudinal sections through the margin of (a) a 2 day and (b) an adult ventral rootlet, showing
a lip of astrocyte processes projecting distally from the spinal cord (below) to surround the central
end of the rootlet (above). The processes comprising the lip are covered by a common basal lamina.
The lip lies deep to the pia and the root sheath.

cord, the proportion of axons enveloped by oligodendrocyte cytoplasm became pro¬

gressively greater at both ages.
A greater proportion of axons were myelinated centrally and peripherally at

2 days than at 1 day. The turns of myelin central and peripheral to such presumptive
nodes ended as in the juxtanodal regions of purely central and peripheral nodes re¬

spectively at each age. In most cases, the myelinating cells were several microns apart
at this stage, the length of axon between them being covered with astrocyte processes.
In the occasional case where the myelinating cells came to within a few microns of one

another, the levels of the presumptive nodes varied relative to the root-cord interface.
Some lay a few microns deep to it, while others were at or superficial to it, generally
being surrounded by a glial collar.

3 days
At 3 days, the transitional zone projected as a shallow dome into most rootlets.

Its average height was 12 ^m. A section tangential to the surface of the cord, cutting
the transitional zone through the base of its dome-like extension into the rootlet (Fig.
6a), showed that most axons towards the centre of the dome lay within the CNS,
while those towards its edge were generally still surrounded by Schwann cells. That
part of the zone lying below the level of the surface of the surrounding cord was
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Fig. 6. Transverse sections through the transitional zone at 3 days, a: section through a dome-like
projection of the transitional zone into the central end of one rootlet. The fibres in the surrounding
rootlets at this level are still within the peripheral nervous system, b: section through the whole of one
rootlet and part ofanotherjust deep to the cord surface. At this level a few axons (*) are still surrounded
by Schwann cell cytoplasm, one being myelinated,
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Mem

Fig. 7. Transverse section through the central end of a 3-day ventral rootlet invaginating the cord
surface.

commonly circular on cross section (Fig. 6b). Only a few rootlets lacked a glial dome;
their transitional zones instead lay deep to the cord surface. The central end of such a
rootlet therefore lay in a depression on the cord surface (Fig. 7).

At 3 days, the transitional zone was more highly differentiated than previously.
Astrocyte processes at the periphery were large and circumferentially arranged (Fig. 6a).
Those lying centrally were more numerous and more varied in size and shape than at
earlier stages. At this stage, almost every axon observed passed through the transitional
zone in an individual tunnel. The processes surrounding this were flattened and arran¬

ged as interrupted concentric layers (Fig. 8a). Nearly all processes covered only a part of
the axon circumference. However, a few completely surrounded the axon, while a very
small number were wrapped once or twice around the enveloped axon segment. A few
were large and branched, coming into contact with more than one axon.

The majority of these axons remained bare over considerable distances as they
traversed the transitional zone and the cord deep to it. The axolemma was dark and
crenated over these stretches. (It was undercoated in places with electron-dense material
(Fig. 8a).) Bare axon segments were more angular in outline than in adjacent myelinated
parts. The irregularities of the axonal surface were followed very closely by the astrocyte
processes surrounding them. The neurotubules and neurofilaments in the axoplasm
were arranged somewhat more irregularly than in nearby myelinated stretches of
axon (Figs. 8a, b).

By 3 days, the Schwann cells myelinating the most proximal peripheral internodes
had in many cases come to invaginate the surface of the cord. The central end of each
such Schwann cell lay in a cylindrical invagination of the surface of the spinal cord.
The average depth of such invaginations was 5 ,um. Between the Schwann cell and the
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Fig. 8. a: transverse sections through bare axons traversing the transitional zone in a 3 day animal. The
surrounding astrocyte processes contain glycogen-like particles and are arranged as interrupted con¬
centric collars. Inset: Astrocyte processes closely follow the irregularities of the bare axolemma
(A = axon). b\ transverse section through the central end of a 3-day peripheral myelin sheath and
associated Schwann cell cytoplasm invaginating the spinal cord surface. Astrocyte processes surround
the invagination.
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Fig. 9. a and b: longitudinal sections through 3 day ventral motoneurone axons, showing the juxtanodal
parts of (a) an oligodendrocyte and (b) a Schwann cell, bounding immature transitional nodes of
Ranvier. c: transverse sections through adjacent Schwann cell (left) and oligodendrocytic (right)
juxtanodes at 3 days. The two are separated from one another by a slender astrocyte process. A second
Schwann cell is cut transversely below.

surrounding astrocyte was a circular trench, the outer and inner walls of which were
covered by basal lamina (Fig. 8b). The two layers of basal lamina were continuous
with one another at the bottom of the invagination. Between them lay collagen fibres.

Well over half of all axons were myelinated both centrally and peripherally.
The proportion of cases in which the two types of cell were separated by only a few
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microns of axon covered with astrocyte processes was greater than before. Central
to these presumptive nodes, the spirally wound juxtanodal cytoplasm of the oligo¬
dendrocyte contained a high density of tubules running longitudinally in it. These had
pale centres, but contained electron dense material under the bounding membrane,
which was dark (Figs. 9a, c). On the peripheral side of the node the free surface of the
Schwann cell was highly irregular; processes of variable size and shape projected from
it towards the node (Fig. 9b).

4 days
At 4 days the transitional zone resembled that at 3 days. Many transitional nodes

on myelinated axons lay 10 /um or so deep to the root-cord interface. Those Schwann
cells which invaginated the surface of the cord did so to an average depth of 7 ^m.

The transition from the central to the peripheral nervous systems took place
more superficially for small myelinated and unmyelinated axons than for large myelin¬
ated ones.

6 days
Though the transitional zone projected into a smaller proportion of rootlets

than before, when it did so its height above the surface of the surrounding cord was

greater, averaging 14 /um. The astrocyte processes lying in the superficial part of the
zone tended to be more rounded on cross section than previously; they were also spaced
a little further apart. The proportion of axons which were covered with astrocyte
processes over lengths of more than 5 /um or so was much smaller than before. The com¬
plex interdigitation of flattened astrocyte processes lining the tunnels through which
such axon segments passed was correspondingly less often seen.

For the great majority of axons at 6 days, the myelinating cells on either side of
the root-cord interface had approached to within 4 /um of one another. The depth to
which the Schwann cells were invaginated into the transitional zone was greater than
before, averaging 9 /urn (Fig. 3b). The thick sleeve of juxtanodal cytoplasm of these
Schwann cells had an irregular surface, especially close to the node. In some cases, it
gave rise to a few finger-like processes, some of which turned in to abut on the nodal
axolemma. This possessed a dark undercoat. The nodal axolenrma was also closely
related to processes from surrounding astrocytes. These were somewhat smaller than
previously.

10 days
The average depth to which Schwann cells invaginated the surface of the spinal

cord at this age was 18 /um.

12 days
The transitional zone projected into less than half the rootlets at 12 days. In

the majority, its surface was approximately on a level with that of the surrounding cord.
Compared with those ofprevious ages, the most superficial processes in the transitional
zone were much smaller. They were rounded on cross section and were separated by a
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Fig. 10. Transverse sections through ventral motoneurone axons in the transitional zone at 12 days.
a: central end of a peripheral myelin sheath surrounding a large axon, and invaginating the spinal
cord, b: of the smaller axons, some (above) are still bare over long segments as they traverse the tran¬
sitional zone. The Schwann cells around others (below) invaginate the transitional zone, c: transverse
section through a central myelin sheath which extends distally into the ventral root. It is surrounded by
a sleeve of astrocyte processes closely apposed to the oligodendrocyte, d: transverse section through
juxtanodal part of Schwann cell showing finger-like processes stemming from its cytoplasm, e: trans¬
verse section through transitional node surrounded by a collar of astrocyte processes.
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greater amount of intercellular space containing scattered amorphous material (Fig.
10a). Tight junctions of various sorts between the processes in the transitional zone
were more common than at earlier stages (Fig. 10b).

At this age most Schwann cells invaginated the transitional zone. The average

depth reached by those which did so was 23 /<m. Some were in addition surrounded
by glial collars extending outwards into the rootlet beyond the general surface of the
transitional zone.

Between the two layers of basal lamina lining the trench or collar around the
Schwann cell, collagen fibres were present in greater amounts than previously. They
were arranged both circumferentially and longitudinally. Some astrocyte processes

lay within the trench, many being rounded on cross section, others flattened and curved
(Figs. 10a, c). The trench also contained scattered amorphous material.

Astrocyte collars projected into the ventral root, most commonly around un¬

myelinated axons. Of the few collars around myelinated axons, one extended distallv
for 23 fj,m beyond the surrounding surface of the dome to envelope the peripheral end
of a central sheath and the junctional node with the most proximal Schwann cell
(Fig. 10c).

Whether it lay at or deep to the surface of the transitional zone, the transitional
node was surrounded by astrocytic processes. More finger-like processes sprang from
the juxtanodal Schwann cell cytoplasm than at previous ages (Fig. lOd). The juxta-
nodal segment of the oligodendrocyte proximal to the transitional node was closely
enveloped by astrocyte processes. Small projections from these extended into the
nodal region to abut closely on^the axolemma (Fig. lOe). The latter had a dark under¬
coat. The nodal axoplasm was much darker than elsewhere along the axon.

Some smaller axons were still unmyelinated over several microns as they traversed
the transitional zone (Fig. 10b). The astrocyte processes surrounding these were

generally arranged more simply than previously, though they sometimes formed
complex collars around them.

21 days and adult
The transitional zone had a similar form at both these stages. It rarely projected

above the surface of the surrounding cord. Its general plane was approximately on a
level with that of the surrounding cord surface. However, a few complexes of astrocyte
processes containing no fibres extended distally into the root for lengths of up to 30 ^m.
The great majority of Schwann cells were invaginated into the surface of the cord. The
extent of this invagination differed from one fibre to another. The average depth reached
at 21 days was 25 fxm and in the adult 32 /im. In the latter, however, some Schwann
cells penetrated to more than 50 fim below the cord surface.

Compared with earlier stages of development, axons together with the surround¬
ing Schwann cells and their myelin sheaths made up a greater proportion of the adult
transitional zone. The latter resembled a honeycomb; it consisted of cylindrical in¬
vaginations closely packed together and separated from one another by common walls
which were narrower than at previous ages (Fig. 11a). The mouths of the invaginations
lay approximately in the plane of the surrounding cord surface.
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Fig. 11. a: transverse section through adult transitional zone showing peripheral myelin sheaths
around fibres of varying sizes invaginating the cord, b: longitudinal section through a Schwann cell
and its myelin sheath (right) invaginating the spinal cord (left). Note the variation in width of the
trench between the astrocyte processes (left) and the Schwann cell, c: transverse section through an
adult Schwann cell and its myelin sheath invaginating the spinal cord. The trench surrounding the
Schwann cell contains numerous collagen fibres. The astrocyte processes surrounding this fibre are
pale and multi-layered, especially in the lower part of the figure.
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Fig. 12. Longitudinal sections through adult transitional nodes, a: the central end of the invagination
made by the Schwann cell (left) contains collagen fibres running both longitudinally and transversely.
A few pale astrocyte processes approach the axolemma closely, b: numerous finger-like processes
stem from the Schwann cell cytoplasm (right) to about on the nodal axolemma. These interdigitate with
a pale, slender astrocytic process also closely approaching the axolemma. Sub-axolemmal mitochondria
are very common, c: numerous, large astrocyte processes about on the axolemma of this node which
was longer than average. No finger-like processes spring from the Schwann cell (left).

In the superficial part of the transitional zone, the astrocyte processes forming
the walls of the invaginations were on the whole smaller and darker than at 12 days or
before. Their fibrils were densely packed. Many such processes were free and projected
for a few microns into the rootlet, each being surrounded by its own coating of basal
lamina. Astrocyte processes surrounding the deeper parts of the invaginations tended
to be larger, paler and more closely packed than superficially.

The invaginations made by Schwann cells contained greater amounts of collagen
than during development (Figs. 1 lb, 12a). Some collagen fibres came close to the nodal
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axolemma. The juxtanodal parts of Schwann cells were commonly fluted, especially
in the adult; the concavities on the external surface of the myelin sheath contained
cytoplasm rich in mitochondria (Fig. 11 a). The axon was intended by the flutings of the
myelin sheath.

Some invaginations in the adult were surrounded by highly complex walls (Fig.
1 lc). In places, these consisted of several layers of parallel flattened, pale, astrocyte
processes. The fibres surrounded by these often penetrated the cord surface at some
distance from their neighbours.

By 21 days, the Schwann cell and oligodendrocyte bounding the transitional
node had come to within a few microns of one another on virtually all myelinated axons.
Numerous finger-like processes stemmed from the juxtanodal Schwann cell cyto¬
plasm. As in the adult (Fig. 12b), these were commonly irregular in outline or branched
close to the point at which they stemmed from the juxtanodal collar of cytoplasm. They
were more uniform in diameter, but highly tortuous where they turned inward to abut
on the nodal axolemma. The number which appeared to be present varied considerably
between nodes (Figs. 12a, b) and from one part to another of the same node.

Astrocyte processes also came close to the axolemma of the transitional node.
Some were irregular in outline, others thin and elongated (Figs. 12a, b). Some were
intertwined with the finger-like processes stemming from the adjacent Schwann cell
(Fig. 12b). Occasional nodes were unusually long (Fig. 12c). The length of axon covered
by astrocyte processes was correspondingly greater than average in these cases.

At the transitional node, some axons were dilated, often asymmetrically. A few
branches arose at this node. The smaller side-branch remained within the CNS in all

cases observed, being surrounded by a myelin sheath derived from an oligodendrocyte.
The transitional nodes of smaller myelinated fibres lay close to or at the surface

of the transitional zone. As at previous ages, the node, together with the proximal end
of the Schwann cell bounding it, were both surrounded by astrocyte processes, which
in some cases extended for a short distance into the root.

General observations

The surface of the spinal cord surrounding and between adjacent rootlets was
made up of a mosaic of astrocyte processes. These were much larger than those in the
transitional zone.

At all ages, large oligodendrocytes adjacent to the transitional zone were usually
arranged in a column rostral and caudal to it. Their cell bodies lay close to the surface
of the spinal cord. These became smaller as maturation progressed. Their cytoplasm
was dark and contained a high density of ribosomes, with much rough endoplasmic
reticulum. Golgi complexes were particularly prominent; in some examples at 21 days,
these formed a ring completely surrounding the nucleus. These oligodendrocytes were
found to myelinate axons proper to the spinal cord, but not those of ventral motoneu-
rones. The cell bodies of oligodendrocytes myelinating the latter generally lay deeper
in the cord, at the periphery of the intramedullary bundle as it traversed the antero¬
lateral white matter.
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DISCUSSION

During maturation, the complexity of the transitional zone between the spinal
cord and the ventral root increases considerably. Initially, all ventral motoneurone
axons are closely apposed to their neighbours in both central and peripheral parts of
the bundles. At this stage, there is little or no evidence within the bundles of the tran¬
sition between the CNS and PNS. By 3 weeks after birth, most of these axons have be¬
come heavily myelinated both centrally and peripherally. The most proximal
Schwann cell on most axons invaginates the spinal cord. As a result, that part of the
cord which underlies the attachment of each ventral rootlet comes to resemble a

honeycomb.
The process of maturation begins with the progressive segregation of ventral

motoneurone axons from one another and proceeds concurrently in central and
peripheral parts of the bundles. Whereas this begins in the rat a few days before birth,
the segregation of human peripheral axons from one another is under way by the end
of the first trimester of pregnancy (Gamble 1966; Ochoa 1971). In the ventral root,
Schwann cells proliferate, invade the bundles in the rootlets and eventually myelinate
the peripheral axon segments (Peters and Muir 1959; Cravioto 1965; Gamble and
Breathnach 1965; Gamble 1966; Allt 1969; Ochoa 1971; Webster, Martin and O'Conn-
ell 1973; Martin and Webster 1973). By contrast, axonal segregation and myelination
in the transitional zone are performed by two different cell types, astrocytes and oligo¬
dendrocytes, respectively.

Fig. 13. Diagrams showing the progressive changes in the development of the transitional node (see
text). A = astrocyte processes; B = basal lamina; C = collagen fibres; S = spinal cord surface;
SC = Schwann cell and its myelin sheath; O = oligodendrocytic myelin sheath.
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Segregation of central axon segments near the cord surface begins at about birth.
Processes extend in between the axons from astrocyte cell bodies surrounding the
bundles. At first, some of these cell bodies are pedunculated; they project towards the
subarachnoid space and are surrounded by a closely applied capsule of cells belonging
to the root sheath or pia. Neither cell resembles the sessile macrophages commonly
found at this stage near the attachment of the ventral roots to the spinal cord (Fraher
and McDougall 1975). During the few days following birth these astrocyte cell bodies
alter their form to that found at all later stages, in which their free surfaces lie in the
plane of the cord surface.

Axonal segregation in the region of the cord surface is completed within about 3
days of birth. Profuse branching and interdigitation of the astrocyte processes within
the axon bundles result in the formation of the transitional zone — here the processes
form a disc perforated by tunnels which individual axons traverse as they pass between
the CNS and PNS (Fig. 13a). Initially, each axon is surrounded by a multilayered
collar of astrocyte processes, closely packed together and interwoven with one another
in a complex manner. This arrangement may help to insulate neighbouring bare axon

segments from one another. Later, where insulation of the axon is provided by the
surrounding myelin sheath, the astrocyte processes around the Schwann cell or oligo¬
dendrocyte are arranged in a less complex manner, with a greater amount of inter¬
stitial space between them.

Myelination of the central and peripheral internodes on either side of the cord
surface begins at about birth in the rat (Fraher 1976). The part of the oligodendrocyte
myelinating the former first makes contact with the axon deep to the transitional zone

(Fraher 1978b, c). The often considerable length of axon intervening between the
two myelinating cells is surrounded by astrocyte processes (Figs. 13a, b). These are

likely to be acted upon by stimuli promoting myelination which emerge from the axon.
Their morphology, nevertheless, shows little evidence of any response resembling that
of the myelinating cells. Occasionally, a single process is wrapped once or twice around
an axon segment, so forming a mesaxon-like structure. However, serial sections in¬
dicate that such an arrangement exists over only a short length of axon.

After the central axonal segments immediately deep to the cord surface have
become segregated from one another, each begins to be myelinated by an oligo-
dendrocytic myelinating unit. This extends distally along the axon as a sleeve, insinu¬
ating itself between the axolemma and the surrounding astrocyte processes and laying
down a myelin sheath as it does so. Eventually it comes to within a few microns of the
Schwann cell myelinating the most proximal peripheral internode on the same axon,
so forming the immature transitional node of Ranvier between the CNS and PNS
(Fig. 13c). Previous to this, most Schwann cells produce only shallow indentations on
the cord surface. However, subsequently, the Schwann cells myelinating larger axons,

together with the endoneurium surrounding them, become gradually more deeply
invaginated into the cord (Fig. 13d). In the adult, the length of the Schwann cell
invagination may be over 50 nm.

Such an invagination could be caused by differential growth of the structures in
the region of the transitional zone. It could result, for example, if the increase in length
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of the intramedullary part oi the axon failed to keep up with the radial growth of the
spinal cord around it. Alternatively, proliferation of the astrocyte processes of the tran¬
sitional zone could result in their becoming piled up around the central end of the
Schwann cell. Another possibility is that the Schwann cell invaginates the transitional
zone by actively migrating centrally along its axon.

Any differential growth processes which may operate during maturation of the
dorsal root transitional zone produce a different end result. Whereas the proximal end
of the cervical ventral rootlet eventually comes to be embedded in the spinal cord, the
glial dome which begins to project into rat dorsal rootlets during the first week after
birth persists into adult life (Tarlov 1937; Steer 1971; Gamble 1976; Berthold and
Carlsted 1977a,b, c; Carlstedt 1977; Snyder 1977). Also, considering the many macro¬

scopic differences between cervical ventral roots and those attached to more caudal
parts of the spinal cord (for example, the much greater length of the lumbar roots and
their near-longitudinal course in the subarachnoid space), it is possible that the
transitional zones of the latter may differ from those in the cervical region.

Over the whole depth of the invagination, the Schwann cell is surrounded by
endoneurial collagen and basal lamina, the latter being reflected onto the astrocytic
wall of the invagination at the level of the transitional node. By being invaginated
into the spinal cord, the Schwann cells may strengthen the attachment of the rootlets
to the cord, particularly during movements of the vertebral column, when the spinal
nerve roots come under tension. If all transitional nodes were in the plane of the cord
surface, any tendency for the fibres to snap at this point of sharp change in their direc¬
tion would be resisted only by the axon, the surrounding node substance and the endo-
neurium. Because most of the nodes lie deep to the cord surface, such a tendency is
resisted in addition by the myelin sheath and the Schwann cell cytoplasm outside and
inside it. Since the transitional nodes on fibres in a given bundle lie at different depths

Fig. 14. Diagram showing the arrangement of the CNS-PNS transitional zone of unmyelinated axons
(see text).
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below the cord surface, there is no single plane, even within the cord, at which the bund¬
le is particularly liable to snap under tension.

Because of the invagination of the Schwann cells into the spinal cord, transitional
nodes belonging to myelinated fibres of all sizes are from an early stage in their de¬
velopment more isolated from their neighbours than typical central or peripheral nodes.
Thus, each is surrounded not only by a ring of astrocyte processes, but also by endo¬
neural basal lamina and collagen.

By contrast, unmyelinated axons pass between the CNS and PNS at, or even
distal to, the general surface of the transitional zone (Fig. 14). Commonly, a collar of
astrocyte processes extends distally into the rootlet for a few microns around the axon,

frequently interdigitating in a complex manner with the central end of the most proximal
Schwann cell. Often, no basal lamina intervenes between the two cell types. In some

places, where the two cells fail to come into close apposition with one another, basal
lamina closely surrounds the bare axon segment intervening between them.

At all stages, the interface between the CNS and PNS at the ventral rootlet
attachment is very uneven. Initially, the glial dome presents an undulant surface to
the rootlet. The irregularity of this is accentuated by the presence of glial collars sur¬

rounding axons and of invaginations by Schwann cells. In addition, an interrupted
lip of astrocyte processes extends distally into the rootlet from the margin of the dome
to surround the most proximal part of the rootlet. Also extending distally from the
transitional zone are long, slender complexes consisting of interwoven astrocyte
processes, which have no close relation with nerve fibres. Less frequently, the uneven-
ness of the surface of the transitional zone is added to by central myelin sheaths sur¬
rounded by sleeves of astrocyte processes which extend distally for up to 20 or so
into the rootlet. In the mature animal, the root-cord interface remains highly irregular,
thecloselypackedSchwanncell invaginationsgivingitthe appearance of a honeycomb.

Comparison of the present findings in the adult animal with observations on the
transitional region of adult dorsal rootlets (Berthold and Carlstedt 1977a,b,c;
Carlstedt 1977) shows that myelinated axons pass between the CNS and PNS in a
similar manner in both locations. In both places, the most proximal end of the Schwann
cell lies in an invagination into the CNS tissue, at the bottom of which lies the transition¬
al node. The two rootlets clearly differ as to the location of the CNS tissue invaginated
by the Schwann cells. This lies within the dorsal rootlet itself, whereas Schwann cells
of the ventral rootlet invaginate the cord. Astrocyte processes project distally into
both dorsal and ventral rootlets. Those in the dorsal rootlets take the form of a glial
fringe (Berthold and Carlstedt 1977a, b, c; Carlstedt 1977) attached proximally to
the glial dome. Much of the corresponding fringe in the ventral rootlet lies below the
plane of the surrounding cord.

In addition to the astrocytic projections from the transitional zone, the ventral
root also contains a number of astrocytic islands. These may extend as far distally as
0.5 mm into the root in the rat (Fraher 1974). Their ultrastructure, including the
arrangement of the astrocytes within them, closely resembles that of the transitional
zone. Most segments of myelinated axons traversing them are bare. The Schwann cell
at either end of the bare segment invaginates the island for several microns — a further
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similarity with the transitional zone. Glial islands have also been described in dorsal
spinal nerve roots (Steer 1971) and in the roots ofcranial nerves (Tarlov 1937; Maxwell,
Kruger and Pineda 1969).
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SUMMARY

Stereological methods were used to calculate the proportions made up by
the various tissue components of the transitional zone between C7 ventral spinal
nerve rootlets and the spinal cord in Wistar albino rats at 1, 4 and 12 days
after birth.

The zone is about 20 jim deep at each age studied. Astrocyte processes form
its major component, and are most densely packed in the middle and inner thirds
of the zone throughout the period examined. The zone projects about 10 /im into
the ventral rootlet shortly after birth but this projection has disappeared by
12 days. This is likely to be the result of a relative overgrowth of the cord tissue
surrounding the attachment of the rootlet.

In the outer third of the zone (adjacent to the ventral rootlet), Schwann cell
perikarya are prominent features at 1 day, but are virtually absent at 4 days and
subsequently. Schwann cell material is absent from the middle and inner thirds of
the transitional zone at 4 days. Between 4 and 12 days, there is a relative
invagination of Schwann cells into the deepest part of the zone. CNS-PNS tran¬
sitional nodes are almost all located in the outer third of the zone at 4 days, but
by 12 days have become evenly distributed throughout the zone.

0022-510X/82/0000-()000/$02.75 © Elsevier Biomedical Press
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INTRODUCTION

Bundles of ventral motoneurone axons (intramedullary rootlets) cross the
ventrolateral white column of the spinal cord and emerge through the cord surface
to enter the subarachnoid space where they comprise the ventral rootlets. A number
of these join together to form each segmental ventral spinal nerve root. Where
each ventral rootlet is attached to the cord surface, its fibres traverse the transitional
zone, which consists of a plug of intricately interwoven astrocyte processes. In
mature rats the transitional zone between the intramedullary and ventral rootlets
lies at and somewhat deep to the cord surface at the cervical level (Fraher 1978a).
This is in contrast to the arrangement of the adult dorsal root transitional zone,
where CNS tissue projects as a dome into the proximal part of the root (Tarlov
1937; Berthold and Carlstedt 1977a,b,c; Carlstedt 1977).

The transitional zone is a specialised part of the sheet of astrocyte processes

covering the spinal cord surface. The general ultrastructural features of the
developing ventral root transitional zone have been described in a previous paper

(Fraher 1978a). Shortly after birth the outer part of the transitional zone comes
to project into the proximal part of the rootlet as a dome. This becomes less
prominent over the first 2 postnatal weeks until the distal limit of the zone is level
with the surface of the surrounding cord, when the zone attains a form closely
resembling that in the adult (Fraher 1978a). The central-peripheral transitional
nodes develop in the zone, the central paranodes being formed by oligodendrocytes,
the peripheral paranodes by Schwann cells.

The present study is a quantitative and stereological investigation into age

changes in the proportions of the various constituents of the transitional zone of
the 7th cervical nerve in the rat, between 1 and 12 days after birth — the period of
zone development involving the most marked changes in its form and position.
It examines the compactness of the morphological barrier between the central and
peripheral nervous systems. It also attempts to quantify the dynamics of age changes
in the position of the transitional zone relative to the cord surface, in relative
movements of the myelinating cells within the zone, and in the position of the
transitional node.

MATERIALS AND METHODS

The investigation was carried out using Wistar albino rats. After a normal
gestation period, which was 21.5 days for all litters, 6 animals, each from a different
litter, were killed at each of the following ages: 1, 4, and 12 days postnatal. Each
postnatal age was correct to within 1 h.

Under chloroform anesthesia, each rat was killed by perfusing it through the
left ventricle with a solution of 4% paraformaldehyde and 0.5% glutaraldehyde in
a phosphate buffer of osmolality 375 mOsm/lit., at pH 7.2, preheated to 38 °C
(Fraher 1972). Following perfusion, the entire cervical and upper thoracic spinal
cord, with the surrounding meninges were exposed by bilateral laminectomy.
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The 6th, 7th and 8th cervical spinal cord segments together with their attached
dorsal and ventral roots were removed. The 7th segment with its roots was isolated
from the other two, and was bisected sagittally through the median plane.

Each specimen was left in perfusate solution for 1 h. It was then washed in
the phosphate buffer for a further 30 min, postfixed in osmium, dehydrated in
ethanols and in epoxypropane before being embedded in Araldite.

Planes of section
Serial thick (0.5 /rm) and thin (50 nm) sections were cut through the 7th

cervical ventral root-spinal cord transitional zone in the following planes relative
to the spinal cord (Fig. 1):

(i) Transverse. In these, central (intramedullary) parts of ventral moto-
neurone axons were cut longitudinally to a depth of 40-50 pm deep to the cord
surface (Figs. la,b).

(ii) Parasagittal. These produced longitudinal sections of axons traversing
the transitional zone (Fig. lc).

Fig. 1. a: Transverse section of 12-day spinal cord showing ventral root (R), spinal cord (S), transitional
zone (T) and intramedullary rootlet (I) transversing the ventrolateral white column ( x 195). b-d: Dia¬
grams of transversely sectioned spinal cord showing planes of serial section of the transitional zone
(dotted): b: transverse; c\ parasagittal (arrow shows direction in which plane of section advanced);
d: tangential (arrow shows direction in which plane of section advanced).
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(Hi) Tangential. These gave coronal sections through the ventral rootlets
adjacent to the spinal cord surface and transverse sections of the transitional zone
at right angles to the intramedullary bundles (Figs. Id, 2).

Fig. 2. a: Transverse section through the superficial part of a transitional zone at 1 day postnatal
( x 5300). Note the presence of 2 Schwann cells showing nuclei and perikarya (see text) (*). b,c: Electron
micrographs of transversely sectioned 4-day transitional zone ( x 17,500) showing the classes of tissue
examined: (i) interstitium (I); (ii) astrocyte (As); (iii) oligodendrocyte cytoplasm (O); (iv) Schwann cell
cytoplasm (S); (v) oligodendrocyte myelin (M-ol); (vi) Schwann cell myelin (M-s); (vii) axon (Ax).
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All the zones examined were sectioned serially throughout their entire extent.
Thick sections were mounted serially on glass slides and stained with toluidine blue.
Thin sections were mounted on copper grids and stained with 2/ uranyl acetate
in dry absolute methanol and post-stained in Reynold's lead citrate. The relative
position in each series of each thick section and grid was known. The thickness of
the thick sections was known, the accuracy of the microtome having been verified
by serially sectioning an object of known dimensions. The number and the approx¬
imate thickness of all thin sections were also known. Using this information, the
position of any structure in the transitional zone could be estimated with consider¬
able accuracy in each type of series.

Sections were cut as follows:

Series (i): At each age, 10 transitional zones were examined on sections
transverse to the spinal cord (Figs. la,b). Apart from a series of 50 thin sections,
approximately at the midplane of each zone, all sections in series (i) were thick.
Using this series the mean angle between the rootlets and the associated intra¬
medullary bundle was calculated at each age.

Series (ii): At each age, the whole extent of each of 8 transitional zones was
sectioned parasagittal^ (Fig. lc) by means of alternate sequential series of 5-10
thick and 20-30 thin sections.

Series (iii) : At each age, the whole extent of each of 8 transitional zones was
sectioned at right angles to the intramedullary bundles (Fig. Id) by means of
alternate sequential series of 5-10 thick and 20-30 thin sections.

Thin sections were examined and photographed using an AE1 Corinth 500
electron microscope at a negative magnification of x 5000. Montages were made
of the transitional zone at a print magnification of x 17,000 to x 18,000 (see below).
A more precise magnification was obtained in each case by photographing a
standard calibration grid under the same conditions of magnification as the thin
sections during each photographic session.

Calculation of zone depth and the division of the zone into thirds
Zone depth was calculated using serial tangential and parasagittal sections

(series (iii) and (ii), respectively). Using tangential sections, the outer margin of
the zone was identified in the outermost section in which the pale astrocytes of the
zone were present. The inner margin of the zone was identified in the outermost
section in which all axons myelinated by Schwann cells distally were myelinated
by oligodendrocytes. The distance between these 2 levels was calculated in /im

using the known values for section number and thickness. Zone depth was also
calculated from electronmicrographs of serial longitudinal sections of the tran¬
sitional zone (series (i)). The mean distance, between the transverse plane of the
rootlet at the margin of the most distal Schwann cell paranode. and the transverse
plane of the intramedullary bundle at the margin of the most proximal oligo¬
dendrocyte paranode, was calculated and the depth converted to pm. Values for
zone depth were similar for both methods. At 1 day, electronmicrographs of
transverse thin sections of the zone were used to verify the location of its inner
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margin, as only occasional axons were myelinated. At this stage, it was only in
the outer third of the zone that axons were enveloped by Schwann cells. On tracing
these axons more deeply on serial sections, most were found to be surrounded by
closely apposed astrocyte processes over some distance in the transitional zone.
More deeply still, they became enveloped by oligodendrocyte processes. The deepest
extent of the zone at 1 day was defined as the level at which all of those axons
which were enveloped by Schwann cells in the outer third of the zone and/or at
the root-zone interface had become enveloped by oligodendrocyte processes.

The depth of 10 zones at each age was calculated as outlined above and the
average value was found to be approximately 19 /im throughout the age span
studied. Accordingly, the zone was divided into outer, middle and inner levels,
each 6.3 /im deep.

Stereological study of the zone contents
Electron-micrographic montages through the transitional zone were made

as follows: 8 montages, each from a different animal, were made of longitudinal
sections through the zone parallel to the axons traversing it at each age (series (i)
and (ii)). Eight montages were made of the entire transverse section of the zone

through the mid-plane of its outer, middle and inner thirds at each age (series (iii)).
Using the montages, a stereological study was made on each level of the zone, at
each age. Ten random trace lines were laid across each montage and the intercepts
made by the components of the zone were measured. The proportion of the
transitional zone made up by each of the following classes of tissue was measured
by the linear intercept method (Underwood 1970): astrocytes; oligodendrocytes;
Schwann cells; Schwann cell myelin; oligodendrocyte myelin; axons; interstitium
(Fig. 2). The mean percentage area of each of the above components was calculated
for the outer, middle and inner levels of the zone at each age, by pooling the
values found from all of the montages at each level. The results for the major
components of the zone are given in Table 1. The mean percentage area of each
class of component in the zone as a whole was also calculated at 1, 4 and 12 days
(Fig. 3).

Axon population study
The circumferences of all myelinated and unmyelinated axons in the tran¬

sitional zone at each age were measured using the Reichert MOP AMO 3 semi¬
automatic image analyser. Percentage frequency histograms were constructed to
show the circumference distribution of both classes of axon (see Fig. 5). The mean
circumference (together with its standard deviation) of all transversely sectioned
axons in the zone was also calculated.
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TABLE 1

MEAN PERCENTAGE AREAS OF INTERSTITIUM, ASTROCYTES, OLIGODENDROCYTES,
SCHWANN CELLS, MYELIN AND AXONS AT EACH LEVEL OF THE TRANSITIONAL ZONE
AT EACH AGE

Level Age
(days)

Interstitium Astrocyte Oligodendrocyte Schwann
cell

Myelin"

sc ol

Axon

Outer third 1 15.4 18.7 0 42.2 1.0 15.6
4 14.1 38.0 5.8 7.3 1.2 1.0 24.6

12 18.2 29.0 6.5 10.0 7.1 2.9 23.0

Middle third 1 4.3 43.5 7.8 0.01 _ 0.2 35.8
4 7.0 40.8 11.2 0.1 0.1 2.6 33.3

12 8.1 40.5 6.2 4.6 5.1 3.3 27.3

Inner third 1 4.6 33.8 12.0 0.0 0.2 43.9
4 5.4 47.9 7.1 0.0 - 2.5 34.2

12 8.7 46.1 6.1 3.7 3.5 5.0 23.1

sc: Schwann cell myelin; ol: oligodendrocyte myelin.
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Fig. 3. Histograms showing, for the zone as a whole, the proportion made up at 1, 4 and 12 days by
the following tissues: interstitium; astrocyte; oligodendrocyte; Schwann cell; myelin(s = Schwann cell
myelin; ol = oligodendrocyte myelin); axon.

OBSERVATIONS

(1) The angle between ventral rootlets and intramedullary bundles
The mean angle between the ventral rootlets and the intramedullary bundles

remained constant at 114° over the period studied.

(2) Zone depth and position
The depth of the transitional zone was found to be the same whether it was

estimated on serial transverse or longitudinal sections. It changed little over the
period studied, averaging 18.8 pm at 1 day, 19.5 pm at 4 days, and 19.5 /rm at
12 days. The dome of astrocyte material forming the superficial part of the zone
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extended into the ventral rootlet for 10 /jm at 1, and 12 pm at 4 days. However,
by the 12th day the external margin of the zone was at the cord surface, and some
Schwann cells had invaginated the zone to a depth of almost 20 pm.

(3) Zone composition
Age changes in the proportions of the various components of each third of

the zone are shown in Table 1. The more noteworthy differences in composition
between the 3 levels of each zone at each age were as follows: Interstitium comprised
much more of the outer than of the middle or inner thirds of the zone at each age.
At 4 and 12 days, astrocytes comprised a gradually increasing proportion as the
zone was traced centrally; however, at 1 day their proportion was greatest in the
middle third of the zone. Schwann cell material was almost entirely confined to
the outer third of the zone at 1 and 4 days, but by 12 days it was present at all zone

levels, when it made up a progressively decreasing proportion from the outer to
the inner third. Amounts of Schwann cell myelin followed a similar pattern.
Oligodendrocyte myelin tended to make up a progressively decreasing proportion
from the inner to the outer third of the zone at each age. Age changes in the
proportions of the various components within each third of the zone are also
evident from Table 1. Among the more significant changes are the following: The
mean percentage area of interstitium changed little with age in the outer third and
increased somewhat in the middle and inner thirds. Astrocytic material tended to be
the principal tissue present at each level. Its proportion changed little with age in
the middle third, and showed some tendency to increase in the outer and inner
thirds. Schwann cells were present in the outer third at all stages, where their
proportions underwent remarkable age changes: At 1 day they comprised over

40% of the total area. Of this 40%, over half was made up by nuclei and perikarya
(Fig. 2a). Longitudinal and serial transverse sections showed that these Schwann
cells were at most only a few tens of pm in length. The decreased proportion of
Schwann cell material at 4 and 12 days was largely due to the absence of nuclei
or perikarya from the zone. Schwann cells comprised a significant proportion of
the middle and inner thirds of the zone only at 12 days. The proportion of the
zone made up by myelin increased gradually from around 1% at 1 day to 9% at
12 days.

Age changes in the mean percentage area of the various components in the
zone as a whole are shown in Fig. 3. Over the period studied, the mean percentage
area of interstitium increased progressively from 8 to 12%. Astrocytes comprised
the largest percentage of the cross-sectional area at each age, increasing from 32%
at 1 day to around 42% at 4 days and remaining relatively unchanged thereafter.
Oligodendrocytic material increased, from 7% to 10% between 1 and 4 days, after
which it remained relatively constant. Schwann cell material dropped sharply from
11 % at 1 day to 3% at 4 days and rose again to 14% at 12 days. The area made up

by myelin increased gradually with age from 0.5% to 9%. The percentage area of
axonal material almost equalled that of astrocytes at one day but declined
progressively thereafter.
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(4) The junctional node
At 1 day, most axons were directly related to astrocyte processes, and

partially or entirely lacked ensheathment by a myelinating cell over most of the
depth of the transitional zone. However, occasional axons were enveloped by
oligodendrocytes as far distally as the outer limit of the zone, where they came
close to the most proximal peripheral Schwann cell, though no mature junctional
nodes were encountered at this age.

At 4 days, though a few junctional nodes occurred at all levels, the great
majority lay close to the outer limit of the zone. The bare nodal axon segments
ranged in length from 0.7 to 2.6 /mi. Occasional axons remained at least partly
uncovered by a myelinating cell over distances of up to 15 /mi within the zone.

At 12 days, junctional nodes ranged in length from 0.6 to 1.5 /mi and were

present at all levels of the transitional zone. Microvilli projected into the perinodal

Fig. 4. Longitudinal section through a 12-day CNS-PNS transitional node ( x 17,500). Note the astrocyte
process juxtaposed to the axolemma, stemming from an immediately adjacent perikaryon. (Left: CNS;
right: PNS).
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space of many nodes at this stage. Transverse, longitudinal and tangential sections
showed that astrocyte processes formed a collar around the axon which came into
close apposition with the nodal axolemma over most of its circumference (Fig. 4).

(5) Axonal dimensions within the zone
The distribution of the circumference of unmyelinated axons not enveloped

by either Schwann cells or oligodendrocytes was unimodal at all ages (Fig. 5).
It shifted to the left as age advanced. This was reflected in age changes in the mean

circumference, which decreased gradually from 4.0 /im at 1 day, through 3.9 /im at
4 days, to 2.8 /im at 12 days. The modal circumference lay between 4 and 6 /xm
at 1 day and between 2 and 4 /xm at 12 days. Some axons, mostly in the inner and
middle thirds of the zone at 1 and 4 days showed dilatations similar to those
described previously (Fraher 1978b).

Circumference did not differ significantly between axons enveloped by
Schwann cell or oligodendrocyte myelin sheaths. Myelinated axons had a unimodal
circumference distribution throughout (Fig. 5). This increased in range as age
advanced. The mean circumference of myelinated axons increased progressively
with age, being 5.3 /xm at 1 day, 5.8 /xm at 4 days and 6.1 /xm at 12 days. The
modal class was that between 4 and 6 /xm at 1 and 4 days and that between 6
and 8 /xm at 12 days.

Over the period studied, axons surrounded by astrocyte processes decreased
steadily not only in circumference but also in absolute numbers and in the
proportion of the cross-sectional area of the zone which they comprised (from 30%
to 4.3%). There was a reciprocal increase in the proportion of the transitional zone
made up by myelinated axons (from 2.5% at 1 day to 20% at 12 days).

DISCUSSION

The surface of the CNS generally is clothed by a sheet of interlocking astrocyte
processes and perikarya, which in the transitional zone forms a cellular barrier
between the central and peripheral nervous systems. Clues as to the level of the
zone at which this barrier is most densely woven may be obtained by examining the
relative amount of astrocyte material in conjunction with its packing density, the
latter being inversely related to the proportion of interstitial space present (Table 1).
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Fig. 5. Percentage frequency histograms showing the distribution of unmyelinated (shaded) and myeli¬
nated (unshaded) axon circumference at each age. Ordinates: percentage; abscissae: axon circumference
(/m). Class interval: 2 /xm.
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At each age it is in the middle and inner thirds of the zone that the astrocytic barrier
is most densely woven. Astrocyte processes are much less densely packed and
make up a much smaller proportion in the outer third, compared with the other
levels of the zone. The proportion of interstitium tends to increase at each level as
the transitional zone matures (Table 1). While the increase is slight in the outer
third, the proportion approximately doubles in the other 2 levels of the zone.
The resulting decrease in the compactness of the barrier may be compensated for
by the astrocytic collar (Fig. 4) closely surrounding each transitional node. The
varying amount of interstitium may be related to axon function: Closely packed
astrocyte processes may insulate bare lengths of axon from one another, prior to
their ensheathment by myelinating cells and the formation of the definitive
CNS-PNS nodes. Once these have been formed and adjacent stretches of axon

myelinated, this insulating function might become less important; a relative increase
in the amount of interstitium in the zone and therefore in the environment of the
nodes might aid more rapid diffusion of metabolites and ions to and from axons
and their associated sheath-forming cells.

In the first 2 weeks after birth, the transitional zone first changes its composition
and then its location: In the dome projecting into the rootlet, the astrocyte processes
are relatively loosely arranged at 1 day, but by 4 days they have doubled their
proportion and the dome has become more consolidated. These changes persist
at 12 days. The proportion of the zone made up by astrocyte perikarya increases
from 1% at 1 day to 5% at 4 days and remains unchanged at 12 days. The
transitional zone changes its location between 4 and 12 days after birth, by sinking
into the spinal cord, so that its outer margin, which at 4 days lies 12 nm above
the cord surface, becomes level with the surface at 12 days. The composition of
each level of the zone remains fairly constant during this relative inward movement,
suggesting that the change is due less to reorganisation of the components of the
dome itself than to differential growth of the spinal cord. This explanation of the
depression of the transitional zone relative to the cord surface is supported by the
increase in the rate of radial growth of the spinal cord shortly after 7 days,
accompanying the onset of myelination in the ventrolateral column tracts adjacent
to the transitional zone (Fraher 1976, unpublished) and in the corticospinal tracts
(Samorajski and Friede 1968; Shonbach et al. 1968; Matthews and Duncan 1971).
While these changes are taking place there is little or no change in the distance
between the inner and outer margins of the zone; this remains remarkably constant
at about 20 (im.

Axon ensheathment changes markedly within the transitional zone over the
period studied (Table 1). At 1 day, astrocyte processes are apposed to most axons
over most of their course through the zone. At 4 days, though a small proportion
of axons remains ensheathed in this manner, most axons are enveloped by
oligodendrocytes in the middle and inner thirds of the zone, and the ends of
oligodendrocytes and Schwann cells bounding most individual presumptive nodes
have approached to within 3 /im of each other. By contrast, Schwann cells remain
almost entirely confined to the outer third of the zone at 1 and 4 days. After this,
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however, they become invaginated into the innermost part of the zone, so that
by 12 days Schwann cell material is found at all levels of the zone. The location of
the junctional nodes reflects these changes: At 4 days the majority lie in the outer
third of the zone. By 12 days nodes are found with similar frequency at all levels in
the zone. The most likely sequence of events responsible for these changes in
position of the ensheathing cells and the junctional nodes would seem to be the
following: First, the oligodendrocyte processes extend distally through the zone
towards its interface with the ventral rootlet. This movement occurs mostly between
1 and 4 days. As the relative position of the astrocyte dome does not change during
this period, it is likely that the oligodendrocyte processes related to individual
axons actively progress distally, dissecting astrocyte processes away from the axon
surfaces. Following this, relatively slow longitudinal growth of the central axon

segments results in the central ends of the most proximal Schwann cells sinking
into endoneurial trenches due to differential distal overgrowth of consolidated
astrocytes of the zone around them.

The marked drop after 1 day in the proportion of the outer third of the
transitional zone made up by Schwann cells is largely due to the absence of nuclei
and perinuclear cytoplasm of short Schwann cells at 4 days and subsequently.
Possible explanations include the following: The Schwann cells may migrate distally
out of the zone along their associated axons, oligodendrocyte processes extending
distally to envelop the vacated axon segments. Alternatively, the short internodes
may elongate distally without any change in the position of their proximal ends,
their nuclei and much of the associated cytoplasm migrating out of the transitional
zone into the rootlet. This might be associated with the formation of compact
myelin, resulting in the extrusion of Schwann cell cytoplasm from between the
layers of the mesaxon and its redistribution to more distal parts of the cell.
Some of the Schwann cells initially lying free within the transitional zone (Fraher
1978a) might establish contact with axon segments and subsequently migrate or
extend distally along these axons as described above. Schwann cell degeneration
(Berthold 1968; Berthold and Skoglund 1968a,b) sometimes observed in the outer
third of the zone might also contribute to the changes.

Though mean axon calibre in the zone increases progressively over the period
studied, the proportion of axoplasm decreases, due to a faster growth rate of other
zone components. Also, the relative proportion of axoplasm decreases progressively
from the inner to the outer third of the zone at 1 and 4 days. The dilatations
present on some axons might contribute to this progression. The location of the
junctional nodes in the outer third of the zone at and before 12 days may also play
a part, as axon calibre tends to be less at nodal and paranodal levels than at other
parts of the internode.

Axons with a mean circumference of 2.8 /jm or over are selectively myelinated
in the zone. At each age many unmyelinated axons partially or wholly surrounded
by astrocyte processes have a circumference greater than this value, yet are only
beginning to be enveloped by sheath-forming cells. Myelination is initiated in
relation to axons of greater mean circumference at 1 and at 4 days. These changes
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during early myelination in the transitional zone correspond closely to the sequence
of events during the same period in the rat ventral root (Fraher 1972), where axons
with a circumference less than 2.8 /tm tend not to be myelinated, and myelination
is initiated in relation to axons of widely varying circumference.

ACKNOWLEDGEMENTS

The authors wish to thank Mr. D. O'Leary for his technical assistance and
Ms. M. O'Reilly for typing the manuscript.

REFERENCES

Berthold, C.-H. (196S) Ultrastructure of postnatally developing peripheral nodes of Ranvier, Acta Soc.
Med. upsal., 73: 145-168.

Berthold. C.-H. and T. Carlstedt (1977a) Observations on the morphology of the transition between the
peripheral and the central nervous system in the cat. Part 2 (General organization of the transitional
region in S, dorsal rootlets), Acta physiol. scand., Suppl. 446: 23-42.

Berthold. C.-H. and T. Carlstedt (1977b) Observations on the morphology of the transition between
the peripheral and the central nervous system in the cat, Part 3 (Myelinated fibres in S| dorsal
rootlets). Acta physiol. scand.. Suppl. 446: 43-60.

Berthold, C.-H. and T. Carlstedt (1977c) Observations on the morphology of the transition between
the peripheral and the central nervous system in the cat. A light microscopical and histochemical
study of S| dorsal rootlets in developing kittens), Acta physiol. scand.. Suppl. 446: 73-85.

Berthold, C.-H. and S. Skoglund (1968a) Postnatal development of feline paranodal myelin-sheath
segments, Part 1 (Light microscopy). Acta Soc. Med. upsal., 73: 1 13-126.

Berthold, C.-H. and S. Skoglund (1968b) Postnatal development of feline paranodal myelin-sheath
segments, Part 2 (Electron microscopy), Acta Soc. Med. upsal., 73: 127-144.

Carlstedt, T. (1977) Observations on the morphology of the transition between the peripheral and the
central nervous system in the cat. Part 4 (Unmyelinated fibres in S[ dorsal rootlets), Acta Soc.
Med. upsal., 446: 61-72.

Fraher, J. P. (1972) A quantitative study of anterior root fibres during early myelination, J. Anat.
(Lond.). 112: 99-124.

Fraher, J. P. (1978a) The maturation of the ventral root-spinal cord transitional zone. J. neurol. Sci.,
36:427-449.

Fraher. J. P. (1978b) Quantitative studies on the maturation of central and peripheral parts of individual
ventral motoneuron axons. Part 1 (Myelin sheath and axon calibre), J. Anat. (Lond.), 126: 509-533.

Matthews, M. A. and D. Duncan (1971) A quantitative study of morphological changes accompanying
the initiation and progress of myelin production in the dorsal funiculus of the rat spinal cord.
J. comp. Neurol., 142: 1-22.

Samorajski, T. and R. L. Friede (1968) A quantitative electron microscopic study of myelination in
the pyramidal tract of the rat, J. comp. Neurol., 134: 323-338.

Shonbach, J.. K. H. Hu and R.L. Friede (1968) Cellular and chemical changes during myelination —

Histologic, autoradiographic, histochemical and biochemical data on myelination in the pyramidal
tract and corpus callosum of rat. J. comp. Neurol.. 134: 21-38.

Tarlov, I. M. (1937) Structure of the nerve root, Part 1 (Nature of the junction between the central and
the peripheral nervous system), Arch. Neurol Psychiat., 37: 555-583.

Underwood, E. E. (1970) Quantitative Stereology, Addison-Wesley Publishing Company, London.



J. Anat. (1983), 136, 1, pp. 111-128
With 9 figures
Printed in Great Britain

111

Cell clusters on fetal rat ventral roots: prenatal development

JOHN P. FRAHER AND JOHN P. ROSSITER

Department ofAnatomy, University College, Cork, Ireland

{Accepted 2 April 1982)

INTRODUCTION

Prior to the onset of myelination in the rat ventral rootlet, pedunculated clusters of
cells have been described projecting from the surface of its most proximal part,
immediately adjacent to its attachment to the spinal cord (Fraher, 19786). 'Con¬
glomerates of Schwann cells' have been noted by Carlstedt (1981) in relation to the
dorsal rootlet bundle of the cat close to the spinal cord surface. The clusters of cells
attached to the proximal ventral rootlet after birth decrease in prominence and
number in the first few days postnatum (Fraher, 19786). The present study examines
the morphological features, origin and fate of cells comprising these clusters during
the prenatal period. The preliminary findings have been previously reported (Fraher
& Rossiter, 1982).

Cells of the type to be described are found in relation to that part of the ventral
rootlet, immediately distal to its emergence from the spinal cord, where it curves
laterally in the subarachnoid space before joining with other rootlets to form the
ventral root (Fig. 1). This part of the rootlet will be referred to as the proximal
rootlet segment.

MATERIALS AND METHODS

Wistar albino rats were used in the investigation. Eight fetuses, two from each
of four different litters, were examined at each of the following ages, post coitum:
13, 15, 17, 19 and 21 days. All ages were known to an accuracy of 1 hour. The
mean gestation period of the breeding stock from which the litters were taken was
21-5 days.

Specimens were prepared as follows: the pregnant doe was anaesthetised using
anaesthetic ether. Fetuses were delivered by Caesarean section through an abdominal
hysterotomy and were immediately decapitated and placed in a bath of fixative.
The doe was then killed. The fixative was a solution of 2% paraformaldehyde and
2-5% glutaraldehyde in a phosphate buffer at pH 7-2, pre-heated to 38 °C. While
in the bath, the fetus was bisected sagittally. Each half of the cervical vertebral
column, together with the related half of the spinal cord, was then removed and
immersed in fixative for a total of 2 hours. Following this, all specimens were
washed in the phosphate buffer for a further 30 minutes, post-fixed in osmium
tetroxide, and dehydrated in ethanols and epoxypropane before being embedded in
Araldite.

Planes ofsection
The fifth cervical segment of the spinal cord was obtained by appropriate trimming

of the plastic-embedded block. Serial thick (0-5 //m) and thin (60-80 nm) sections



Fig. l(a-e). (a) Diagrammatic transverse section of spinal cord and nerve roots showing area
examined on transverse section (outlined). (b) Representation of area outlined in (a) showing
spinal cord and ventral rootlet. The transitional zone (crosses) and proximal rootlet segment
(stippled) are indicated. Planes of coronal section are shown and direction of sectioning is
indicated by arrow, (c) Representation of area outlined in (a) showing spinal cord, transitional
zone and proximal rootlet segment as in (b). Planes of parasagittal section are shown and
direction of sectioning is indicated by arrow. (d) Transverse section of 13 day fetal spinal cord
(top left) and ventral rootlets. Few, if any, cell bodies are applied to the proximal part of the
rootlets. Numerous cells are present in the subarachnoid space, x 620. (e) Coronal section
through the 21 day fetal spinal cord (upper left) and ventral rootlets. Clusters of cells (arrowed)
are applied to the proximal rootlet segment, x 300.

were cut through the proximal segment of the ventral root in the following planes
relative to the spinal cord (Fig. 1):

(i) transverse, in which the proximal rootlet segment was cut longitudinally;
(ii) coronal, in which the proximal rootlet segment was cut first obliquely and then

transversely as sections were taken progressively closer to the root-cord junction;
(iii) parasagittal, in which the proximal rootlet segment was cut mostly longi¬

tudinally.
At each age examined, 9 proximal rootlet segments were sectioned serially through¬

out their entire extent by means of alternate sequential series of thick and thin
sections. Three series of thin sections were taken at equidistant levels through each
proximal rootlet segment examined. The intervening thick sections were mounted
serially on glass slides and stained with toluidine blue. Thin sections were mounted
on copper grids and stained with 2 % uranyl acetate in dry absolute methanol and
post-stained in Reynolds' lead citrate. The relative position in each series of each
thick section and grid was known. The mean thickness of the thick sections was also
known, as was the number and approximate thickness of all thin sections.

Thin sections were examined and photographed using an AE1 Corinth 500 electron
microscope at a negative magnification of x 3000, x 5000 or x 8000. Montages
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were made of the entire section through the ventral rootlet and the associated cell
clusters, at print magnification of x 10000 to x 20000. A more precise magnification
was obtained in each case by photographing a standard calibration grid under the
same conditions of magnification as the thin sections during each photographic
session. The set of serial sections obtained from each rootlet generally encompassed
the entire extent of several cell clusters. Because the thickness and the position in the
series of all sections were known, a relatively precise estimate could be made of the
dimensions, shape and position of each cluster around the rootlet. Those clusters of
which thin sections had been made were examined in detail. Developmental changes
in the number of cells comprising each cluster, in their cytological features and in
their relationships with one another were also examined, as were their relationships
to the axon bundles in the proximal rootlet segment to whose surface they were
attached.

OBSERVATIONS

Peri-radicular tissues and general form of rootlets
In 13 day fetuses, the subarachnoid space had not been fully excavated (Fig. 1 d).

It contained dispersed cells in whose cytoplasm were large numbers of ribosomes.By
19 days it had become relatively free of trabeculae. The pia mater covering the cord
around the proximal rootlet segment consisted of a single fenestrated lamina of
fibroblast-like cells and contained numerous macrophages. A network of thin-walled
blood vessels lay immediately superficial to the pia mater (Fig. 1 e). Pial collagen
bundles formed loose, discontinuous collars around the proximal rootlet segment.
A well defined root sheath, as described by Haller & Low (1971), Cloyd & Low (1974)
or Malloy & Low (1974), was absent from the initial 300-500 /mi of the rootlets at
all ages examined.

In the 13 and 15 day fetuses, the proximal part of the ventral rootlet ran a relatively
straight course (Fig. 1 d). At later stages, however, axon bundles bent laterally over
their first 10-30 /on distal to the CNS-PNS transitional zone. Distal to this they
converged and fused to form a single ventral root (Fig. 1 e).

Cell clusters
Form and position

In the 13 day fetus, the perikarya of cells (subsequently referred to as satellite cells)
had come into apposition with the ventral rootlet axon bundles (Figs. 1 d, 2a, c).
However, perikarya tended to be absent from the proximal part of the rootlet, the
axon bundles of which were consequently bare, or surrounded by satellite cell
processes only, over distances of 20-40 /<m from the cord surface (Figs. I d, la).
More distally in the rootlet (Fig. 2c), satellite cells surrounded the axon bundles in
the manner typical of early Schwann cell ensheathment, as described by Peters &
Muir (1959).

In the 13 day fetus, presumptive ventral horn cell bodies lay close to the point of
emergence of the rootlets from the spinal cord, the ventrolateral white column of
which was about 20 //m in depth (Figs. 1 d, 2a). This underwent at least a sevenfold
increase in depth, to around 150/nn, between 13 and 15 days. At 15 days, some cells
were found extending into, as well as on the surface of, distal parts of the ventral
rootlet axon bundles (Fig. 2d). At this stage, small aggregates of a few satellite cells
formed clusters apposed to the surface of the most proximal part of the rootlet
(the proximal rootlet segment) (Fig. 2e-g).
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By 17 days, the clusters had achieved their greatest size, when many consisted of
10 cells or more (Figs. 3, 4). Large 17 day clusters consisted of sheets of cells, some
of which formed continuous collars around the proximal rootlet segment (Fig. 3 a, b).
Occasional small, dome-like clusters of 3 or 4 cells were present at 17 days (Fig. 4b).
Clusters of this size were more common at 19 days (Fig. 5 a), though some larger
clusters persisted at that stage (Fig. 5c). By 21 days, most clusters consisted of 4 cells
or fewer and had a punctate distribution on the rootlet where they tended to form
discrete hemispherical or pedunculated projections (Fig. 6). At this stage, several
clusters generally occurred on each rootlet, two or more being commonly found at
any given level of section. Clusters approached very close to the astrocytic limiting
layer of the cord surface (Fig. 3b), but a shallow space containing scattered collagen
fibres and fibroblast processes always intervened between the two.

Internal structure

After 15 days, each cluster was covered by an uninterrupted basal lamina and
consisted of a number of closely packed cells separated by 20 nm intercellular spaces
which were frequently crossed by desmosomes. At 15 days, apposed cell surfaces
were flattened or gently reciprocally curved (Fig. 2/). Occasional small processes
arose from some of them and extended over the free surface of their neighbours as if
they were beginning to encapsulate them (Fig. 2g).

Cells in the larger 17 day clusters (consisting of about 10 cells or more) tended to
be elongated and to have an approximately rectangular outline (Fig. 3 a). Cells in
the smaller, dome-like or pedunculated clusters showed a marked tendency to
encapsulate one another (Fig. 4 a, b). Processes arising from one perikaryon enveloped
another, which in turn gave rise to further processes enveloping its own neighbours.
In this way, some clusters comprised 4 or more concentric layers of cytoplasm (Fig.
4a). Serial sections indicated that these processes were flattened sheets, some of which
gave rise to finger-like extensions (Fig. 4c). They also tended to form a capsule
around the cluster as a whole (Fig. 4b, c). In addition, many cell perikarya were
themselves deeply concave, each enveloping the perikaryon of an adjacent cell in a

deep, cup-shaped hollow (Fig. 4a, b). The complex internal structure of these
clusters was further increased by small cytoplasmic invaginations of one perikaryon
by another (Fig. 4 c). Mitoses were common in the clusters (Fig. 4d).

At 19 days, perikarya in both large and small clusters remained reciprocally curved
and continued to envelop one another through their processes (Fig. 5a, c). The
encapsulating processes were more elaborately multilayered than before. Some were

arranged in stacks, while others interdigitated with one another in an irregular
fashion (Fig. 56). Compared with previous stages, an increased proportion of
perikarya were attenuated and formed a mantle over the perimeter of much of the
cluster (Fig. 5c). In the distal part of the proximal rootlet segment at 19 days and
subsequently, satellite cell perikarya were less closely packed together than those

Fig. 2 (a-g). 13 and 15 day fetal rootlets, (a) Longitudinal section through 13 day fetal ventral
rootlet. Note absence of perikarya over proximal part, x 1750. (b) Section through satellite
cell applied to surface of 13 day ventral rootlet. Some microfilaments and polyribosomes are
present, x 8900. (c) Transverse section of distal part of 13 day ventral rootlet showing satellite
cells arranged around the periphery of component axon bundles, x 1450. (d) Distal part of 15
day ventral rootlet showing cell extending inwards from the rootlet surface among the axon
bundles, x 7400. (e) Longitudinal section through 15 day spinal cord (left) and ventral rootlet.
A cluster of cells (arrowed) is on the proximal part of the rootlet, x 1780. (/, g) Enlargement of
clusterof cells arrowed in (e). Apposed cell surfaces are mostly reciprocally curved, x 7700. Short
processes (arrowed) arise from one perikaryon. These are shown enlarged in (g). x 26200.
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Fig. 3 (a-b). 17 day fetal rootlets, (o) Tangential section through the edge of the proximal rootlet
segment showing large cell cluster arranged as a collar around the proximal rootlet segment,
x 4600. (6) Section through the centre of the proximal rootlet segment showing longitudinally
sectioned axons. The collar of satellite cells is sectioned at opposite diameters of the rootlet.
Spinal cord is at bottom, x 4500.



Cell clusters on ventral routs 117

closer to the CNS. They encapsulated each other much less extensively than was the
case at more proximal levels and commonly formed a complete sleeve, one cell thick,
around the axon bundle (Fig. 5 d).

Most 21 day clusters consisted of only a few cells. Many formed prominent
elevations on the rootlet surface, and varied nrrkedl> ir. appearance on serial
sections only a few microns apart (Fig. 6a-c). These remained complex in their
internal architecture (Fig. 6<7).The flattened perikarya which made up the perimeter
of rounded or pedunculated clusters (Fig. 6d) were even more attenuated than those
seen at 19 days. Other clusters were flattened and formed shallow elevations above
the rootlet surface (Fig. la). Though their component cells were closely apposed,
they did not encapsulate one another extensively.

Processes emerging from clusters
Numerous processes emerged from clusters at 17 days and later. Processes of one

class were large and thick and extended circumferentially around the axon bundle.
These were especially prominent at 21 days (Fig. la). With similar processes from
nearby clusters, they formed a cytoplasmic perimeter around the bundles.

The segregation of axons from one another by Schwann cells at rootlet levels distal
to the proximal rootlet segment (Fig. 8 a) conformed with the typical pattern
(Peters & Muir, 1959). Axonal segregation differed substantially from this in the
proximal rootlet segment between 17 and 21 days, however (Fig. 8b-f). This was due
to the presence of fine processes which formed a characteristic matrix through which
the axons passed. This was best developed at 19 days (Fig. 8c), when it was made up
of tightly packed, branched, interlocking proce ses. Sections in different planes
showed these processes to be contorted, thin sheets. They were fine branches of
larger processes arising from satellite cell perikarya, from processes encapsulating
cell clusters and also from circumferential processes surrounding the whole axon
bundle. Processes from different satellite cells were intertwined with one another in
the matrix. As they passed through the matrix, adjacent axons were generally
completely separated from their neighbours by one to three layers of fine processes.
The number of layers tended to be greatest near cell perikarya. At 17 and 19 days,
many axons were enveloped by hook-like processes (Fig. 8c), while some were

enveloped by the perinuclear cytoplasm of satellite cells (Fig. 8 c). Occasional axons

lay between the perikarya of cells in the clusters (Fig. 8c). Some of the processes
comprising the part of the matrix closest to the CNS extended centrally among the
axons of the bundle to a level a few microns deep to the cord surface.

Although satellite cells were arranged as a sleeve, one cell thick, around the distal
part of the proximal rootlet segment at 19 days (Fig. 5d), they nevertheless also
formed a matrix (Fig. 8cl). However, this matrix was more simply arranged than that
formed by processes of cells in clusters: processes from a particular cell tended not to
intermingle to any great extent with those from neighbouring cells. Instead, they
remained close to the perikaryon of the parent cell and made up most of a given
sector of the matrix (Fig. 8d).

With further maturation, the matrix became progressively less prominent and fine
cytoplasmic processes became less numerous than previously (Fig. 8/). Each axon
segment tended eventually to become associated with a single Schwann cell.
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Cytology
Polyribosomes were prominent at 13, 15 and 17 days (Fig. 2b). At 13 days,

satellite cells were not clearly distinguishable cytologically from many of the dispersed
cells in the subarachnoid space. Nuclei of cells in clusters had relatively smooth out¬
lines at 13 and 15 days (Fig. 2), but subsequently became very irregular indeed
(e.g. Fig. 5 a). In parts of many 17 and 19 day nuclei, the nucleoplasm was thinned to
a narrow granular electron-dense band between closely apposed lengths of the nuclear
membrane (Fig. 5c). The band represented a thin veil-like part of the nucleus which,
on section, characteristically formed a narrow isthmus between two expanded parts
of the nuclear profile. Cilia (microtubular pattern: 9 + 0) were abundant (e.g. Fig. 6 c).
Two or more, with associated centrioles (Fig. 5f), were commonly present on a single
section through a cluster. These projected into a deep invagination of the cell (Fig. 6 c)
which was continuous with the general extracellular space in at least some cases.
Other structures resembling cilia, but with granular contents, were deeply embedded
in the perikaryon (Fig. 5g). Microfilaments (diam: 7-8 nm) were present in the peri¬
nuclear cytoplasm of cluster-forming cells at 15 days and subsequently. These
bundles were thick and prominent at 21 days (Fig. lb). They were also present in
the larger processes, notably those which contributed to the cytoplasmic perimeter
of the rootlets. They were much less in evidence in single satellite cells. Markedly
irregular astrocyte processes with ruffled surfaces projected from the astrocytic
limiting membrane of the cord surface around the most proximal part of the proximal
rootlet segment. They were also found in the clefts between the clusters and the cord
surface (Fig. 5 It).

Single and intrafascicular satellite cells
Single satellite cells, independent of clusters, were present on the surface of the

proximal rootlet segment at 19 days, but were commonest at 21 days (Fig. 9a).
Most lay immediately distal to, or at the level of, clusters. Some lay very close to
clusters but were separated from them by their own basal lamina and a few collagen
fibres, suggesting that they had recently broken away from a nearby cluster (Fig. 9a).
Single cells resembled those within clusters in many respects. However, micro¬
filaments were less in evidence, nuclei were smoother in outline and perikarya were

regular in shape, giving rise to processes only from their deep parts. These extended
into the subjacent axon bundle and contributed to the matrix there. The perikarya of
many single cells lay at some distance from the axons which they had enveloped
(Fig. 9c). Occasional single cells were almost entirely intrafascicular, and from all
parts of their circumference gave rise to processes which extended between the axons
of the proximal rootlet segment (Fig. 9b). Cells intermediate between single intra¬
fascicular cells and those within clusters were commonly seen at 21 days (Fig. 6d,f).
The perikarya of these lay partly in clusters projecting from the rootlet surface but

Fig. 4(a-d). 17 day fetal rootlets, (a) Large pedunculated cluster. The component cells of this
cluster show a remarkable tendency to encapsulate one another and produce a series of cyto¬
plasmic processes (arrowed) arranged in a series of superimposed cytoplasmic lamellae, x 8950.
(b) Tangential section through a small cluster showing one perikaryon encapsulating another.
Note the presence of encapsulating processes surrounding the cluster as a whole, x 8050.
(c) Section through a cluster. Note nipple-like invagination (arrowed) of one perikaryon by
another, also sections through finger-like processes encapsulating the cluster, x 7500. (d) Mitotic
figure in cluster, x 7500.
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also extended into the subjacent axon bundle where they gave rise to processes
enveloping the axons.

At 21 days, the proximal rootlet segment was much less mature than more distal
levels of the rootlet. Axons which were myelinated in more distal parts of the rootlet
were enveloped by processes stemming from cell clusters in the proximal rootlet
segment (Fig. 9d-g). Distal to it, the large, longitudinally sectioned axon shown in
Fig. 9g was enfolded by a Schwann cell of total length 95 /tm which had produced
a myelin sheath around it (Fig. 9f, d). Yet, in the proximal rootlet segment it was
enveloped by processes of cells belonging to a cluster which enveloped at least one
other axon (Fig. 9e).

DISCUSSION

Maturation ofcells in dusters
The changing appearance of cells forming prenatal clusters suggests that their

maturation takes the following course: by 13 days post conception, cells have become
related to the surface of the ventral rootlet, but few if any perikarya are applied to
the segment adjacent to the spinal cord. However, by 15 days, this segment is
surrounded by prominent clusters of cells, which by 17 days commonly form
continuous collars around it. While these changes could come about by mitosis of
satellite cells alone, they could also result from an imbalance between the rate of
elongation of central segments of ventral motoneuron axons and the rate of increase
in the diameter of the spinal cord where the motoneuron axon bundles traverse it.
If the latter exceeds the former, then the CNS may advance distally around the most
proximal parts of ventral rootlet bundles, which as a result come to lie in the CNS.
As the part of each bundle closest to the spinal cord becomes thus progressively
engulfed, the satellite cell perikarya and processes on its surface may be peeled
distally off it by the advancing CNS and consequently become crowded together and
piled upon one another in clusters. Supporting this possibility is the sevenfold increase
in depth of the ventrolateral white column between 13 and 15 days - the period over
which the clusters first become prominent. There is evidence in favour of such a
relative overgrowth of spinal cord tissue around individual axons in postnatal
development (Fraher & Kaar, 1982). Thus, distal peeling of satellite cells, as well as
cell division, may contribute to cluster formation.

As the clusters mature, they increase in complexity and decrease somewhat in size.
The constituent cells show a remarkable tendency to encapsulate one another by
means of both their perikarya and processes. Processes arising from them also form
the characteristic matrix of interdigitating processes in the underlying proximal
rootlet segment. In this, individual axons tend to be isolated from their neighbours
at a very early stage relative to the whole of the remainder of the PNS. In addition,
the extent of the separation is much greater than elsewhere in the PNS. Axons are

Fig. 5 (a-h). 19 day proximal rootlet segment (except Fig. 5g). (a) The pedunculated cluster in
upper left contains one cell which is encapsulated by processes of another component cell of the
cluster, x 6800. (b) Encapsulating processes form stacks (*) and interdigitate in a complex manner
(arrow), x 16300. (c) Large cluster whose perimeter is formed by an attenuated cell, x 8500.
(d) Transverse section through distal part of proximal rootlet segment. Satellite cell perikarya
form a sleeve one cell thick around the rootlet which is separated from spinal cord (top) by
cleft containing fibroblast processes and collagen, x 6500. (e) Part of nucleus in (d) above
attenuated to a thin band forming an isthmus between expanded parts of nuclear profile,
x 37400. (/) Centrioles in perikaryon, x 37400. (g) Cilium like structure in 17 day perikaryon
closely approaching nuclear membrane, x 14500. (/?) Section through astrocyte process with
ruffled surface projecting into cleft between cord (left) and cluster (right), x 9500.



122 J. P. FRAHER AND J. P. ROSSITER

Fig. 6 (a-f). 21 day fetal proximal rootlet segment, (a-c) Serial sections. The interval between
each pair of sections is 2 /<m. x 2800. (d) Enlargement of serial section of rounded cluster in (a)
above. The perikaryon of the attenuated cell (above left) contains a flattened nucleus sectioned in
two places (arrows). It encapsulates the rounded perikaryon of a second cell which contains a
highly irregular nucleus, x 9300. (e) Enlargement of serial section of (d) showing obl.quely
sectioned cilium (arrowed) projecting into a test tube-like space. The boundary between the two
cells expands into an intercellular cleft, x 23 250. (/) Enlargement of serial section of (d) showing
the perikaryon of the flattened cell extending among the axons, which it is beginning to segregate,
x 9300.
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Fig. 7 (a-b). 21 day fetal proximal rootlet segment, (a) Transverse section. The cluster (left) is low
and gives rise to prominent circumferential processes (arrowed) around the axon bundle, x 2900.
(b) Enlargement of (a) showing prominent bundle of microfilaments, x 16000.

separated by a number of layers of processes and not by one layer of cytoplasm, as
is typical of Schwann cells during early segregation generally. This arrangement of
processes in the matrix resembles that found in the astrocytic CNS-PNS transitional
zone immediately central to it (Fraher, 19786), and in the astrocytic islands some¬
times found in spinal nerve roots (Fraher, 1974). Flowever, the processes comprising
the two last-mentioned sites are rather more intricately interwoven with one another
than those in the proximal rootlet segment. The complexity of both clusters and
matrix may result from failure of Schwann cell processes and perikarya to establish
normal relationships with one another and with axons, due to overcrowding in the
clusters. In these, many perikarya, though excluded from any contact with the axon
bundle, nevertheless profusely give rise to processes. Many of these are frustrated
from reaching axons and instead envelop other perikarya. Those finer processes
which succeed in reaching the axon bundle do so in a disorderly fashion and compete
for very short axon segments. As a result they become tangled and form the matrix.
This competition may be relieved as the ventral root grows and the axons elongate,
making longer axon segments available for the cells to envelop in the conventional
manner.

The clusters decrease further in size and by 21 days many are composed of four
cells or less. At that stage they come to have a more punctate distribution on the
rootlets. Nevertheless, many continue to form prominent projections and retain their
complex internal structure. Others become flattened as their component cells spread
out over the rootlet surface. Decrease in cluster size is largely due to individual cells
breaking away from them. For a time, the perikarya of these single cells remain on
the surface of the bundle, while from their deeper aspect they continue to contribute
to the matrix separating the axons of the underlying bundle. They then invade the
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axon bundle. Some cells, however, appear to enter the underlying bundle directly
by breaking away from the deep surface of the cluster (Fig. 6d,f). In cells which have
separated from the main cluster, all of the surface except that part facing the axon
bundle ceases to give rise to processes. The loss of contact with the perikarya of its
fellows may play a part in this change of state of activity. Initially, both single intra-
fascicular cells and single cells on the rootlet surface closely resemble cytologically
those forming clusters. However, they soon develop features typical of Schwann cells:
their nuclei develop smoother outlines and microfilament bundles disappear. The
most striking change, however, is the disappearance of the fine processes which
contribute to the matrix. Cells formerly comprising clusters come to enfold axons in
the manner characteristic of Schwann cells and become much more regular, each
becoming elongated along the axon segment which it enfolds.

Developmental relationships of cluster-forming satellite cells
Thus, it is likely that at least a proportion of the cells in clusters on the proximal

rootlet segment seeds underlying and more distal parts of the rootlet with satellite
cells which differentiate into Schwann cells. However, in doing so they first express
morphological and cytological features (e.g. matrix, filament bundles) resembling
those of astrocytes in the adjacent CNS-PNS transitional zone. This transient
similarity may reflect an origin from a common stem cell within the ventral neural
tube. There is evidence for a neural tube contribution to the Schwann cell population
in addition to that from the neural crest (Weston, 1963) and the cluster-forming
satellite cells may represent this. However, no evidence was found that cells pass
distally from the CNS into ventral rootlets. Postnatal cell clusters on ventral roots
include cells resembling astrocytes (Fraher, 19786).

Early Schwann cells comprising the 'cords' applied to the surface of axon bundles
in typical developing nerve (Cravioto, 1965) differ in many respects from the com¬
ponents of the clusters described. They tend to be relatively regular in shape, their
nuclei have a smooth outline and they give rise to fewer, less complex processes.
Neither do they give rise to the characteristic matrix.

Cytology
The prominent microfilament bundles in the perikarya and larger processes of

cluster-forming cells are most marked between 17 and 21 days. They rapidly decrease
in prominence once the cells have become single. If the microfilament bundles are
contractile, they may provide motive force for cell separation from the clusters.
Microfilaments are much less prominent in typical Schwann cells, where their
presence has been commented on only occasionally (Schroder, Thomas & Ballin,
1970; Jacobs & Cavanagh, 1972; Wilson, Furness & Costa, 1981). Cilia are strikingly
abundant in cluster-forming cells and are much less prominent in single cells. The

Fig. 8 (a-f). Axon ensheathment. (a) Section through 17 day Schwann cell in distal part of
ventral root showing mode of envelopment of axons which is typical of PNS. x 15200.
(b) Oblique section through proximal rootlet segment at 17 days showing complex matrix,
x 13400. (c) Transverse section through 19 day matrix showing complex interdigitation of
processes derived from cells in clusters. Note one axon enveloped by hook-like process (*),
another by satellite cell perikaryon (**). x 15450. (d)Transverse section through 19 day matrix
in distal part of proximal rootlet segment showing processes arranged more simply than in (c).
x 15 200. (e) Showing 19 day axon sandwiched between perikarya of cluster, x 11000. (/) Show¬
ing 21 day matrix, part of which is less complex than that at 19 days, x 29300.
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Fig. 9 (a-g). Single satellite cells, (a) Single satellite cell on the surface of a 21 day rootlet, and
separated from its neighbour by shallow cleft containing wispy basal lamina and scattered
collagen fibres (arrowed). The deep part of the cell is enveloping axons of the underlying
bundle, x 9100. (A) Intrafascicular satellite cell among 21 day axons between which it is
beginning to send out processes, x 9600. (c) Single 21 day satellite cell whose perikaryon is at
some distance from the axons which it envelops, x 2600. (d-g) Longitudinally sectioned axon
Cg; x 3300) is enveloped distally by a Schwann cell (right), which has produced a myelin sheath
(/; x 32000). Proximally (left) the axon is unmyelinated and enveloped by processes of a cell
cluster which also envelops a second axon (* *); (d) shows the end-feet (arrowed) of (he Schwann
cell where it contacts the cluster (x 20000); the region of transfer of a smaller axon from the
cluster (left) to another Schwann cell (right) is shown in (e). (x 19600).
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cilia project into what are probably deep invaginations of the cell surface opening
into intercellular clefts. They are probably vestigial and functionless structures,
owing their existence to the ultimate epithelial derivation of their parent cells. Cilia
are not common in Schwann cells generally. They have been described projecting
from the surface of Schwann cells enveloping unmyelinated axons (Grillo & Palay,
1963; Wilson et al. 1981). A basal lamina surrounds each cluster but does not separate
component cells from one another, suggesting that all components of a given cluster
descend from the same stem cell, or have aggregated together before the basal lamina
develops, or both.

Proximodistal gradient
In the proximal rootlet segment there is a conspicuous localised reversal of the

normal proximodistal maturation gradient, most evidently in the 21 day fetus. At
that age, some compact myelin sheaths are established distally in the rootlet around
axons which in the proximal rootlet segment are not only unmyelinated but are still
enveloped with otheraxons in processes derived from cells forming clusters (Fig. 9d-g).
Even in later stages of development, the first peripheral iriternode is commonly less
mature or shorter than the second (Berthold, 1968; Berthold & Skoglund, 1968a, b\
Carlstedt, 1981; Fraher, 1978a), the localised reversal of the maturation gradient
persisting after the distinctive features of the proximal rootlet segment have dis¬
appeared.

summary

Clusters of cells are a prominent feature on the most proximal part of rat ventral
rootlets between 15 and 21 days of fetal life and they increase to a maximum size at
17 days post conception. By means of extensive sheath-like processes the component
cells of the clusters encapsulate one another in a very complex manner. Cells also give
rise to processes which extend into the underlying axon bundles in the most proximal
part of the ventral root and there form a highly complex matrix of interwoven fine
cytoplasmic processes which separate individual axons from one another from a very
early stage. With maturation, the clusters become smaller and the complex matrix
disappears. Cells separate off from the clusters and enter the underlying ventral
rootlets where they differentiate into Schwann cells and come to envelop the axons
in the manner characteristic of the latter. However, the proximal part of the rootlet
remains at a much less advanced state of maturation than more distal parts up to the
end of fetal life. It is possible that cell clusters are in part produced by overgrowth
of CNS tissue around the axon bundles in the ventral rootlets. This strips the cells
distally and causes them to become piled up as collars around the most proximal part
of the ventral rootlet.

The authors are grateful to Mr D. O'Leary and Ms R. Holland for their technical
help, and to Ms V. O'Connor for typing the manuscript.
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INTRODUCTION

During the last third of intrauterine life in the rat, the most proximal part of the
ventral rootlet of a spinal nerve is studded with clusters of cells (Fraher & Rossiter,
1983). This part of the rootlet, lying immediately distal to its emergence from the
spinal cord, is referred to as the proximal rootlet segment. As described earlier, during
prenatal development the component cells of these clusters encapsulate one another
and give rise to many fine processes. The processes interweave intricately with one
another to form a matrix, which the axons traverse immediately distal to their
emergence into the ventral rootlet. As birth approaches, some matrix processes are
withdrawn and the remainder become less complexly interwoven. Clusters become
smaller as cells separate from them and enter the underlying rootlets, where they
differentiate into Schwann cells. Numerous clusters are still present at birth.

Immediately central to their emergence into the proximal rootlet segment, the
axons traverse the transitional zone of the spinal cord (Fraher, 1978 a; Fraher &
Kaar, 1982). Here they pass through another intricately interwoven matrix consisting
of the fine processes of astrocytes. During the first week or so after birth, the transi¬
tional zone bulges distally as a dome which encroaches on the ventral rootlet.

The present study traces the postnatal development of cells comprising clusters
and examines the relationship of their processes to the transitional zone. It also
investigates the maturation of the proximal rootlet segment, which lags behind that
of more distal parts of the ventral root.

MATERIALS AND METHODS

Wistar albino rats of the same stock as used previously (Fraher & Rossiter, 1983)
were studied. Six animals were examined at each of the following ages: newborn, 1,
2, 3, 4, 6, 9, 12 and 21 days postnatum.

Animals were anaesthetised using chloroform, and then perfused through the left
ventricle with a fixative containing 2 % paraformaldehyde and 2-5 % glutaraldehyde
in phosphate buffer at pH 7-2, pre-heated to 38 °C. Following bilateral laminectomy,
the fifth cervical segment of the spinal cord, together with its attached spinal nerve
roots and the meninges covering them, was removed en bloc after transection of the
spinal nerve trunks. The segment remained in fixative for a total of 2 hours. Follow¬
ing this, all specimens were washed in the phosphate buffer for a further 30 minutes,
post-fixed in osmium tetroxide, and dehydrated in ethanol and epoxypropane before
being embedded in Araldite.

Specimens were sectioned and examined as described previously (Fraher &
Rossiter, 1983). Using a Reichert OMU4 ultramicrotome, serial thick (0-5 /<m) and
thin (60-80 nm) sections were cut through the proximal rootlet segment in the follow-



556 J. P. FRAHER AND J. P. ROSSITER

ing planes relative to the spinal cord: transverse, coronal and parasagittal. As each
specimen was being sectioned, three to six series of thin sections were taken at equi¬
distant levels through the proximal rootlet segment. The intervening thick sections
were mounted serially on glass slides and stained with toluidine blue. Thin sections
were stained with 2 % uranyl acetate in dry absolute methanol and post-stained in
Reynolds' lead citrate. Thin sections were examined and photographed using an
AE1 Corinth 500 electron microscope at negative magnifications of x 3000, x 5000
or x 12000. A standard calibration grid was photographed during each photographic
session to provide more precise magnification.

The relative position in each series of each thick section and grid was known.
The mean thickness of the thick sections was known, as was the number and approxi¬
mate thickness of all thin sections, the microtome having been calibrated prior to the
study. As a result, the dimensions, shape and position of each cluster, and the
relationship of its constituent cells to one another, could be estimated accurately.
Developmental changes in cluster form and shape, in axon ensheathment in the
proximal rootlet segment, and in the fate of cells derived from clusters were studied.

OBSERVATIONS

Cluster position, size and frequency
At birth, as in prenatal stages, cell clusters projected from the surface of the

proximal rootlet segment (Fig. 1 a). The rounded appearance of clusters and of
individual Schwann cells in the proximal rootlet segment contrasted with the
elongated, fusiform shape of Schwann cell perikarya lying more distally in the root
(Fig. 1 b). After birth, clusters became progressively less prominent (Fig. 1 c). They
became fewer; although still plentiful at 2 days, their numbers decreased rapidly
thereafter and few remained at 12 days. Cluster size decreased with age. Up to 2 days,
the average cluster consisted of three cells; after that, most consisted of two cells.
Cluster shape also changed with age. Newborn clusters were rounded or polygonal
(Fig. 1 a); after 1 day, most had become elongated in the long axis of the rootlet
(Fig. lc).

Internal structure of clusters
The perikarya of cells in rounded clusters were themselves rounded or polygonal.

Up to 2 days after birth, some clusters resembled those found prenatally (Fig. 1 d).
Their cells gave rise to complex processes, some of which encapsulated the cluster,
while others invaginated its perikarya or ran between its component cells. Such
processes became progressively less numerous and had largely disappeared by 3 days.

Fig. 1. (a) Longitudinal section through 1 day proximal rootlet segment. Clusters and individual
Schwann cell perikarya are rounded or oval, x 2200. (b) Longitudinal section through 1 day
ventral rootlet. Schwann cell perikarya are elongated and myelination has commenced, x 2900.
(c) Longitudinal section through 1 day proximal rootlet segment showing elongated cluster of
cells, x 4400. (d) Longitudinal section through newborn ventral rootlet showing a cluster con¬
sisting of two cells. Processes encapsulate the cluster and interdigitate with one another. Four
axons (A) traverse the cluster. One is surrounded by a myelin sheath distal to the cluster,
x 10700. (e) A side-branch stemming from the myelinated axon enveloped by the cluster in (d).
x 33000.
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Though some encapsulating processes covering clusters had relatively smooth free
surfaces, many gave rise to extensively branching processes. Processes were covered
by basal lamina which sometimes formed redundant folds. Following withdrawal of
encapsulating processes, cluster cell perikarya became exposed at cluster surfaces.
Their free surfaces were much more irregular than the surfaces apposed to one
another within clusters (Fig. 4a).

Component cells in clusters were separated by a gap approximately 20 nm wide.
Many cells showed evidence of separating from the cluster. Beginning at the free
surface of the cluster (Fig. 2a), intercellular gaps widened to form clefts which cut
progressively more deeply into the cluster. The clefts at first contained wispy
material. Subsequently, basal lamina appeared on the cell surfaces bounding the
cleft and collagen fibres appeared in the cleft space.

All clusters did not mature at the same rate. At each stage up to 4 days, some
clusters resembled those typical of the newborn.

Cytology
Cells in postnatal clusters had irregular heterochromatic nuclei. Mitotic figures

were found in clusters of all ages up to 9 days. In the cytoplasm, mitochondria and
granular endoplasmic reticulum formed a characteristic tangle in a circumscribed
part of most cells (Fig. 2b). Compared with prenatal stages, granular endoplasmic
reticulum was greater in amount. Polyribosomes were initially abundant but became
fewer with maturation. Microfilament bundles were prominent and numerous

(Fig. 2 c). They commonly branched and had no preferred orientation. Golgi com¬

plexes were generally prominent. As in prenatal animals, cilia (Fig. 4d) were abundant
and projected into deep invaginations of the cell surface. Occasional lipid inclusions,
lysosomes and myelin forms were present, especially at later stages. Degenerating
cells were found very rarely in clusters. They had a frequency similar to that else¬
where in the ventral rootlet.

Axon ensheathment by duster cells
Axon ensheathment in the proximal rootlet segment changed considerably during

the first few days after birth. In newborn animals most axons, on emerging from the
central nervous system, passed through a matrix formed by processes of the cluster
cells (Fig. 2d). Some matrix processes were closely apposed to astrocyte processes of
the transitional zone between central and peripheral nervous systems (Fig. 2c). In
the matrix, most axons were fully isolated from their neighbours. Most processes

surrounding a given axon tended to stem from the same cell. Compared with late
fetal stages (Fraher & Rossiter, 1983), the matrix was reduced and consisted of
fewer, less interwoven processes. The intercellular spaces between the sleeves sur¬

rounding individual axons were wider and some contained wispy material. During
the first 2 days after birth, the matrix enveloped progressively fewer axons and finally

Fig. 2. (a) 1 day cluster showing cleft partly separating two cells, x 25300. (b) Newborn cluster
showing characteristic tangle of mitochondria and granular endoplasmic reticulum, x 11200.
(c) Branching microfilament bundle in 1 day cluster (microfilament diameter: 8-9 nm). x 20200.
(d) Cells in newborn cluster giving rise to matrix processes separated from one another by
spaces. Some axons (*) are no longer enveloped by matrix processes, x 14400. (e) Some clusters
(dark staining) lie close to the transitional zone and give rise to matrix processes which come
into apposition with pale staining astrocyte processes (As) of the transitional zone, x 14500.
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disappeared. Over the same period, a steadily increasing proportion of axons become
closely related to cluster cell perikarya or large processes originating from them.
Some become enfolded by cluster cell perikarya in a manner resembling that of pre-
myelin Schwann cells (Fig. 3 a). These cells contributed few if any processes to the
matrix and their external surfaces were commonly covered by encapsulating pro¬
cesses on the free surface of the cluster. Some produced one or two turns of the
mesaxon while thus encapsulated. Other axons came to be enveloped in a much more
irregular manner, by a tangled mass of cluster cell perikarya and their large thick
processes (Fig. 3 b, c). In these clusters, two or more cells were generally apposed to
the axon, each in more than one place. Thus, such areas of apposition formed a
mosaic over the surface of the axon as it ran through the cluster. By 2 days post-
natum, the myelin sheaths of Schwann cells whose perikarya lay distal to the proximal
rootlet segment had extended centrally to envelop a proportion of axon segments.
The central ends of the Schwann cells abutted on the astrocyte processes of the
transitional zone (Fig. 3 c).

Two-cell clusters

Clusters consisting of two cells occurred at all stages. Characteristically, the peri¬
karya, surrounded by a common basal lamina, lay proximally and distally in the long
axis of the rootlet (Fig. 1 d). In the early postnatal period, their perikarya and large
processes formed a mosaic over the surfaces of a number of axons traversing them.
These axon segments had an irregular outline and commonly gave rise to side-
branches or side-shoots in the cluster (Fig. 1 e). Subsequently, two-cell clusters de¬
veloped a simpler structure. Their cells ceased to encapsulate one another and the
cluster enveloped a single axon (Fig. 4 a, b). Some of these enveloped axon segments
were only 20 //m in length and their constituent cells were pedunculated. In
other cases, each cluster cell gave rise to a single large process which enveloped a

single axon segment (Fig. 4 c, d). The two processes elongated in opposite directions,
often along the same axon. That from the central cell extended towards the transi¬
tional zone. That from the distal cell was generally longer and elongated distally in
the rootlet. Mesaxonal rotation or folding occurred in many of these processes
(Fig. 4d). The axon enveloped was generally myelinated distal to the segment en¬
veloped by the cluster. Ultrastructural features resembled those of cells in larger
clusters.

Short Schwann cells in the proximal rootlet segment
In the proximal rootlet segment immediately distal to the transitional zone, the

axon segments bent sharply laterally. At all stages after they had ceased to be en¬

veloped by cell clusters, and following disappearance of the matrix, many of these
segments remained unmyelinated (Figs. 4e, 5a-d). They averaged 20 gm long at all
ages, and were enveloped by a single Schwann cell. They were commonest between

Fig. 3. (a) This newborn cluster includes a premyelin cell (P) enveloping a single axon and giving
rise to no matrix processes, x 8900. (b, c) Serial sections through a three-cell (Cx, C2, C3) cluster
enveloping two large axons (Au A2), both of which are myelinated distal to the cluster. Cluster
cells and processes interdigitate with one another. The myelin sheath of a third axon (A3) extends
centrally to the level of the transitional zone (TZ). The Schwann cell forming this myelin sheath
is enveloped by the same basal lamina as the cluster. (b) x 5800; (c) x4700.
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1 and 4 days, and few were present by 12 days. After 1 day, and distal to the un¬
myelinated segment, each axon was surrounded by a long myelinated internode
typical of those elsewhere in the ventral root. The premyelin and myelinating
Schwann cells were surrounded by a common sleeve of basal lamina (Fig. 5 d). At the
presumptive node between them, they were separated by a 20 nm gap and they inter-
digitated extensively with one another. In the newborn, the short unmyelinated
segment was in some cases succeeded distally by a long premyelin Schwann cell
enveloping the same axon (Fig. 5 c).

Short Schwann cells were of two forms: compressed and tubular. The compressed
cells were rounded or polygonal in outline (Fig. 5a). Many were wrapped asym¬
metrically around axons, some of which passed obliquely through them. Their nuclei
occupied much of their perikarya which commonly overlapped the proximal end of
the myelinating Schwann cell enveloping the segment of axon immediately distal to
them. Ultrastructurally they resembled cells in clusters. However, cilia became pro¬

gressively less frequent with age. Most cells contained irregular mesaxons (Fig. 5 b).
In some cells, the mesaxon was restricted to one end. Tubular premyelin cells (Fig. 4c)
were more elongated and less frequent than the compressed form. Some tapered
centrally. The nucleus was generally at the distal end of the cell. Mesaxons tended
to be more regular (Fig. 4/). Short premyelin cells had become uncommon by 12
days.

The number of mesaxonal turns in short premyelin Schwann cells increased pro¬

gressively from 2 to 6 days, when some contained as many as five turns (Fig. 5d).
Some turns ended externally. Others ended on the proximal and distal ends of the
cell, rather than internally towards the axon. After 2 days many sheaths became
compact, some over remarkably short lengths (Fig. 5 c). At 6 days many of these
compact sheaths were only 3 /mi long. This represented only 20 % of the total length
of the cell producing it. Most lay midway along the cell. They consisted of seven to
twenty turns, ending in apparently normal end-feet apposed to the axolemma. In
many cases the three or four turns of the mesaxon external to the sheath remained
uncompacted and extended beyond both ends of the compact sheath, though they
still terminated well short of both ends of the cell. Many of these sheaths gave rise
to compact evaginations into the cell cytoplasm. Very short compact sheaths had
become less frequent by 9 days and only a few were present at 12 days.

At all stages, short myelinated internodes, with sheaths extending the full length
of the cell, surrounded axon segments immediately distal to the transitional zone

(Fig. 6a). They varied in length from 8 to 30 //m. Nuclei commonly lay at the distal
end of the cell. In some places, the mesaxonal spaces were widened in uncompacted
juxtanodal regions (Fig. 6b). Their sheaths became thicker with age, but remained
somewhat irregular (Fig. 6c, d). The succeeding axon segment was enveloped by a

longer myelinated internode, whose length resembled that of myelinating internodes

Fig. 4. (a) Two day cluster consisting of two cells, each of which gives rise to a large process
enveloping the same axon. The process from the right hand cell is forming a mesaxon. Above the
cluster are numerous profiles of fine irregular finger-like processes stemming from the cluster
cells, x 14800. (b) Two-cell cluster enveloping an unmyelinated segment of a 4 day axon which
is myelinated distal to the cluster, x 4700. (c, d) One member of a two-cell cluster gives rise to
a large process (Pr) extending distally along an axon. The process (d) shows extensive mesaxon
formation and contains a cilium. (c) x 6100; (d) x 14400. (e-/)Tubular premyelin Schwann cell
enveloping the segment of an axon between the transitional zone (TZ) and a myelinated
internode (AF). The mesaxon of the premyelin cell has formed one regular turn (/). (e) x 5900;
(/) x 24700.
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in the ventral root generally. Occasional short axon segments between the transitional
zone and a myelinated internode were enveloped by a premyelin and a short myelin¬
ated Schwann cell arranged in series.

Single isolated Schwann cells
Some cluster cells did not envelop an axon. Some of these cells were intimately

enveloped within the cluster. Others were almost completely separated from the
cluster by a deep cleft bounded by basal lamina. Similar cells, surrounded by a con¬
tinuous basal lamina, occurred singly in the proximal rootlet segment at all stages
examined. They were uncommon in the newborn but were frequent at 3 days and
subsequently. Some were small and rounded, with only a small amount of dense
cytoplasm. Others, particularly those lying close to the transitional zone, had more
plentiful cytoplasm and were polygonal in outline, often with very irregular serrated
surfaces (Fig. la). Some of the isolated cells gave rise to processes. These were

generally short, though some branched extensively.

Intermediate clusters

Most clusters consisted of perikarya whose general ultrastructure closely re¬
sembled that of Schwann cells in the proximal rootlet segment or at more distal levels
in the root. In newborn, and 1 day animals however, the component cells of some
clusters were intermediate in appearance between Schwann cells and astrocytes in some

respects (Fig. 7 c, d). Their cytoplasm was intermediate in electron density. The wispy
flecks of background material in the general cytoplasm were more loosely packed than
in typical Schwann cells. They gave rise to matrix processes which were interwoven
more intricately than usual with one another. On the other hand, these cells differed
in several respects from the astrocytes forming the nearby limiting layer of the surface
of the spinal cord. They contained few if any glycogen granules. Their nuclei were
irregular, whereas those of cord astrocytes were smooth. Where their processes came
close to those of unequivocal astrocytes they were always distinctly more electron-
dense (Fig. Id).

DISCUSSION

The appearance of the proximal rootlet segment changes extensively in the
immediate postnatal period. The cell clusters which are prominent in the newborn
become progressively less so, and have largely disappeared by 12 days postnatum.
The findings presented suggest that the following sequence of changes takes place in
cluster morphology and axon ensheathment.

Cluster morphology
Newborn clusters retain the complexity found in the late fetal period (Fraher &

Rossiter, 1983). In the first few days after birth, the prenatal tendency for the cluster

Fig. 5. (a) Compressed premyelin Schwann cell enveloping an axon central to a myelinated inter¬
node (A/), x 9200. (b) Irregular mesaxon (arrows) in compressed short Schwann cell at two days.
A cilium (double arrows) projects into the mesaxonal space, x 25400. (c) Short Schwann cell
enveloping the segment of an axon immediately distal to the transitional zone (7!Z)and central
to a long premyelin (Pre) internode in a newborn animal, x 7500. W)The mesaxon in a compressed
Schwann cell has formed four to five turns, some ending externally, x 25100. (e) Longitudinal
section through a 6 day compact sheath 6/<m long, consisting of 17 turns. Some turns remain
uncompacted external to the sheath (arrows), x 8200.
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to subside onto and spread over the rootlet surface is continued. As they do so, they
become simpler in structure. Their encapsulating and septal processes are withdrawn
and apposed cell surfaces become relatively smooth. However, when they are no
longer encapsulated, the newly exposed surfaces of many cluster cell perikarya be¬
come irregular, sometimes markedly so. These become smooth again as the cells
envelop axon segments more extensively. Increased axonal contact is thus associated,
perhaps causally, with regularisation of process formation. Instead of occurring
widely and irregularly over the cell surface, process formation becomes localised
in one place, namely the axon-enveloping process, which spirals in an orderly fashion
around the axon segment and eventually goes on to produce compact myelin.

Axon ensheathment

Axon ensheathment changes radically in the first week after birth. Until the last day
of fetal life, most axons in the proximal rootlet segment traverse the interwoven
matrix formed by fine cluster cell processes. Withdrawal of matrix processes begins
at that stage (Fraher & Rossiter, 1983) and is completed shortly after birth. Axons
thus released from the matrix are freed for ensheathment in other ways. The sub¬
sidence of clusters onto the rootlet surface in the immediate postnatal period facili¬
tates contact of their perikarya and their large processes with axons. Cluster cells
form a variety of relationships with axons before separating from the cluster. An
individual cell may envelop a single axon in its perikaryon, thereby achieving a 1:1,
i.e. premyelin, relationship with it (Fig. 3a). The cells then separate from the cluster
and continue to envelop the axon segment as they do so. They do not, as in prenatal
stages, separate from the deep surface of the cluster and invade the underlying axon
bundle. Instead, the newly separated cells lie on the rootlet surface. They are typically
around 20 /<m long and so resemble the parent cluster in length. They have the
appearance of short premyelin Schwann cells. Other premyelin cells envelop a rela¬
tively long axon segment before they separate from the parent cluster (Fig. 4c, d).
Each gives rise to an axon-enfolding process which generally extends distally well
beyond the limits of its cluster. The nucleus may subsequently move distally and take
up a position close to the middle of the cell. As a result, the perikaryon of the cell
lies distal to the cluster and to the proximal rootlet segment. Separation of such cells
from the parent cluster may not always be complete. Their central ends may be
closely apposed to cells in the cluster, a common basal lamina surrounding both.
Cells of this type, which bear a close relationship to clusters and whose perikarya lie
distal to the proximal rootlet segment, are common in the first week after birth and
produce a myelin sheath in many cases (Fig. 3 c). In another common arrangement,

Fig. 6. (a) Short 2 day myelinated internode (length, 22 /im) with a sheath consisting of three
turns, lying central to a longer myelinated internode whose sheath consists of 12 turns, and
lying immediately distal to the transitional zone, x 9000. (b) Longitudinal section through the
node between a long myelinated internode (above) and a short myelinated internode (below)
at 3 days. The mesaxon of the short internode shows dilatation of its spaces where it is not
compact, x 23 200. (c) Longitudinal section through a short 6 day myelinated internode. The
nucleus of the myelinating cell is at its distal end, close to the central end of the succeeding thick
myelin sheath. The sheath gives rise to evaginations, some of which (arrowed) contain axonal
material, x 6100. (d) Longitudinal section through a 6 day short myelinated internode of length
28 /tm. The distal node is to the right. The central node, adjacent to pale astrocyte processes (As)
of the transitional zone (TZ), was level with the left hand edge of the illustration in serial
sections, x 5300.
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Fig. 7. {a) A single, irregular isolated cell resembling a cluster cell, lying in the connective tissue
around the proximal rootlet segment, x 7300. (b) Two-cell cluster from a newborn animal. The
inner cell has pale cytoplasm, resembling that of astrocytes, x 8100. (c) Pale newborn cluster cell
enveloping two axons (A) in the manner of a Schwann cell, x 14500. (d) Newborn axons {Ax)
are enveloped by astrocyte processes 04j) of the transitional zone and the processes of pale cluster
cells (C). The former are less electron-dense than the latter, x 31400.
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cluster cell perikarya and their large processes form an intricate mosaic over the
enveloped axon surface (Fig. 3 b, c). They subsequently become disentangled, so that
each axon segment becomes enfolded by a single cell. Thus, individual cluster cells
come to achieve a premyelin relationship with the enveloped axon segment in a
variety of ways. Premyelin cells are uncommon in the proximal rootlet segment at
birth, but have become frequent at 2 days. Some of these cells may be produced by
mitosis in the clusters. Others may envelop single axons once they have withdrawn
their matrix-forming processes.

Other cells leave clusters without making axonal contact. They are found as single
isolated cells in the rootlet or in the surrounding loose connective tissue. They
resemble Schwann cells ultrastructurally and are surrounded by a basal lamina.
Since virtually all axon-enveloping Schwann cells in the proximal rootlet segment
eventually come to have a 1:1 ratio with an axon, isolated Schwann cells may rep¬
resent overproduction by mitosis in the cluster.

Clusters thus become smaller in the days succeeding birth, as cells separate from
them and come to lie in the proximal rootlet segment. Here many of the cells
envelop short axon segments. By 3 days most clusters have been reduced to two cells
arranged in the long axis of the rootlet, generally enveloping succeeding segments of
the same axon. These cells tend to elongate in opposite directions along the axon.
A cleft lined by basal lamina comes to separate them and they thereby become a pair
of premyelin Schwann cells serially arranged on the same axon.

Axons released from the matrix do not all become enveloped by short Schwann
cells, however. In a large proportion of cases, the Schwann cell which envelops the
segment of the axon immediately distal to the proximal rootlet segment eventually
spreads centrally along the axon to the boundary of the spinal cord. Here, further
extension and axon envelopment is arrested as it comes into apposition with astro¬
cyte processes of the transitional zone, though subsequently it becomes invaginated
into the central nervous system (Fraher, 1978 <3; Fraher & Kaar, 1982).

The present findings therefore show that the complex matrix processes which
envelop axon segments in the proximal rootlet segment are withdrawn in the first
few days after birth. Schwann cells derived from cell clusters compete with long,
generally myelinating, internodes centred distal to the proximal rootlet segment, to
envelop axon segments thus released.

Short Schwann cells in the proximal rootlet segment

The short premyelin Schwann cells which envelop axon segments immediately
distal to their emergence into the peripheral nervous system undergo further matura¬
tion. During the first postnatal week, their mesaxons form several turns. The deeper
layers of the mesaxon commonly undergo compaction to form very short myelin
sheaths, which are located towards the centre of the cell and extend over only a
fraction of its length. The end-feet bounding them appear normal. The number of
their lamellae approaches that of typical myelin sheaths lying further distally in the
rootlet. Typical sheaths are much longer, extend over almost the entire length of the
Schwann cell and terminate in end-feet, most of which lie close to the bounding
presumptive node (Fraher, 1973, 19786).

Short premyelin Schwann cells in the proximal rootlet segment become less
numerous during the second week after birth. They rarely degenerate and few seem
to separate from the enveloped axon segment, as found in cat nerve roots (Berthold,
1978). It is likely that a proportion of them mature further, a possibility supported by
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a number of observations. There is an increasing incidence with maturation of short
Schwann cells containing myelin sheaths extending over their whole length. Many of
these are similar in length to the short premyelin cells and to the short Schwann cells
which have compact sheaths extending only over a fraction of their lengths. Like
these, they have nuclei at their distal ends. Thus, short sheaths may elongate and
become co-extensive with the cells within which they lie. The most proximal myelin¬
ated internodes in early postnatal rat ventral rootlets have a wide range of lengths,
some being as short as 20/tm (Fraher, 19786). It is therefore possible that, once
extremely short myelin sheaths have become co-extensive with the Schwann cells in
which they lie, the resulting short myelinated internodes themselves increase in
length pari passu with the elongation of the enveloped axon segment. This would
lead to the gradual disappearance of the most striking distinguishing feature of the
proximal rootlet segment which remains after matrix withdrawal, namely, the
presence of very short Schwann cells. As a result, the sharp transition between the
proximal rootlet segment and the succeeding part of the rootlet would be lost.

Root maturity
During the last third of fetal life, the rat proximal rootlet segment is initially more

mature than the remainder of the root, since most axons are fully isolated from their
neighbours by matrix processes, and most ventral root axons have not yet become
fully segregated by Schwann cells. As birth approaches, this situation is reversed, as
axons distal to the proximal rootlet segment not only become fully segregated, but
also begin to be myelinated and mature at a rate similar to that of the remainder of
the ventral root (Fraher & Rossiter, 1983). The present findings show that, after
birth, the degree of reversal diminishes with the disappearance of the matrix. In the
case of those axons which become enveloped by central extensions of the myelinated
Schwann cells surrounding the immediately succeeding segments, the reversal dis¬
appears rapidly and completely. It disappears more gradually in relation to the
remainder, as each axon is first enveloped by a short Schwann cell which then pro¬
duces a short myelin sheath whose thickness increases progressively. If the sheath
then elongates to become co-extensive with the Schwann cell, and the resulting
myelinated internode elongates further, then the maturation of the proximal rootlet
segment catches up gradually with that of the remainder of the ventral root. This
process may fail to be quite complete, however, as internodal length in the proximal
parts of both ventral and dorsal roots is less than in the root generally (Fraher, 1978 b;
Carlstedt, 1981).

Origin and fate of cluster cells
Possible sources of the cells forming clusters have been considered previously

(Fraher & Rossiter, 1983). It was shown that prenatal cluster cells possess ultra-
structural features of both astrocytes and Schwann cells, but, on leaving the clusters,
they come to resemble Schwann cells progressively more closely. The present study
shows that this trend continues postnatally, but with the difference that most cells
come to resemble Schwann cells ultrastructurally before leaving the clusters. How¬
ever, a small number of early postnatal clusters contain cells which, on the basis
of their ultrastructure, retain similarities to astrocytes. Although on balance these
are more likely to be Schwann cells, they may be atypical astrocytes, or an inter¬
mediate form between the two.



Cell clusters on postnatal ventral roots 571

SUMMARY

The cell clusters found on the most proximal parts of rat ventral spinal nerve
rootlets during prenatal development, persist into the postnatal period. Clusters
become smaller as cells leave them to invest axon segments. By 2 weeks after birth,
clusters have largely disappeared. Fine processes stemming from clusters interweave
at first to envelop axons in a complex matrix. This matrix disappears soon after birth.
Axons then become enveloped by cells in clusters in the manner of premyelin
Schwann cells. Many of these premyelin cells leave the parent cluster but continue
to envelop the unmyelinated axon segment as they do so. Meanwhile, myelination of
axons immediately distal to the proximal rootlet segment proceeds at the same rate
as in the ventral root generally. Thus, the proximodistal maturation gradient comes
to be reversed in relation to many axons in the ventral root, the most proximal
peripheral internode being unmyelinated, while more distal internodes are myelin¬
ated. This reversal gradually lessens in some cases as the short internodes produce
myelin sheaths. It is possible that these short internodes become progressively more
heavily myelinated and elongate in subsequent development. All axons in the most
proximal part of the ventral rootlet do not necessarily become enveloped by short
premyelin Schwann cells, however. When some are released from envelopment by the
matrix, the myelinating Schwann cells at more distal root levels extend proximally
along each of them, up to the level of the surface of the spinal cord. Some clusters
in the early postnatal period contain cells resembling astrocytes.

The authors are grateful to Mr D. O'Leary for his technical help, and to Ms V.
O'Connor for typing the manuscript.
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INTRODUCTION

The axon of the ventral motoneuron passes through the central and peripheral
parts of the nervous system. It is therefore myelinated by the oligodendrocyte and
by the Schwann cell over different parts of its course. The territories of these two
cell types meet at the transitional node of Ranvier in the central-peripheral transi¬
tional zone. Study of this region therefore affords an opportunity to examine the
interactions of Schwann cells not only with oligodendrocytes but also with astrocytes
during normal development. The present investigation examines the development of
the transitional node and the bounding paranodes in the lumbar region of the rat.

As bundles of lumbar ventral motoneuron axons course through the antero¬
lateral white column of the spinal cord, they run almost parallel to the long axis
of the spinal cord. Their direction changes little after they emerge through the
surface of the cord to run in the ventral spinal nerve rootlets. Extensive series of
transverse or longitudinal sections through them can readily be obtained without
altering the plane of section. The lumbar region is therefore particularly suitable for
studying the development of the central-peripheral transitional node.

Definitions
At the mature transitional node (Berthold & Carlstedt, 1977; Fraher, 1978a) the

axon possesses a subaxolemmal undercoat, similar to that found at nodes in the
central (Conradi, 1969; Hildebrand, 1971a; Rosenstein & Leure-du Pree, 1976) and
peripheral (Berthold, 19686, 1974; Berthold & Rydmark, 1983; Ghabriel & Allt,
1982; Landon & Williams, 1963; Raine, 1982) parts of the nervous system. Central
and peripheral to this node, the oligodendrocytic and Schwann cell paranodes,
respectively, envelop the axon up to the margins of the undercoated segment. Nodes
of this type will be referred to as definitive transitional nodes. Developing tran¬
sitional nodes differ considerably from definitive transitional nodes, however.
Though the Schwann cell paranode lies immediately distal to the undercoated seg¬
ment of the axon, the distal extremity of the oligodendrocyte may lie at a consider¬
able distance central to it over a long period (Fraher, 1976, 1978a, b, c). The inter¬
vening length of axon lacks an undercoat and is enveloped by astrocyte processes.
Nodes with such an axon segment central to them will be referred to as presumptive
transitional nodes. The Schwann cell which envelops the most proximal axon segment
of the peripheral nervous system will be referred to as the transitional Schwann cell.
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MATERIALS AND METHODS

Wistar albino rats were used in this investigation. Ten animals were studied at
each of the following ages: 20 days fetal, 1, 3, 6, 12, 20 and 300 days postnatal. All
fetal ages were known to within 1 hour post-conception. Postnatal animals were
taken only from litters delivered 21-5 days ±2 hours following mating. Their ages
were known to within 2 hours.

Fetal specimens were prepared as follows: the pregnant dam was anaesthetised
using anaesthetic ether. Fetuses were delivered by Caesarean section through an
abdominal hysterotomy. A small ether-soaked mask was placed over the mouth and
nostrils of the fetus. When it had taken effect the fetus was perfused and treated as
for postnatal specimens. Postnatal specimens were anaesthetised with anaesthetic
ether and then perfused through the left ventricle with a solution containing 2-5 %
paraformaldehyde and 2 0 % glutaraldehyde in orthophosphate buffer at pH 6-6-
6-8, preheated to 38 °C. Perfusion was continued for 15-20 minutes. To aid rapid
fixation of adult tissue, perfusate was introduced into the sacral part of the sub¬
arachnoid space and allowed to escape through a cranial burr-hole. The lumbar
spinal roots were irrigated in this way for one additional hour. Following bilateral
laminectomy, the fifth lumbar segment of the spinal cord and the attached spinal
nerves were removed and bathed in primary fixative for a further hour. After treat¬
ment with buffer and osmium tetroxide they were washed in distilled water and
stained en bloc with 2 % aqueous uranyl acetate (Hayat, 1975). After staining, they
were dehydrated with ethanol, placed in epoxypropane and embedded in Araldite.

At each age, several fibre bundles from each animal were sectioned in the region
of the root-cord junction. Each bundle examined was sectioned over its course in
the central nervous system {intramedullary segment), in the peripheral nervous
system (the ventral rootlet) and in the intervening transitional zone. From each
animal an equal number of bundles was sectioned transversely and longitudinally.
Each specimen was sectioned by cutting alternate sequential series of 10 thick and
30-40 thin sections. The number and sequence of all thick and thin sections were
known. To examine transitional nodes, additional series of 300-400 transverse thin
sections of axon bundles were made at the level of the transitional zone at each age.
These were placed on Formvar-coated grids. Thin sections were post-stained with
lead citrate (Reynolds, 1963). Thick sections were stained with toluidine blue. These
were examined in a Reichert Polyvar photo-microscope and photographed at nega¬
tive magnifications of from x 20 to x 400. Thin sections were examined in a Corinth
500 electron microscope. Most photographs were taken at negative magnifications
from x 1000 to x 12000. The precise magnification of each electron micrograph was

Fig. 1 (a-h). Presumptive transitional nodes, (a) Longitudinal section of newborn axon (Ax)
enveloped by promyelin transitional Schwann cell (right) and by astrocyte processes (left),
x 14600. (b) Enlargement of (a) showing Schwann cell collar (C). x 38600. (c) Enlargement of
(a) showing Schwann collar (C) abutting astrocyte processes (A), x 118500. (d) Transverse
section showing discrete plaques (arrows) of subaxolemmal dense undercoating. x 16000.
(e) Longitudinal section through node bounded distally by myelinating Schwann cell. The
undercoated nodal axon segment lies between arrows, x 16000. (/) Enlargement of (e) showing
cytoplasmic pockets and axolemmal scalloping, x 46000. (g) Longitudinal section through
paranode showing a stack of desmosomes (double arrows) and dense bands (arrows), x 79200.
(/;) Longitudinal section through myelinating Schwann cell paranode. Distal pockets are not
related to axonal scalloping and are separated by a wider gap from the axolemma than is the
case with proximal pockets, x 35400.
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determined by photographing a standard calibration grid under the same conditions
of magnification as the thin sections during each photographic session. Because they
had been serially sectioned, individual fibres were examined not only at the transi¬
tional node, but also over considerable lengths of their course through adjacent
parts of the central and peripheral nervous systems. These were used to determine
the appearance of the central-peripheral transitional node and the adjacent paranodes
during development and at maturity. The material was also used for a morpho-
metric study (Kaar & Fraher, 1984 in preparation), which showed that from an

early stage fibres could be subdivided into large and small classes on the basis of
their circumference. Accordingly, morphological changes in developing nodes and
paranodes were studied separately for large and small fibres. At each age, fibres
were assigned to large and small classes on the basis of the circumference distribution
of their central axon segments. The dividing circumferences were as follows: 6 days:
4-5 //m; 12 days: 6-2 //m; 20 days: 8-5 /mn; 300 days: 15-1 //m.

OBSERVATIONS

Presumptive transitional nodes
Presumptive transitional nodes were found almost exclusively between 1 and 12

days. Their numbers were greatest at 6 days. Some were bounded distally by pro-
myelin Schwann cells, others by myelinating Schwann cells. With maturation, the
proportion of the former decreased and that of the latter increased.

In the 20 days fetus, all axon segments were enveloped by an irregular matrix of
Schwann cell processes immediately distal to the surface of the central nervous
system. This matrix resembled that described previously in the cervical region
(Fraher & Rossiter, 1983 a, b). With further segregation each axon segment became
enveloped by a promyelin transitional Schwann cell (Fig. 1) and immediately central
to this by astrocyte processes over a distance of several micrometres. These were

separated from the axolemma by a 15-20 nm gap. Presumptive nodal specialisations
were first seen at this stage. They occurred in that part of the axon enveloped by the
proximal end of the transitional Schwann cell. The latter formed a collar 1-2 pm
in length and 50-200 nm thick around the axon (Fig. 1 b, c). The two were separated
by a 10-20 nm gap. The central end of the Schwann collar abutted on the astrocyte
processes central to the presumptive node and was separated from them also by a
10-20 nm gap. The axon segment enveloped by the Schwann collar had become

Fig. 2(a-h). Presumptive transitional nodes, (a) Longitudinal section through Schwann collar
(C)and axon (Ax). Subaxolemmal undercoating is complete and granular material lies between
the collar and the axolemma. x 46200. (b) Longitudinal section through collar of myelinating
Schwann cell, x 45 800. (?) Transverse section through transitional node showing complete layer
of subaxolemmal undercoating. x 25 300. (d) Longitudinal section through transitional node
showing microvilli (arrows) arising from Schwann collar (C) with frond-like astrocyte processes
(A) external to them, x 33800. (?) Longitudinal section through astrocyte process (A) enveloping
the axon segment (Ax) central to a presumptive transitional node, x 45 800. (/) Longitudinal
section through a bare node. The axon (Ax) is covered only "by basal lamina, continuous with
that covering the Schwann collar (right) and the astrocyte processes (left), x 15300. (g) Enlarge¬
ment of (h) showing longitudinal section through presumptive oligodendrocyte paranode central
to a presumptive transitional node. No specialisations occur between the terminal pockets and
the axolemma. Many turns end externally (arrows), x 45 800. (//) Longitudinal section showing
the oligodenodrocyte paranode (arrow) central to a segment of axon surrounded only by
astrocyte processes, x 4500.
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reduced in calibre compared with its adjacent parts. It developed a subaxolemmal
dense undercoating, 30-50 nm thick. This appeared as a belt of discrete plaques
(Fig. 1 d). Each plaque had longitudinal and circumferential dimensions of 0-5-
10 f<m and was separated from neighbouring plaques by gaps 0-2-0-5 /<m wide.

Presumptive transitional nodes bounded distally by myelinating transitional
Schwann cells were found between 3 and 12 days after birth (Fig. 1 e). They occurred
on both large and small fibres and had a very similar structure in each. As with
myelinating Schwann cells generally, individual turns of the compact sheath became
continuous internally with the marginal spiral of Schwann cell cytoplasm which
appeared as paranodal cytoplasmic pockets on longitudinal section. Adjacent para-
nodal pockets were separated by a 3-7 nm gap (Fig. 1 /). From an early stage,
paranodal pockets became closely apposed to the axolemma, a gap of 2-3 nm
intervening. Membrane specialisations appeared in the following sequence at the
peripheral transitional paranode. The proximal 50-70 % of pockets became closely
apposed to the axolemma from the earliest stage of their formation. The intervening
gap was 2-4 nm. Axolemmal scalloping began a short time later, followed by the
appearance of dense parallel transverse bands 15 nm wide and 15 nm apart between
the axolemma and the Schwann cell plasma membrane (Fig. lg). Subsequently,
scalloping became progressively deeper and by the time it was well established
transverse dense bands had become widespread and prominent. Axolemmal scallop¬
ing and transverse bands were absent in relation to the distal paranodal pockets
(Fig. 1 h) which were separated from the axolemma by 20 nm gaps containing
moderately dense granular material. From an early stage, desmosomal bands
(Harkin, 1964) occurred in the Schwann cell cytoplasm (Fig. 1^). Central to the
paranodal pockets a Schwann cell collar was present, closely similar to that formed
by promyelin transitional Schwann cells (Fig. 2b). The gap separating it from the
presumptive nodal axon was about 20 nm deep and contained a layer of granular
material similar to that related to distal paranodal pockets (Fig. 2a). The layer of
dense subaxolemmal nodal undercoating had become complete (Fig. 2 c). Occasional
microvilli arose from the Schwann collar (Fig. 2d). Frond-like astrocyte processes
lay external to them (Fig. 2d). Some microvilli approached to 10 nm from the
axolemma. Central to the presumptive node, the axon lacked an undercoating and
was enveloped by astrocyte processes arranged as described above (Fig. 2e). No
specialisations were found in the plasma membranes of either the astrocytes, the

Fig. 3 (a-g). Transitional paranodes of large fibres, (a) 6 days. Transverse section through a
Schwann cell paranode (P). The furrows between the myelin sheath crests are only partially
filled with cytoplasm, x 8300. (b) 300 days. Transverse section through a Schwann cell paranode.
The furrows between the myelin sheath crests are filled with cytoplasm and the fibre has a
smooth outline. x6800. (c) 20 days. Tangential longitudinal section through transitional node
showing a stack of desmosomes between Schwann cell pockets, x 15400. (d) 20 days. Longitu¬
dinal section through a paranode. The pockets nearer the node gap (left) are less electron-dense
than those further away (right). Some of the latter have lost contact with the axolemma (arrows).
Astrocyte processes (A) project into the node gap and overlie the undercoated axon segment.
They form a complete sleeve (S) externally. The basal lamina (double arrows) is continued from
the Schwann cell onto the astrocyte processes and also extends deeply into the node gap.
x 55 200. (e) 300 days. Longitudinal section through a paranode showing terminal pockets, which
have lost contact with the axolemma, arranged in a wheatear fashion (arrows), x 34500.
(/) 300 days. The smooth outline of a central paranode seen on transverse section, x 13400.
(g) Transverse section through a 300 day central paranode showing longitudinally running
ridges formed by the central myelin sheath, x 6600.
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axon or the intervening gap. The distal limit of the astrocyte processes generally lay
at the central edge of the undercoated presumptive nodal axon. The astrocyte
processes generally came to lie 20 nm from the Schwann collar. However, in some
cases they fell short of it, leaving a bare segment 0-5-10 gm long covered with basal
lamina (Fig. 2/). Oligodendrocytes surrounded axon segments central to those
enveloped by astrocyte processes (Fig. 2h). Myelination of a given axon began at
about the same time centrally and peripherally. While the presumptive oligoden¬
drocyte paranode generally resembled that of the Schwann cell, it differed from it
in some particulars (Fig. 2g). The cytoplasmic pockets were generally longer than
their peripheral counterparts. Their plasma membranes were not closely related to
the axolemma. The gap between the two was 10 nm deep and contained no dense
bands or granular material. Some pockets were not related to the axolemma and
lay external to the remainder (Fig. 2g). Axonal scalloping was absent. However,
the axon was commonly markedly constricted under the presumptive paranode as
a whole. With maturation, oligodendrocytes increasingly extended distally into the
transitional zone.

Definitive transitional nodes on large fibres
Definitive transitional nodes were first found at 6 days. They increased in fre¬

quency after this stage, as more presumptive oligodendrocyte paranodes completed
their distal extension along the axon and came to lie immediately central to the
undercoated axon segment. Over the bounding Schwann cell paranode on large
fibres, sheaths possessed one to five longitudinally running furrows which were 1-
3 pm deep (Fig. 3 a). The apices of the crests of compact myelin between the furrows
were directly related to the external Schwann cell plasma membrane. At 20 days
and subsequently, the furrows were filled with cytoplasm, the whole fibre having a
roughly circular outline on cross section (Fig. 3 b). Previous to this, they were less
full and, as a result, the fibres had a crenated outline. The peripheral paranode
closely resembled that related to the presumptive node but with the following dif¬
ferences. With maturation, cytoplasmic pockets contained progressively darker
cytoplasm and became connected to one another by stacks of desmosomes in many
cases (Fig. 3 c). At 12 days and subsequently, an increasing proportion of pockets
towards the middle of the paranode were separated from the axolemma (Fig. 3d)
and with age increasingly became arranged in a 'wheatear' fashion (Fig. 3 c). In
addition, the most proximal one to eight pockets lay loose within the nodal gap
(Figs. 3d, 4a). Their electron density was less than that of the remainder and re¬
sembled that of the Schwann collar. Over the central paranode most fibres were
smooth in cross sectional outline up to 20 days (Fig. 3/). By 300 days, however,
they possessed 2-4 longitudinally running ridges with intervening troughs 0-5-3-0 /<m
deep (Fig. 3g). These gave the sheath a crenated outline. Unlike those at peripheral
paranodes, the troughs lacked oligodendrocyte cytoplasm. Though central paranodal
pockets generally resembled those related to presumptive paranodes, the following
specialisations appeared. Their outer leaflets were separated from the axolemma by
a 2-3 nm gap which contained intermittent densities. With age, an increasing pro¬
portion of pockets became arranged in a 'wheatear' fashion. These occurred with
a frequency equal to that for peripheral paranodes. Compared with their peri¬
pheral counterparts, central paranodal pockets were larger and less dense (Fig. 4b).

At each transitional node, the central and peripheral compact sheaths and their
associated paranodal pockets turned inwards towards the axon through a similar
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Fig. 4 (a-c). Longitudinal sections through definitive transitional nodes of large fibres. (a-b) 6
days. Sections through opposite sides of the same node. Astrocyte processes (A) approach close
to the undercoated axolemma between the central (left) and peripheral (right) paranode. The
turns of the central and peripheral sheaths turn inwards towards the axon through similar low
angles. The central turns of the peripheral paranode are loose (arrows), x 28000. (c) 300 days.
Longitudinal section through a deep, narrow node gap. A slender astrocyte process projects
into the gap. It separates the oligodendrocyte terminal pockets from a deep invagination of the
extracellular space bounded on both sides by basal lamina (arrows). At the bottom of the gap
the two layers of basal lamina are continuous with one another and project further into the
node as a single layer (double arrows) which separates loose oligodendrocyte pockets from a
Schwann cell cytoplasmic process (S). x 35 600.

angle. Each node gap was therefore symmetrical in this respect. There were two types
of node gap: where the above angle was between 30° and 60°, the gap was relatively
open (Fig. 4a). At 6 days, all nodes were of this type. With maturation and as sheath
thickness increased, the angles through which the sheaths turned inwards towards
the axon generally increased progressively to 90° or more (Fig. 4c). The node gap
became correspondingly more closed relative to the surrounding tissues. Node gaps
of this kind first appeared at 12 days. As they matured they became deeper and
narrower. They made up the majority of nodes on large fibres at 300 days. However,
a minority of node gaps on large fibres remained open in type through to maturity.

The processes surrounding the definitive nodal axon underwent many changes
during maturation. At first, the axon was surrounded by a Schwann collar (Fig. 5 a).
The gap between the two had a constant depth of 20 nm and contained granular
material. At 6 days the collar resembled that found at presumptive nodes. Subse¬
quently, it tended to consist of a number of blunt processes rather than a single
sheath (Fig. 5 b, c). The collar covered most or all of the circumference of the
nodal axon and generally abutted the distal margin of the oligodendrocyte paranode
(Fig. 5 a). Only occasional astrocyte processes intervened between the two (Fig. 5 c).
Those which did so tended to be apposed to the axon central to its undercoated
segment. As the definitive node matured, the collar became retracted distally over
a progressively increasing proportion of the circumference of the nodal axon.
Microvilli arose from the retracted parts of the collar and so increased in number
as age progressed (Fig. 5 d). These commonly approached closely to the oligoden¬
drocyte paranode (Figs. 5 d, 6a). The proportion of the circumference of the collar
which gave rise to microvilli increased correspondingly from 70% at 12 days to
over 90 % at 300 days. As the node gap depth increased with maturation the collar
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Fig. 6 (a-d). Longitudinal sections through definitive transitional nodes. (a) 20 days. The
Schwann collar (C) is separated from the nodal axolemma. Microvilli are found in the space
between the two sets of membrane, x 25400. (b) 300 days. The Schwann collar (C) approaches
the axon more steeply than in (a) and a number of astrocyte processes project into the node gap
space intervening between Schwann cell microvilli (arrows) and oligodendrocyte paranodal
pockets, x 14400. (c) 300 days. At some nodes the astrocyte processes are thick and blunt,
x 26300. {d) 300 days. Microvilli (arrows) intervene between Schwann cell pockets (left) and
astrocyte processes (right), x 14400.

became progressively more separated from the nodal axolemma (Fig. 6a). Microvilli
and gap substance came to lie in the space between the two. At 300 days the collar
was no longer parallel to the axon but approached it much more steeply (Fig. 6b).
As the collar became retracted, astrocyte processes extended into the node gap
between it and the oligodendrocyte (Fig. 4a). In contrast to those which enveloped
the axon at presumptive nodes, these astrocyte processes came to lie over the

Fig. 5 {a-d). Longitudinal sections through definitive transitional nodes of large fibres, (a) 6
days. The terminal pockets of the oligodendrocyte (O) are closely apposed to the central end
of the Schwann collar (C). This consists of a single sheet of cytoplasm. Astrocyte processes (A),
identified through serial sections as being continuous with those of the transitional zone, project
into the node gap space. They separate the Schwann collar from the oligodendrocyte paranode
on one side and overlie the undercoated axon segment. They also form a loose sleeve (S) external
to the node. Basal lamina (arrow) covers part of an oligodendrocyte terminal pocket, x 22200.
(b) 12 days. The Schwann collar gives rise to two large processes (arrows). Loose astrocyte
processes (A) lie externally. Basal lamina (double arrows) is continued from the Schwann collar
onto the astrocyte processes, x 38000. (c) 20 days. The Schwann collar is thin and complete on
one side but consists of three parts (arrows) on the other. The collar is separated from the
oligodendrocyte by an astrocyte process (A), x 20200. (d) 20 days. The Schwann collar (C) is
retracted from the oligodendrocyte pockets and gives rise to microvilli (arrows) which are
apposed to an oligodendrocyte pocket (O) and to astrocyte processes (A) surrounding the node,
x 26900.
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Fig. l(a-b). Transverse sections through definitive transitional nodes, (a) 20 days. Microvilli
(arrows) overlying the nodal axon (Ax) are irregular and entangled with one another, x 35 600.
(b) 300 days. Microtubules, mitochondria and profiles ofsmooth endoplasmic reticulum are clus¬
tered within an array formed by neurofilaments, x 45 500.

proximal part of the undercoated axon segment. They approached to a distance of
20 nm from the axolemma. At 12 and 20 days they extended into the node gap only
over those parts of the axon circumference where microvilli did not arise from the
Schwann collar (compare Figs. 4 a and 5 d). By 300 days, however, the astrocyte
processes projected into the node gap over the entire axonal circumference and
formed a complete septum up to 0-5 /m thick around the axon distal to the oligo¬
dendrocyte (Fig. 6b, c). Where the node gap was deep these processes were long and
slender (Fig. 4 c). Where it was shallow and open, both they and the Schwann collar
were thicker and blunt-ended (Fig. 6c). Initially, these astrocyte processes and the
Schwann collar abutted on one another (Fig. 4a). With maturation of the node they
became separated from one another by an increasing gap into which the Schwann
cell microvilli projected (Fig. 6d). In addition to those processes which extended
into the node gap, astrocytes also gave rise to frond-like processes which projected
distally in increasing numbers around the maturing transitional node gap. At 6 and
12 days they formed a loose and incomplete sleeve external to it (Fig. 5 a, b). With
maturation they became more closely packed and by 20 days the sleeve was generally
complete (Figs. 3d, 6b).

Fig. 8 (a-f). Three dimensional reconstructions of typical definitive transitional nodal axon seg¬
ments. (a-c) Photographs of opposite sides of a reconstruction of the nodal region of a small
fibre (a, b). Areas of the axon covered by terminal pockets of the oligodendrocyte (O) and the
Schwann cell (S) are shown in black. The undercoated nodal axolemma is shown in white.
It is divided into areas overlain by structures in the node gap space. Details of these are shown
in (c), which is a plane projection of the axon surface. Areas in black: as in (a, b); circles:
area of axolemma overlain by microvilli; crosses: areas of axolemma overlain by astrocyte
processes; dots: areas of axolemma overlain by Schwann cell collar, (d-f) Photographs of
opposite sides of a reconstruction of the nodal region of a large fibre (d, e). Nodal axolemma
and areas of the axon covered by oligodendrocyte and Schwann cell pockets are shown as in
(a, b) above. Two axonal protrusions (Pr and FV) are present. The plane projection of the
axon surface (/) shows the areas overlain by the Schwann collar, microvilli and astrocyte
processes according to the convention in (c) above. One of the axonal protrusions (P,) is covered
by astrocyte processes on one side and by microvilli on the other. An astrocyte process is apposed
to the tip of the other (P2).
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Microvilli were 0-5-10 //m in length, 60-80 nm in diameter and contained 8-12
longitudinally running microfilaments near the bounding plasma membrane. Up to
20 days, the microvilli were very irregularly arranged (Figs. 5d, la). They were
entangled with one another and did not closely approach the axolemma. By 300
days they had become somewhat more regular. While some lay parallel to the axon,
many curved inwards and their tips lay 10 nm from the axolemma. The tips of some
microvilli came to lie 20 nm from astrocyte processes in the node gap.

At the definitive nodal axon segment, the layer of dense undercoating was com¬
plete and 20-50 nm thick. The undercoated axolemma lay mainly beneath the
Schwann collar. Its proximal limit lay immediately distal to the distal extremity of
the ensheathing oligodendrocyte (Fig. 5 a) which was not observed overlying it.
Neurotubules, neurofilaments, mitochondria and profiles of smooth surfaced endo¬
plasmic reticulum were more densely packed in the nodal axon segment than else¬
where. At 300 days, neurotubules, mitochondria and smooth endoplasmic reticulum
were clustered together, neurofilaments forming an array between the clusters
(Fig. lb). Three dimensional reconstructions (Fig. 8) showed that, over the transi¬
tional node, the shape of the axon departed substantially from that of a cylinder.
Also, the nodal margins of both the Schwann cell and oligodendrocyte paranodes
did not follow a circular path around the circumference of the axon at right angles
to its long axis. Instead, the nodal margins of both were sinuous, generally in a
reciprocal fashion, so that the length of the nodal axon changed relatively little
around its circumference. In some cases, this sinuosity was markedly exaggerated,
the central paranode extending much further distally at one quadrant and the peri¬
pheral paranode much further proximally at the diametrically opposite quadrant.
The node was then set very obliquely relative to the axon.

Two types of amorphous material were related to the definitive transitional node -

basal lamina and granular amorphous material external to the axolemma. The basal
lamina was continuous from the Schwann cell onto the adjacent astrocyte processes
(Figs. 3d, 4a, 5b) and occasionally onto the oligodendrocytic terminal pockets at
early stages (Fig. 5a). After the Schwann cell and the astrocytes had become sepa¬
rated by a gap, the basal lamina around the node extended inwards between them
as a circumferential trough (Fig. 4b). In those areas where the Schwann cell collar
did not give rise to microvilli, the trough was absent and the basal lamina projected
into the node gap as a single layer, forming a disc-like partition (Fig. 9a). Microvilli
lay internal to the basal lamina and were generally separated from it by astrocyte
processes. In some cases however, they were covered externally only by basal lamina.
Granular amorphous material formed a belt around the nodal axolemma and was
separated from the axon by a shallow gap (Fig. lb). The tips of many microvilli
were embedded in this material. It separated the axolemma from the Schwann cell
collar, the astrocyte processes and loose paranodal pockets in the node gap and was
continuous with the basal lamina in some cases (Fig. 9a).

While the great majority of nodes were as described, many of those at the peri¬
phery of the rootlet and adjacent to the acute angle between the rootlet and the cord
surface were particularly open and had a very shallow node gap (Fig. 9b, c). Peri¬
pheral lamellae of the sheath turned in at a very shallow angle and the paranodal
pockets were usually long. In accordance with the openness of the node, the trough
of basal lamina on the side facing the endoneurial space was very shallow (Fig. 9 c).
A thin layer of astrocyte processes extended into the gap and approached to a dis¬
tance of 15 nm from the Schwann cell collar.
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Fig. 9 (a-e). Definitive transitional nodes of large fibres, (a) 20 days. At some nodes basal lamina
projects inwards as a single disc-like partition (arrow) and becomes continuous with a layer of
granular material immediately surrounding the undercoated nodal axolemma. x 25 300. (b) 300
days. This node at the acute angle between the rootlet and the cord surface is particularly open,
x 6500. (c) Enlargement of (b) showing the longitudinally sectioned nodal axon (Ax) covered
by a slender Schwann cell collar (C). This is separated from the oligodendrocyte terminal pocket
(O) by a thin layer of astrocyte processes (A) which overlie some of the Schwann cell microvilli
(arrows), x 45000. (d) 300 days. Transverse section through transitional node region showing a
small recurrent branch arising from the proximal part of the nodal axon. It is surrounded by
the terminal portion of an oligodendrocyte sheath, x 13 500. (e) 12 days. Longitudinal section
through transitional node showing an axonal protrusion (P). x 11000.

A small recurrent axon branch commonly arose at nodes of large fibres at 20 and
300 days (Fig. 9d). A few were found at 12 days and none at 3 and 6 days. Branches
lacked a subaxolemmal undercoating. They stemmed at right angles from the mid-
level of the nodal axon. They tended to be isolated from the node gap over the
initial 01-0-5 /tm of their course by slender astrocyte processes. This segment was
succeeded by a central paranode 1-2 /tm long, resembling that described above.
Over the paranode the fibre turned centrally through 90° into the transitional zone.
A thin myelin sheath succeeded the paranode. These recurrent fibres were traced
over distances of up to 100 jum into the central nervous system. Most followed the
intramedullary rootlet, running parallel to the parent fibre. However, some entered
the adjacent ventrolateral column of the cord.

Protrusions of the nodal axon were found at 6 days and subsequently (Fig. 9e).
They were commonest at 20 days and decreased thereafter. These protrusions arose
immediately distal to the oligodendrocyte paranode and were pedunculated or
villous in shape. They were surrounded by a sheath of astrocyte processes. They
varied from 0-25 to 0-75 pm in diameter. Villous protrusions curved distally and
varied from 1 to 2 /tm in length, being somewhat shorter at later stages. Protrusions
contained dense subaxolemmal undercoating only towards their bases. Their main
contents were vesicles, 50 nm in diameter, the contents of which were in some cases
electron-dense and in others electron-lucent (Fig. 9e). Between the vesicles the
axoplasm contained a loose mesh of microfilaments, occasional microtubules and,
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in the earlier stages, mitochondria. Many nodes gave rise to more than one pro¬
trusion. Small pedunculated protrusions, resembling the above but lacking any
subaxolemmal undercoating, were also found at all ages in relation to the paranodes,
where they projected between adjacent paranodal pockets (Fig. lOo).

Definitive transitional nodes on small fibres
Definitive transitional nodes were associated with small fibres only at 12, 20 and

300 days. While they resembled those on large fibres in many respects, there were
significant differences between the two. Over the peripheral paranode the longitudi¬
nally running furrows were 1-2 //m deep and so were shallower than those on large
fibres (Fig. 106). As in large fibres, the proximal five to ten paranodal pockets were
less electron-dense than the remainder (Fig. 10d) but in contrast they were closely
apposed to the axolemma. Over the central paranode, as compared with large fibres,
a smaller proportion of sheaths possessed longitudinally running crests (Fig. 10 c).
These were shallower (0-5-1-0 /tm) than those of large fibres. Compact myelin
lamellae and their paranodal pockets generally turned inwards towards the axon
through an angle of 30-60° at each age (Fig. 10d). Node gaps were therefore generally
of the open type. Node gap depth increased with age. The nodal axon segment
resembled that of larger fibres. As within large nodes, the Schwann collar initially
covered the entire nodal axolemma and was gradually withdrawn during maturation.
Concurrently, Schwann cell microvilli and astrocyte processes became related to the
nodal axolemma in areas vacated by the collar. A single layer of microvilli generally
arose from the central margin of the Schwann cell collar and extended centrally
around the nodal axon. They increased in number with age and by 300 days arose
from 50 % of the circumference of the collar. They were not orientated in any
preferred direction. Some ran parallel to the nodal axon, others circumferentially
around it (Fig. 10e,f). Their tips were separated by gaps of 20 nm or more from
the nodal axolemma. At 300 days after birth, a tuft of interdigitating microvilli
commonly extended outwards from the collar (Fig. 10^). The collar also gave rise
to large frond-like processes which extended centrally over the belt of granular
electron-dense material around the nodal axon. As with large fibres, astrocyte
processes both enclosed and projected into the node gap. They generally formed a
barrier around the proximal part of the nodal axon, isolating the oligodendrocyte
from the node gap distally. This tended to be more complete than in large fibres.
As at large nodes, the astrocyte processes were separated from the Schwann cell
distally by a gap into which projected a circumferential trough of basal lamina with
endoneurial space lying external to it (Fig. 10/). No branches arose from small
nodal axons although occasional small protrusions were present at nodal, paranodal

Fig. 10(a-h). Definitive transitional nodes, (a) 300 days. Longitudinal section through a large
fibre, showing paranodal axon protrusions (arrows), x 8800. (b-c) 300 days. Transverse sections
through (b) peripheral and (c) central paranodes showing their irregular outlines, x 8900.
(d) 20 days. Longitudinal section through a transitional node on a small fibre. The ends of the
turns of the Schwann cell (5) and oligodendrocyte (O) sheaths form shallow angles with the
axon. Astrocyte processes (A) project into the node gap. x 14300. (e-f) Near-serial longitudinal
sections through the node illustrated in (d). The Schwann collar (f double arrows) gives rise to
circumferentially running microvilli (e, arrows). A circumferential trough of endoneurial space
bounded by basal lamina lies external to the Schwann collar (/, arrow), x 22200. (g) 300 days.
Tufts of microvilli arise from Schwann cells bounding transitional nodes on small fibres, x 33 000.
(h) 300 days. Small protrusions (P) arise at nodes on small fibres, x 33 600.
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and abnodal levels, especially at 12 and 20 days. They resembled those arising from
large axons. They contained vesicles, 50 to 150 nm in diameter, and a single large
mitochondrion was often present (Fig. 10/;). They were generally enveloped by
astrocyte processes, but occasionally by the Schwann cell collar and its frond-like
processes.

DISCUSSION

The presumptive transitional node
The location of the transitional node changes little during development. When

the presumptive nodal axon segment first appears, it lies immediately distal to the
astrocytes of the transitional zone and is enveloped by the central end of the transi¬
tional Schwann cell. Both cell types may influence its location. The role of the astro¬
cytes in this may be indirect. There is experimental evidence (Blakemore, 1975, 1976;
Blakemore & Patterson, 1975; Aguayo et al., 1978; Aguayo, Bray, Perkins & Dun¬
can, 1979; Weinberg & Spencer, 1979; Gilmore, Sims & Heard, 1982) to suggest
that they prevent the Schwann cell from invading the central nervous system. They
may therefore determine the position of its central end. This becomes specialised to
form the cytoplasmic collar which closely envelops the nodal axon segment and may
influence it as it develops its first specialisations. The oligodendrocyte probably has
little or no influence on initial transitional node location since it is at first separated
from the presumptive node by a considerable length of axon which is enveloped by
astrocyte processes (Fig. 11 a). Supporting evidence is found in the Jimpy mouse
(Moll & Meier, 1983) in which, even though oligodendrocyte function is abnormal,
the location of the presumptive node is similar to that found in the present study.

During its maturation the presumptive transitional nodal axon is closely related
to only one of the ensheathing cells, namely the Schwann cell. In this it differs from
the developing peripheral node which is related from an early stage to both bounding
Schwann cells (Berthold, 1968b\ Fraher, 1973, unpublished observations; Waxman
& Foster, 1980). The Schwann collar persists throughout the presumptive nodal
stage. It may influence the radial growth of the nodal axon and so may be respon¬
sible for its relative constriction. The oligodendrocyte comes into relationship with
the transitional node, thereby establishing its definitive central boundary only after
a substantial delay, when it completes its distal extension along the axon (Fraher,
1978a; Fraher & Kaar, 1982). This movement is facilitated by the lack of speciali¬
sations between the paranodal pockets of the oligodendrocyte and the axolemma.
It may come to a halt because of contact inhibition as the oligodendrocyte be¬
comes apposed to the Schwann collar or to the central margin of the nodal axolemma
(Fig. 116). Alternatively it may be arrested by the formation of the characteristic
band-like junctions between its plasma membrane and the axolemma as the para¬
nodal pockets arrive over the axon segment immediately central to the presumptive
node. The differences in the timing of events on either side of the transitional node
occur because each ensheathing cell bounding it behaves much as it does when it
bounds a developing node with another cell of its own type. The ensheathing cells
do not modify their behaviour in response to their unique relationship to one
another at the transitional node. Thus, the newly formed myelin sheath rapidly
extends throughout almost the entire length of the transitional Schwann cell and
reaches to within a few microns of the node soon after myelination begins. In this
it closely resembles early myelin sheath formation in the peripheral nervous system
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Fig. 11 (a-f). Diagrammatic longitudinal sections through (a) presumptive and (b-f) definitive
transitional nodes showing the changing relationships of astrocyte processes (shaded) and basal
lamina (dotted) to the undercoated axolemma (A), the Schwann cell (5) and the oligodendrocyte
(0) (see text).

generally (Berthold, 19686, 1974; Allt, 1969; Webster, 1971; Fraher, 1973). Myeli-
nation of the axon segment immediately central to the transitional node proceeds
as in the central nervous system generally, where it commences in relation to discrete
tongue-like oligodendrocyte processes (Peters, Palay & Webster, 1976; Hirano &
Dembitzer, 1978). Those bounding each presumptive central node are at first sepa¬
rated by a considerable distance and gradually approach one another by extending
along the axon, stripping astrocyte processes off it as they do so. The central node
is defined and its axonal specialisations appear only when the gap between the oligo¬
dendrocytes has been reduced to about its definitive width (Hildebrand, 19716).

The sequence of axonal changes at the developing transitional node tends to
resemble that at peripheral rather than at central nodes. Thus, the discrete plaques
resemble in size and arrangement the particle patches found in freeze-fracture
studies of developing peripheral nodes by Wiley-Livingston & Ellisman (1982).
Also, the axon develops nodal specialisations soon after becoming enveloped by
the Schwann collar; their appearance is not delayed as at central nodes.

The myelinating transitional Schwann cell develops microvilli at an early stage
of maturation, as do Schwann cells generally (Berthold, 19686; Allt, 1969). These
abut the distal end of the oligodendrocyte for a time (Fig. 11 c). The presence of
microvilli may be associated with electrophysiological functioning of the node
(Landon & Williams, 1963; Berthold, 19686; Vasilescu & Filip, 1978) and saltatory
conduction distally from it along the myelinating peripheral segment of the axon.
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Conduction over the astrocyte-enveloped segment central to the presumptive node
may be similar to that along unmyelinated peripheral axons, where it is continuous
and considerably slower than in myelinated axons of the same diameter (Paintal,
1978). These segments vary considerably in length. As a result, the time taken for
impulses arriving simultaneously at their proximal ends to reach the level of the
transitional Schwann cell will vary from fibre to fibre. Consequently, saltatory
impulses along groups of peripherally myelinated fibres with presumptive transi¬
tional nodes may be disorganised in their timing.

The definitive transitional node
The extent of the definitive nodal axolemma is determined by the nodal limits of

the closely attached oligodendrocyte and Schwann cell pockets bounding it. Three
dimensional reconstructions (Fig. 8) show that the shape of the nodal axon departs
from that of a regular cylinder such that its surface area is increased. Its surface
bears numerous irregularities in addition to the more clearly defined nodal protru¬
sions. The strip of nodal axolemma follows a sinuous path around the axon. While
the overall orientation of this strip is roughly transverse to the axon, in many in¬
stances it is set obliquely because the nodal ends of the two bounding cells are
offset relative to one another. In some cases the axon tapers proximodistally over
the node and the adjoining paranodes and so is shaped like a segment of a cone.
The contents and surroundings of the transitional node gap space reflect its unique
position. A wider variety of structures project into it than at typical peripheral or
central nodes. These include the Schwann cell collar and microvilli, loose paranodal
pockets, nodal axonal protrusions and astrocyte processes. It is traversed by the
stems of collateral axon branches. The surroundings of the nodal axon differ at its
peripheral and central parts. Over the former, the node gap is limited externally by
the central continuation of the basal lamina surrounding the transitional Schwann
cell. This resembles the arrangement at a typical peripheral node. However, the
basal lamina is reflected onto the astrocyte processes which project distally external
to the node. It thus forms a double layer which encloses a small perinodal recess
of endoneurial space. Therefore, the endoneurial space external to the transitional
node has a clearly defined external limit, which is not the case at a typical peripheral
node. The external limits of the central part of the node gap are less clearly defined.
There is no covering of basal lamina. The astrocyte processes project into the proxi¬
mal part of the node gap, resembling the arrangement at typical central nodes
(Metuzals, 1963; Conradi, 1969; Hildebrand, 1971 a; Rosenstein & Leure-du Pree,
1976). They merge indistinguishably with those extending distally around the node
and with those forming the transitional zone in general.

Once the definitive transitional node has been formed it undergoes extensive
further maturation. Each node generally remains symmetrical insofar as the myelin
lamellae central and peripheral to it turn inward towards the axon through similar
angles. At most nodes on large fibres these angles steadily increase to 90° as sheath
thickness increases and a progressively increasing number of paranodal pockets
overlie a relatively unchanging length of axon. These become increasingly over¬
crowded. Many fail to come into close apposition with the axolemma and form
wheatears. Turns on the nodal side of a wheatear must incline more steeply inwards
to approach the axon than would be the case if the wheatear was not present. This
contributes to the progressive increase in the angle made by the nodal margin of the
sheath with the axolemma. Nevertheless, the angle remains substantially less than
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90° at a significant minority of nodes on large fibres. In this the transitional node
differs from large peripheral (Berthold, 1978) and central (Phillips, Hibbs, Ellison &
Shapiro, 1972) nodes, at both of which the bounding sheath tends to make a right
angle with the axolemma. The angle tends to remain shallower at nodes of small
fibres, whose walls therefore slope gently inwards towards the axon. In this they
resemble the margins of central nodes (Bunge, 1968; Peters, Palay & Webster, 1976;
Hirano & Dembitzer, 1978). By contrast, sheaths bounding nodes on peripheral
small fibres turn in through 90° (Berthold, 1968 a). Overall therefore, transitional
nodes tend to remain more open than peripheral nodes.

The relationship of astrocyte processes to the definitive transitional node changes
markedly throughout development (Fig. 11 c-/). When the definitive node is first
formed, few overlie the axolemma and those that do so are generally related to the
paranodal part of the axon. The oligodendrocyte and the Schwann cell are apposed
to one another for a time (Fig. 11 b, c). A new set of astrocyte processes then begins
to extend into the node gap and encroaches on the amount of free space in it (Fig.
11 d). These processes are frond-like and do not resemble microvilli. They overlie
the proximal part of the undercoated axolemma. At first they form an incomplete
barrier. When the node has reached maturity this generally has completely isolated
the central nervous system environment of the distal end of the oligodendrocyte
from the node gap. The Schwann collar is apposed to this barrier at first (Fig. 11 d).
The two later separate progressively from one another as the collar retracts distally,
though Schwann cell microvilli continue to come close to the barrier (Fig. lie).
Astrocyte processes also project into the node gap at transitional nodes in other
sites (Nemecek, Parizek, Spacek & Nemeckova, 1969; Berthold & Carlstedt, 1977;
Fraher, 1978 c). With maturation, the processes comprising the astrocyte sleeve
which projects distally around each node become thinner as the axons become more

tightly packed in the transitional zone. Nevertheless, the sleeve becomes more

complete with age (Fig. 11 /) and so may isolate each node more effectively from
its neighbours, thereby perhaps reducing loss of ions by passive diffusion.

In the nodes of large fibres, microvilli become more regular with age in peripheral
nodes of the cat (Berthold, 19686, 1974; Berthold & Rydmark, 1983) and the rabbit
(Raine, 1982). While those at the rat transitional node show a similar tendency,
they remain less regular than in either of the above species, especially at small nodes.
This may reflect interspecies variation; microvilli are less regular in peripheral nodes
in general in the rat than in the cat (Berthold, 1974). The thin layer of moderately
electron-dense granular material surrounding the nodal axolemma may correspond
to the structure described by Raine (1982) in rabbit peripheral nodes as a 'web-like
granular base plate' on which the tips of the microvilli 'appeared to rest'. While
such a relationship holds for the microvilli in small transitional nodes, the tips of
the microvilli in large transitional nodes approach to a distance of 10 nm from the
axolemma and are embedded in the granular layer. The granular layer may cor¬
respond in part to the mucopolysaccharide layer which may act as a buffer in the
node gap (Landon & Langley, 1971; Landon & Hall, 1976).

Most axonal protrusions into transitional node gaps are pedunculated or villous
in shape, whereas those found in central nodes are spine-like (Rosenstein & Leure-du
Pree, 1976) and those at peripheral nodes are spine-like or finger-like (Uhrik &
Stampfii, 1981; Berthold & Rydmark, 1983). While transitional nodal protrusions
contain spherical vesicles, no dendritic or other profiles occur in their vicinity to
suggest that they are presynaptic. Similar protrusions arising from the transitional
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paranodal and abnodal segments of both large and small axons resemble those
found in developing central fibres of the cat (Hildebrand, 19716) and peripheral
fibres of the frog (Stampfli & Uhrik, 1980; Uhrik & Stampfli, 1981). These change
little in frequency with age, whereas nodal protrusions become fewer. Consequently,
protrusions are commonest at nodes in the earlier stages and at paranodes later in
development. Protrusions commonly contain vesicles which fuse with the axolemma
and so may play a part in the transfer of material between the axon and the Schwann
cell or oligodendrocyte. The change with time in the location of protrusions may
reflect a restriction in the role of the node to an electrophysiological one, the site
of transfer of material between the cells shifting from nodal to paranodal and ab¬
nodal areas with maturation.

Recurrent collateral branches arise from an increasing proportion of definitive
transitional nodes on large fibres as age advances. Compared with the parent fibre,
collaterals are of a smaller calibre and have thinner myelin sheaths. They were not
found at 3 or 6 days, despite exhaustive searches of serial sections. Thus they seem
to arise as new outgrowths from definitive transitional nodes. They first appear
between 6 and 12 days and continue to do so until after 20 days postnatum. The
stem of the collateral lacks a subaxolemmal undercoat where it passes through the
node gap. Here it is exposed over a short distance to the most central extremity of
the peripheral nervous system. As it turns centrally it is enveloped by astrocyte
processes over a short distance before becoming enveloped by a myelinating oligo¬
dendrocyte. Most collateral branches pass centrally with the intramedullary axon
bundle towards the anterior horn grey matter and in this resemble collaterals
arising from alpha motoneurons within the anterior horn of the cat (Saito, 1979).
However, a proportion enter the anterolateral white column and have an unknown
destination. Insofar as it gives rise relatively frequently to collateral branches, the
large transitional node resembles central rather than peripheral nodes.

SUMMARY

When the central-peripheral transitional node first appears it lies immediately
distal to the astrocyte processes delineating the cord surface. Its initial location may
be influenced indirectly by the astrocytes, since they determine the position of the
transitional Schwann cell by preventing it from invading the central nervous system.
The central end of the Schwann cell becomes specialised to form a narrow cyto¬
plasmic collar which closely envelops, and so may influence, the developing nodal
axon segment. The earliest nodal specialisations include subaxolemmal undercoating
which first appears as discrete plaques. These soon fuse to form a complete layer.

The transitional node is closely related to the Schwann cell collar throughout its
maturation. However, the presumptive oligodendrocyte paranode lies a considerable
distance central to the node for some time. The intervening axon segment is enveloped
by astrocyte processes. Terminal pockets of the oligodendrocyte gradually extend
distally along this segment until they reach the node. Here the distal end of the oligo¬
dendrocyte is at first apposed to the Schwann cell collar. With maturation, astrocyte
processes extend into the node gap, intervening between the two. The Schwann
collar gradually becomes retracted distally as it gives rise to microvilli which
project into the node gap space. With maturation, the astrocyte processes form a
progressively more complete barrier between the oligodendrocyte and the node
gap space.
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As the myelin sheaths on either side of the transitional node become thicker, the
angles through which their turns incline inwards towards the axon progressively
increase. The node gap thus tends to become deeper and to be bounded by steeper
walls. However, in small fibres and in a proportion of large fibres, this angle remains
relatively small and the node gap is therefore relatively open.

Axonal protrusions commonly arise from the nodal and the paranodal segments
of the axon. With maturation they become more frequent at the latter.

Small recurrent collateral axon branches arise at transitional nodes of large fibres
in increasing numbers with maturation. They possess thin myelin sheaths. Most run
centrally in the intramedullary bundle towards the anterior horn grey matter.
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INTRODUCTION

At spinal levels the transition between central and peripheral parts of the nervous

system lies close to the attachment of the nerve rootlets to the cord. In a given
rootlet, the transitions of all fibres do not lie at the same level but instead are dis¬
tributed along a segment of the rootlet. This segment therefore contains both central
and peripheral nervous tissue and so is termed the transitional zone (Fig. la). The
part of the rootlet immediately distal to the central-peripheral boundary possesses
unique features, particularly during development (Fraher & Rossiter, 1983 a, b), and
will be referred to as the proximal rootlet segment. Previous studies (Fraher, 1978;
Fraher & Kaar, 1982) have shown that during development, tissues on either side of
the central-peripheral boundary undergo considerable movement and their territories
oscillate relative to one another. In cervical ventral rootlets this process results in a
transitional zone which lies at and somewhat deep to the surface of the surrounding
cord. By contrast, in mature rat lumbar rootlets, the transitional zone lies entirely
superficial to the cord surface (Kaar & Fraher, 1981, unpublished observations). This
study investigates the developmental changes by which this comes about.

Bundles of lumbar ventral motoneuron axons run obliquely across the ventro¬
lateral white matter of the spinal cord. They emerge through the surface of the cord
at an acute angle (Fig. 1 b). That segment of the axon bundle lying entirely within
the cord is termed the intramedullary rootlet; that segment which is partly within the
cord is the emergent rootlet; and that segment entirely distal to the cord surface is the
free rootlet. From an early stage of development a mass of central nervous tissue,
consisting mostly of astrocytic material, extends distally into both emergent and free
parts of the rootlet. This will be referred to as the central tissue projection (Fig. 1 c).

MATERIALS AND METHODS

Ten Wistar albino rats were studied at each of the following ages: 20 days fetal,
1, 3, 6, 12, 20 and 300 days postnatum. The methods of preparation, embedding,
sectioning, staining and microscopical examination of tissue, as well as the manner
in which magnifications were calculated have been described previously (Fraher &
Kaar, 1984). At each age, between 5 and 10 bundles of ventral motoneuron axons
were sectioned by alternate sequential series of thin and semithin sections of the free,
emergent and intramedullary parts of each rootlet. Thin sections were taken at
regular intervals of 5 gm. Semithin sections were examined using a Reichert Polyvar
photomicroscope. Thin sections were examined using Corinth 500 and JEOL 1200
EX electron microscopes. At each age the serial sections were examined to determine
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transitional zone (shaded); (6) intramedullary (/), emergent (£) and free (F) parts of the rootlet;
(c) central tissue projection (dots). Spinal cord, crosses.

the structure and position of the central tissue projections, of the transitional zone
and of the proximal rootlet segment, as well as the relationship of the central ends of
peripheral internodes to the central tissue projection. Age changes in each of these
features were studied to determine the patterns of growth and differentiation in the
developing transitional zone.

OBSERVATIONS

The establishment of the transitional zone

In the 20 days fetus, the transitional Schwann cell somata generally formed a
complete covering over the distal part of the proximal rootlet segment (Fig. 2 a), but
otherwise closely resembled the atypical Schwann cells which form prominent
clusters in cervical rootlets at a similar stage (Fraher & Rossiter, 1983 a, b). Central
to this, the rootlet was surrounded by a sleeve of slender processes. The distal com¬
ponents of this sleeve arose from the transitional Schwann cells (Fig. 2b) and the
proximal components from astrocyte perikarya at the spinal cord surface (Fig. 2c).
The latter surrounded the proximal 5 to 10 jum of the rootlet. The junction of the
two types of process traced a sinuous path around the rootlet, the proximal and
distal limits of which defined the margins of the transitional zone. In the transitional
zone, many axons were directly apposed to one another (Fig. 2d). Distal to this

Fig. 2(a-f). (a) Longitudinal section of a rootlet showing transitional Schwann cell somata
surrounding the proximal rootlet segment (x7050). S, spinal cord. (b) Enlargement of part
of (a), showing a process (arrows) extending centrally along the rootlet from a transitional
Schwann cell (x 14200). (c) Process (arrows) arising from an astrocyte (*) surrounding the
proximal part of the rootlet. Note the collagen bundle lying in the angle between the cord and
the rootlet (x 16500). (rf) Transverse section through a 20 days fetal proximal rootlet segment
close to the cord showing many of the axons apposed to one another (x 6200). (e) Transverse
section through a 20 days fetal proximal rootlet segment showing axons separated from one
another by interlocking processes derived from transitional Schwann cells (x 10600). (/) Trans¬
verse section through a 1 day proximal rootlet segment close to the cord showing axons sep¬
arated by interlocking astrocyte processes (x 13 000).
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Fig. 3 {a-d). Light micrographs of longitudinal sections through the spinal cord (5) and ventral
rootlets (R) at (a) 1 day (x 740), (6) 3 days ( x 760), (c) 12 days (x 665) and (d) 20 days ( x 640)
postnatum. The distal extent of the central tissue projection into the ventral rootlet is indicated
(dotted lines;.

region, the transitional Schwann calls gave rise to a tightly packed matrix of branch¬
ing, interlocking processes which separated each axon from its neighbours in the
proximal rootlet segment (Fig. 2e). At first, this matrix gradually petered out
centrally and did not reach the transitional zone. At one day, its processes extended
centrally into the transitional zone and met a similar matrix of astrocyte processes
(Fig. 2/) which at that stage had come to separate the axons in the central part of the
zone from one another.

The subsequent maturation of the proximal rootlet segment closely resembled that
occurring in the cervical region (Fraher & Rossiter, 1983a, b).
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Fig. 4 (a-b). Serial transverse sections, 26 /im apart, through the transitional zone of a 6 days
ventral rootlet (x 3800). At the more proximal level (a) the rootlet consists entirely of central
nervous tissue apart from the central end of a single transitional myelinated internode (*). At the
distal level (6) the pale central tissue projection contains two astrocyte perikarya and lies towards
the centre of the rootlet.

The general form and position of the transitional zone

Between 1 and 6 days, the central tissue projection extended progressively further
distally into the free rootlet (Fig. 3 a, b). It generally tapered distally. It was
frequently not aligned parallel to the long axis of the rootlet but instead extended
into one quadrant of the rootlet. The base of the central tissue projection and therefore
the proximal end of the transitional zone remained unchanged in position over this
period, lying distal to the demarcation plane between the emergent and free parts of
the rootlet. The proximal part of the free rootlet and all of the emergent rootlet
therefore generally consisted entirely of central nervous tissue. Over this period the
mean length of the transitional zone increased tenfold, from 3-2 to 32 gm.

The transitional zone changed markedly in appearance between 6 and 12 days.
The central tissue projection became retracted and splayed out, so that its base lay
approximately parallel to and only slightly above the surrounding cord surface
(Fig. 3 c), while its distal surface became highly irregular and obliquely set relative
to the long axis of the rootlet. As a result the central tissue projection came to lie
largely within the emergent rootlet. At this stage, but more commonly at 20 days,
it gave rise to an irregular, distally tapering projection which extended for a short
distance into the free rootlet (Fig. 4b). With maturation, this projection extended



Fig. 5 (a-d). Photomicrographs of serial transverse sections, 40 /tm apart, through a 300 days
ventral rootlet (x 460). The emergent rootlet (outlined in (a)) is wedge shaped. The central ends
of four myelinated peripheral transitional internodes (*) lie in its ventral part. More distally (6)
the central tissue projection (outlined) is irregular and is in two parts. Distal to this (c) the
central tissue projection (outlined) lies towards the dorsal part of the rootlet. At the most distal
level sectioned (d) the rootlet consists of peripheral tissue only. S, spinal cord; R, rootlet.
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further into the free rootlet (Fig. 3 b). Between 6 and 20 days, its length increased
only slightly, to 38 /tm. At 300 days the central tissue projection was considerably
longer again (Fig. 5 a-d), having a mean length of 70 /tm. Most often it lay towards
the dorsal side of the free rootlet (Fig. 5 c), but commonly its end also lay in the centre
of the rootlet. Occasionally it divided into two or more branches which extended
distally into different quadrants of the rootlet (Fig. 5b).

Relationship of central ends ofperipheral internodes to the central tissue projection
Myelination commenced in both central and peripheral parts of the transitional

zone at 3 days. Its progress has been described previously (Fraher & Kaar, 1984;
Kaar & Fraher, 1985; Fraher & Kaar, 1985). The central-peripheral transitional
nodes of myelinated fibres lay at the astrocytic surface of the central tissue projection
(Fraher & Kaar, 1984).

At 3 and 6 days, the central tissue projection tended to lie close to the central axis
of the rootlet. Consequently it was surrounded on all sides by the proximal ends of
peripheral transitional internodes. Most of these lay in open-sided grooves up to
10 pm long on its surface (Figs. 4b, 6a). However a few were invaginated into it
(Fig. 4a). In some instances at 6 days, the basal lamina extended across between
the lips of the groove (Fig. 6b). The peripheral internode therefore lay in a cylindrical
invagination walled completely by basal lamina only. With maturation, isolated
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Fig. 6(a-e). (a) Transverse section through a 6 days peripheral transitional internode lying in
an open-sided groove (arrows) on the surface of the central tissue projection (C). (x 15200).
(6) Transverse section through a 6 days peripheral transitional internode. Basal lamina (arrows)
joins the lips of the groove. (x 9100). Transverse section through a 6 days peripheral transitional
internode showing isolated astrocyte processes (arrows) lying between the lips of the groove.
(x 17 500). (d) Transverse section through the central end of a peripheral transitional internode
surrounded by an invagination of the central tissue projection (C). (x 7900). (e) Transverse section
through a 20 days peripheral transitional internode lying in an open-sided groove (arrows) on
the surface of the central tissue projection. ( x 8800).

astrocyte processes increasingly also occurred between the lips of the groove (Fig. 6 c).
With the change in morphology of the transitional zone between 6 and 12 days, the
peripheral transitional internodes extended further centrally than previously. They
terminated successively in the part of the emergent rootlet which projected ventral
to the general cord surface. Those which were situated closest to the ventral surface
of the rootlet extended furthest proximally (Fig. 3 c). Their central ends lay in
cylindrical invaginations up to 20 /tm deep into the central tissue projection, but did
not extend deep to the plane of the spinal cord surface. At 20 days, the majority of
internodes continued to be inserted into invaginations of the central tissue projection
(Fig. 6d). However, in the distal emergent and free parts of the rootlet, a substantial
proportion lay in grooves which were open ventrally (Fig. 6e). At 300 days the
central ends of most peripheral internodes again lay in open-sided grooves, 20-30 /tm
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Fig. l(a-d). (a) Transverse section through a 300 days peripheral transitional internode (T)
lying in a groove on the central tissue projection (arrows). (x 2800). (b) Central-peripheral
transitional node (N) lying in a groove on the surface of the central tissue projection (C) at
300 days. (x 9100). (c) Transverse section through a 6 days transitional zone showing astrocyte
processes extending distally (arrows) between peripheral internodes. Tubular astrocytic cuffs
extended distally around some unmyelinated axons (*). (x 4800). (d)Transverse section through a
20 days transitional zone showing a large bundle of collagen fibres in an invagination surrounded
by astrocyte processes. (x 13 600).

long on its surface (Fig. la). Most transitional nodes lay at the proximal ends of these
grooves (Fig. lb). A few lay in cylindrical invaginations, but these were much
shallower than before, only 5-10 //m deep.
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Glial tissues in the transitional zone

The astrocyte processes of the central tissue projection were mostly derived from
perikarya located at the cord surface around the periphery of the rootlet attachment.
However, occasional astrocyte perikarya lay within the central tissue projection
(Fig. 4b). Their concentration and number reached a maximum at 6 days and
decreased subsequently.

The surface of the central tissue projection consisted of a layer of astrocyte pro¬
cesses from 3 days on. It had a smooth outline where it lay at the periphery of the
rootlet. Where it lay within the rootlet, it was relatively smooth at 3 days but was

highly irregular subsequently. At 6 and 12 days it gave rise to a loose fringe of finger-
and frond-like astrocyte processes which extended between the peripheral internodes
(Fig. 7c). At 20 days and subsequently these processes were absent. Tubular astro¬
cytic cuffs (Fig. 7 c) extended distally for 5-10 /tm around proximal segments of some
unmyelinated axons. The distal extremity ofeach was closely apposed to the proximal
extremity of the transitional non-myelinating Schwann cell. Immature oligodendro¬
cyte perikarya first occurred in the central tissue projection at 12 days. At that stage
large numbers of oligodendrocytes were aggregated immediately central to the
transitional zone, almost to the exclusion of astrocytes. A small number of mature
oligodendrocyte perikarya also lay within the central tissue projection at 20 and
300 days.

Collagen
At all stages the endoneurial space contained scattered collagen fibres either singly

or in bundles, orientated parallel or slightly oblique to the long axes of the axons.
Fibroblasts were observed within the endoneurial space at 20 days and subsequently.
Collagen fibres in the invaginations surrounding the central ends of Schwann cells
were arranged predominantly circumferentially and many contacted the basal lam¬
inae bounding the invagination. They increased in density with advancing age. Some
invaginations lacked both Schwann cells and axons, but contained large numbers of
longitudinally orientated collagen fibres (Fig. Id). A well defined bundle of collagen
fibres formed a ring around the rootlet immediately distal to its emergence from the
spinal cord (Fig. 2c).

DISCUSSION

The early transitional zone

In the 20 days fetus, axon segments at the transitional zone at first are bare. During
this period, astrocytes may resist invasion of the spinal cord by transitional Schwann
cells. This tendency is unmasked following X-irradiation of the early neonatal rat
spinal cord when there is a decrease in astrocyte numbers in the irradiated areas
(Blakemore & Patterson, 1975; Gilmore, Sims & Heard, 1982; Blakemore, 1984).
Any such migration at the 20 days fetal stage is in any case restricted by the organ¬
isation of the Schwann cells as a close-knit epithelium. It is perhaps further limited
because the axons which they envelop are not bare and the stimulus to Schwann cell
migration which bare axons represent (Cravioto, 1965; Gamble, 1966) is therefore
absent. Subsequently, when the sleeve breaks up and free Schwann cells appear
within the axon bundles, their central migration is prevented by the astrocyte matrix
of the transitional zone which has formed at that stage.



118 J. P. FRAHER AND G. F. KAAR

Developmental changes in the form of the transitional zone

Age-related changes in the transitional zone are shown in Figure 8. The increase
in length of the central tissue projection which occurs up to 6 days and again after
12 days postnatum is probably due to distal growth of astrocyte processes rather than
to movement of astrocyte cell bodies, since the majority of the latter lie in the spinal
cord and only a few occur in the transitional zone. However, extensive distal migra¬
tion of astrocytes into the spinal nerve roots may sometimes take place, giving rise
to glial islands which occasionally occur in spinal nerve roots at considerable
distances from the surface of the central nervous system (Fraher, 1974).

Cylindrical invaginations walled by astrocyte processes, lined with basal lamina
and containing a spiral network of collagen fibres, come to envelop the proximal ends
of peripheral transitional internodes in ventral spinal nerve roots (Fraher, 1978;
Fraher & Kaar, 1982), in dorsal spinal nerve roots (Steer, 1971; Berthold & Carl-
stedt, 1977; Carlstedt, 1981; Moll & Meier, 1983; Sheehan, 1984) and in cranial
nerves (Maxwell, Kruger & Pineda, 1969; Nemecek, Parizek, Spacek & Nemeckova,
1969; Ross & Burkel, 1971; Fraher, 1984, unpublished observations). These
invaginations develop during the stage of proximal relocation of the ventral tran¬
sitional zone, both at lumbar levels as this study shows, and also at cervical levels
(Fraher, 1978; Fraher & Kaar, 1982). The last mentioned study suggests that they
develop due to distal extension of astrocyte processes, rather than as a result of
proximal movement or growth of transitional Schwann cells. The present study sup¬
ports this for the following reasons. Firstly, if the proximal ends of Schwann cells
were to become invaginated into the central nervous system they would be sur¬
rounded by complete sleeves of astrocyte processes from the beginning. This is not
the case; instead, they rest in grooves on the astrocytic surface of the central tissue
projection at 6 days. Secondly, the external astrocytic wall of the invagination seems
to be completed gradually by processes which grow distally along the basal lamina
which bridges the gap between the open lips of the groove external to the Schwann
cell. Thirdly, the cylindrical invaginations which are occupied only by collagen fibres
may reflect a general tendency for astrocyte processes to form sleeves around
structures at the surface of the central tissue projection. This variation from the
general behaviour pattern is analogous to that of Schwann cells which, while they
normally envelop axons in tubular cytoplasmic channels, may envelop collagen fibres
in a similar fashion (Gamble, 1964; Gamble & Eames, 1966; Carlsen & Behse, 1980).

In the cervical region, as these invaginations deepen, the transitional zone sinks
below the level of the surrounding cord during the second postnatal week in the rat
(Fraher, 1978) and in the mouse (Moll & Meier, 1983). By contrast, in the lumbar
region the central ends of peripheral internodes tend not to project deep to the cord
surface at any stage.

Functional significance of a glial projection
The presence of a distal projection of central nervous tissue into the nerve rootlet

may have a number of advantages. Firstly, it may be important for transitional node
function. Since nodes lie close to the surface of the central tissue projection, and since
the latter may lie obliquely in the root or may be shaped like the surface of a cone,
nodes are further from one another than if they lay close to a single transverse plane
through the rootlet. This increased separation may prevent activity in one node from
discharging its neighbours. Secondly, the glial projection may play a mechanical role.
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Fig. 8 (a-d). Diagrammatic longitudinal sections showing age related changes in the form of the
central tissue projection of lumbar ventral rootlets during development (a-c) and at maturity
(4). Central tissue, crosses; proximal rootlet segment, dots.

Nodes are likely to be points of weakness along nerve fibres. Since all fibres possess
a node in the same short segment of the bundle, the transitional zone is likely to be
particularly vulnerable to stress. This may be counteracted to some extent by the
fact that the transitional nodes are out of register and are distributed over a segment
of the rootlet. Consequently, the rootlet may be less inclined to snap at the tran¬
sitional zone in response to longitudinal stress than if the nodes lay in the same
plane. Thirdly, the cylindrical invaginations may also be important mechanically.
In them, astrocyte and Schwann cell basal laminae are sometimes fused or linked
by spiralling collagen fibres which anchor the central ends of the internodes to the
surface of the central nervous system and resist distal traction on them. Fourthly,
where the central end of a peripheral internode lies within a complete astrocytic
invagination, this may act as a suction cup to resist distraction of the internode,
thereby limiting tension on the vulnerable node. This mechanism may be more
important at the cervical than at the lumbar level, since invaginations persist in the
former (Fraher, 1978) but not in the latter as this study shows.

Basal lamina

A continuous basal lamina covers the glial cone during development and in the
adult. By contrast, discontinuities have been observed by Berthold & Carlstedt (1977)
in the basal lamina of the cat dorsal root transitional zone. These may represent
fixation artifacts. Unlike the present study, those authors did not use the method of
in situ fixation of the roots immediately after vascular perfusion fixation and prior
to dissection. This method gives superior fixation of adult myelin sheaths (Kaar,
O'Sullivan & Fraher, 1983) and probably also of the transitional zone.

Comparison of dorsal and ventral root transitional zone development
Though development of the central tissue projection in the cat (Carlstedt, 1981)

and rat (Sheehan, 1984) dorsal rootlets resembles in some ways that in the fifth
lumbar ventral rootlet, there are many differences between the two processes.
Firstly, relative proximal migration of the maturing transitional zone occurs only
in ventral rootlets. By contrast, the central tissue projection of dorsal rootlets tapers
distally throughout development in cat lumbosacral (Berthold & Carlstedt, 1977;
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Carlstedt, 1981), and in mouse (Moll & Meier, 1983) and rat (Sheehan, 1984)
cervical levels. Secondly, the central tissue projection in dorsal rootlets (Skinner,
1931;Tarlov, 1937; Nemecek et al. 1969; Sheehan, 1984) is larger than that in ventral
rootlets. Thirdly, the central tissue projection is more highly organised in dorsal
than in ventral rootlets. The latter site lacks the core and mantle zones, described
by Berthold & Carlstedt (1977) and by Carlstedt (1981), and also the regular layer
of astrocyte cell bodies on the surface of the central tissue projection. Instead, the
surface of the projection is composed of astrocyte processes in ventral rootlets. Also,
the central tissue projection into lumbar ventral rootlets is quite irregular in outline
during development and at maturity, whereas that of mature cat dorsal rootlets
appears to be regularly conical (Berthold & Carlstedt, 1977). The proximal rootlet
segment distal to the transitional zone also differs between dorsal and ventral rootlets.
Where they are surrounded by transitional Schwann cell aggregates, developing
axons in dorsal rootlets appear to be directly apposed to one another, whereas they
are fully segregated in ventral rootlets. The proximal segments of developing lumbar
and cervical ventral rootlets also differ from one another. As this study shows, the
transitional Schwann cell aggregates are arranged as an epithelial collar around the
rootlet at lumbar levels, but as isolated cell clusters at cervical levels (Fraher &
Rossiter, 1983 a).

SUMMARY

In the rat lumbar ventral spinal nerve rootlets, the central-peripheral transition
occurs at the surface of a distal projection of central tissue into the rootlet. This
changes considerably in appearance during development. In the first week after
birth, it grows distally into the rootlet to form an irregular, tapering projection. In
the second week after birth, it is retracted and becomes splayed out; its distal surface
is irregular and lies just above the surrounding spinal cord. After this, it again grows
distally into the rootlet. It forms a tapering projection which generally lies eccentri¬
cally in the rootlet, most often towards its dorsal surface.

The central ends of the proximal transitional myelinated peripheral internodes
generally lie in grooves on the surface of the central tissue projection. However, for
a time during the second week after birth, many lie in invaginations into it. Occasional
invaginations of the central tissue projection contain large numbers of collagen fibres
rather than axons. A ring of collagen fibres surrounds the rootlet immediately distal
to its attachment to the cord surface.

Though the central tissue projection contains occasional astrocytic perikarya, it
consists mostly of closely interwoven astrocyte processes derived from cell bodies
situated at the cord surface surrounding the rootlet attachment. Changes in the form
and size of the central tissue projection probably result largely from active growth
and reorganisation of astrocyte processes. The barrier which these processes con¬
stitute probably prevents invasion of the cord by transitional Schwann cells.
Before the central tissue projection develops, such invasion is probably prevented by
the arrangement of transitional Schwann cells as a close-knit epithelium on the
surface of the rootlet. The central tissue projection of ventral rootlets is smaller,
more irregular in shape and less highly organised than that of dorsal rootlets.

Central-peripheral transitional nodes lie close to the surface of the central tissue
projection. They are therefore offset relative to one another and so are less likely to
discharge one another. This arrangement may also protect the rootlet against
mechanical damage due to traction.
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The sheaths surrounding the attachments of rat lumbar
ventral roots to the spinal cord: a light and electron

microscopical study

GEORGE F. KAAR AND JOHN P. FRAHER

Department of Anatomy, University College, Cork, Ireland

Most axons in rat fifth lumbar ventral roots arise from ventral motoneuron cell
bodies. They come together to form bundles which cross the ventrolateral white
column and emerge as ventral rootlets through a strip of cord surface (the ventral
rootlet exit zone). They then converge and eventually join together to form the
ventral root.

Previous investigations have studied the cellular sheaths of nerve roots both as
they course through the subarachnoid space and in the region of their attachment to
the spinal cord. The majority of these have dealt with dorsal roots (Gamble, 1964;
Haller & Low, 1971; Steer, 1971; Haller, Haller & Low, 1972; Berthold & Carlstedt,
1977; Carlstedt, 1981), though some have examined ventral roots (Haller et al. 1972;
Fraher & McDougall, 1975). Others have described the sheaths at the lateral
extremities of the roots where these leave the subarachnoid space at the subarachnoid
angle (McCabe & Low, 1969; Himango & Low, 1971). The coverings of individual
rootlets and the manner in which they change as the rootlets converge and join
together have not been accurately described. The present study examines these
features and also the pattern of convergence of lumbar ventral rootlets to form the
ventral root.

Ten Wistar albino rats were studied at each of the following ages: 20 days fetal,
1, 3, 6, 12, 20 and 300 days postnatum. The methods of preparation, embedding,
sectioning, staining and microscopic examination of tissue, as well as the manner in
which magnifications were calculated have been described previously (Fraher & Kaar,
1984). At each age, alternate sequential series of thin and semithin transverse sections
were made of between 5 and 10 fifth lumbar ventral rootlets, of the bundles into
which they coalesced and of the ventral root which these in turn formed. Thin
sections were taken at regular intervals of 5 gm. At each age, a similar number of
bundles was sectioned longitudinally, also by alternate sequential series of thin and
semithin sections. Semithin sections were examined using a Reichert Polyvar Photo-
microscope. Thin sections were examined using Corinth 500 and JEOL 1200 EX
electron microscopes. The sections were studied to determine (i) the manner in which
individual rootlets joined together ultimately to form the ventral root, (ii) the
arrangement and structure of the cellular sheaths from the point where the rootlets
emerged from the cord as far distally as the most proximal part of the ventral root,
and (iii)'the relationship of the sheaths to the pia mater. Age changes in each of these
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space (/), aggregated rootlet bundles (A) and root (R) (see text).

features were studied to determine the patterns of growth and differentiation of the
developing sheaths.

OBSERVATIONS

Arrangement of rootlets
Immediately distal to its emergence from the cord, each rootlet continued as a

discrete unit for 100 /<m or more (Fig. 1). It was separated from its neighbours by
an interstitial space (the inter-radicular space). With increasing distance from the
cord, groups of two to six rootlets first became apposed and then coalesced to form
aggregated rootlet bundles. These numbered about 15 and in turn fused with one
another to form the ventral root.

Proximally, the inter-radicular spaces formed a labyrinth around the emerging
rootlets and contained a closely knit network of blood vessels (Fig. 2 c). Proximally,
the inter-radicular space was limited by the spinal cord surface (Fig. 2 a, d) and it
tapered proximodistally (Fig. 2a). With age the rootlets became more closely packed
together and aggregated into bundles at progressively more proximal levels. The inter-
radicular space became correspondingly less extensive (Fig. 2b); it decreased in
relative volume and extended less far distally.

Rootlet sheath»

The rootlet sheath surrounding the initial segment of the rootlet consisted at all
stages of a single layer of thin, flattened cells (Fig. 3 a-c). The nucleus of each was
surrounded by a thin layer of cytoplasm. Cytoplasmic laminae, 50-500 nm thick and
up to 30 gm long extended from the perikaryon. The cells lacked a basal lamina.
At first the rootlet sheath contained fenestrations up to 10 gm wide. Through these,
the blood vessels of the inter-radicular space were directly related to the rootlet
fibres (Fig. 2 c, d). With age, fenestrations became less extensive, the greatest reduction
taking place between three and six days. Until three days postnatum, fenestrations
occurred up to 100 gm distal to the cord surface but by six days they were limited
to the initial 10-30 gm of the rootlet. The proximal ends of the processes forming
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Fig. 2 (a-e). (a) Photomicrograph of longitudinal section through a 3 days ventral rootlet showing
the inter-radicular space (arrows) containing a blood vessel, x 510. (b) Longitudinal section
through ventral rootlets of 20 days, showing the inter-radicular space (arrows) containing a
blood vessel, x 220. (c) Tangential section through the ventral rootlet exit zone at 20 days
fetal, showing ventral rootlets separated by inter-radicular spaces (arrows) containing a network
of blood vessels, x 200. (d) Transverse section at 6 days through ventral rootlets separated by
the inter-radicular space (arrows) and aggregated rootlet bundles superficial to them. Two
rootlets (arrowheads) are emerging through the spinal cord surface, x 825. (e) Transverse
section through part of a 300 days aggregated rootlet bundle, showing the continuity between the
superficial layers of the rootlet bundle sheath and the pia mater (arrowheads), x 860. BV, blood
vessel; SC, spinal cord; r, rootlet; ARB, aggregated rootlet bundle.



 



Lumbar ventral root sheaths 141

the rootlet sheaths ended freely in the angle between the rootlet and the cord surface
and were separated by a considerable gap from the nearby deep pial cell processes
(Fig. 3a) which were also arranged as a fenestrated layer and ended freely. In this
region, therefore, the endoneurial space of the rootlet and the subpial space were in
continuity. The collagen fibres lying between the sheath cell laminae and the inter-
radicular space ran circumferentially around the rootlet and were concentrated close
to the cord surface (Fig. 3 a). More distally they, together with the sparse collagen
fibres in the endoneurial space of the rootlet, ran parallel or slightly obliquely to the
long axis of the rootlet (Fig. 3d).

Further distally, where rootlets were closely apposed, they were generally separated
by a common layer of sheath cells, two to five cells thick at all stages (Fig. 3 e,g).
Ultrastructurally, these cells resembled those which formed the rootlet sheath more
proximally. They contained abundant ribosomes and, within their thicker parts,
granular endoplasmic reticulum, mitochondria and Golgi complexes (Fig. 3/).
Coated micropinocytotic vesicles were plentiful. The cells occasionally gave rise to a
cilium. Small fenestrations less than 1 /tm wide occurred in each layer, but due to
overlapping of cells of other layers, there was generally no direct communication
between the endoneurial spaces of apposed rootlets. Where cells overlapped, their
plasmalemmae showed increased density in places and came to within 6-8 nm of
each other (Fig. 3g). Collagen fibres frequently passed through the fenestrations
(Fig. 3e).

Rootlet bundle sheath

Where rootlets joined to form an aggregated rootlet bundle, the multilayered
septa between them terminated and those parts of the sheaths covering their free
surfaces were continuous with the sheath surrounding the bundle (the rootlet bundle
sheath). At the margins of the ventral rootlet exit zone, the outer layers of the rootlet
bundle sheath were continuous with the outer layers of the pia mater (Figs. 2e,4d).
The rootlet bundle sheaths were composed of flat overlapping cytoplasmic laminae
very similar to those which enveloped the rootlets (Fig. 4a). They were, however,
more closely apposed to one another, being separated by 20-50 nm gaps. Rootlet
bundle sheaths were two to four layers thick at and before three days and three to
six layers thick at six days and subsequently. Also, a basal lamina covered the internal
surface of the innermost layer of sheath cells. In some areas, a basal lamina also
covered the external surface of the innermost cell (Fig. 4b).

Fig. 3 (a-g). (a) Longitudinal section through 6 days ventral rootlet (r) showing its single layered
rootlet sheath (arrow) and the spinal cord surface (SC) overlain by an attenuated cytoplasmic
pial cell layer (P). x 5120. (6) Transverse section through a 20 days ventral rootlet showing the
single layered rootlet sheath (arrows). BV, blood vessel, x 3670. (c) Transverse section through
a 3 days ventral rootlet showing fenestrations (arrowheads) in its sheath through which blood
vessels (BF)come into close apposition with Schwann cell processes (arrows) enveloping rootlet
fibres, x 2700. (d) Transverse section through a 6 days ventral rootlet showing fenestrations
(arrowheads) in the rootlet sheath through which the endoneurial space (asterisk) is in com¬
munication with the inter-radicular space (double asterisk) which contains a blood vessel {BV).
x 9550. (e) Longitudinal section through two closely apposed 1 day ventral rootlets separated
by a common rootlet sheath formed by overlapping cells (arrowheads). Collagen fibres can be
seen (arrow) passing through a fenestration, x 13800. (/) Longitudinal section through the
common sheath separating apposed rootlets, x 32200. (g) Longitudinal section through the
common sheath separating two 1 day ventral rootlets. Where the edges of adjacent laminae
overlap, their plasmalemmae approach to within 6-8 nm of one another, x 39400.
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Where aggregated rootlet bundles were closely apposed to one another, each
retained its own sheath and the sheaths fused to form a common septum between the
bundles (Fig. 4 d). Continuity between the sheaths was established by trihedral cells,
the perikarya of which lay in the angles between adjacent bundles and contributed
cytoplasmic laminae to both rootlet bundle sheaths and the septum. Ultrastructurally,
these cells were similar to sheath cells except in regard to their shape. They were also
found at the medial and lateral margins of the ventral rootlet exit zone, where they
contributed processes both to rootlet bundle sheaths and to the outer layer of the pia
mater (Fig. 4e). In these areas the outer layers of the pia mater were complete. They
were composed of two to four closely overlapping layers of cells which closely
resembled those of the outer layers of the rootlet bundle sheath, but lacked a basal
lamina (Fig. 4 e). Like the cells of rootlet bundle sheaths, junctions resembling zonulae
occludentes were commonly present between the edges of adjacent pial cytoplasmic
laminae (Fig. 4c). Direct continuity was not observed between the subarachnoid
space and the interstitial pial space, the endoneurial space or the inter-radicular space.

Where the aggregated rootlet bundles joined to form the ventral root, their sheaths
were continuous with the root sheath. At its most proximal level the structure of the
latter closely resembled that of the rootlet bundle sheath and of root sheaths in
general as described by other authors (Gamble, 1964; Haller et al. 1972; Fraher &
McDougall, 1975).

DISCUSSION

The relationship between the sheaths surrounding rat lumbar ventral rootlets,
aggregated rootlet bundles and roots is shown diagrammatically in Figure 5. Each
ventral root is surrounded by a root sheath consisting of two to six layers of over¬
lapping flattened cells. Each of the aggregated rootlet bundles which join together
to form the root is surrounded by a rootlet bundle sheath which closely resembles the
root sheath. Where these bundles are apposed, adjacent parts of their sheaths are
fused, but there is no distinct root sheath common to and surrounding all the
bundles. Proximal to this, the outer layers of each rootlet bundle sheath are con¬
tinuous with the pia mater and the inner layers with the sheaths of the rootlets which
come together to form the bundle. Each rootlet sheath consists of a single layer of
flattened cells and extends deep to the superficial layers of the pia mater. Distally,
where they are apposed, the individual rootlet sheaths fuse to form a common multi-
layered sheath between adjacent rootlets. Proximally, where the rootlets diverge from
one another, they are separated by the inter-radicular space, which is continuou
with the subpial space. Rootlet sheaths are fenestrated, though to a progressively
lesser extent with maturation, and are open ended proximally. The proximal ends of

Fig. 4(a-e). (a) Transverse section through a 20 days rootlet bundle sheath showing micro-
pinocytotic vesicles (arrows) and a Golgi complex. S, subarachnoid space, x 33 500. (b) Trans¬
verse section through a 20 days rootlet bundle sheath showing a basal lamina on both the internal
(arrow) and external (double arrows) surfaces of the inner cytoplasmic lamina, x 66950. (c)
Section through superficial layers of a 20 days pia mater showing structures resembling zonulae
occludentes between overlapping cytoplasmic processes (arrows), x 61000. (4) Transverse
section through portions of two adjacent aggregated rootlet bundles showing parts of trihedral
cells (T) giving processes to the sheaths of both bundles (B), to the multilayered septum (5)
between them and to the adjacent pia mater (P). SC, spinal cord, x 5750. (e) Transverse section
through a 20 days aggregated rootlet bundle showing the continuity between the rootlet sheath
(R) and the adjacent pia mater (P). x 5750.



144 G. F. KAAR AND J. P. FRAHER

(a) U>>

Fig. 5 (a-b). Diagrams showing the arrangement of sheaths on rootlets, aggregated rootlet
bundles and ventral root in (a) longitudinal section and (b) transverse section through the plane
XY(see text). R, root; ARB, aggregated rootlet bundle; r, rootlet; RS, root sheath; RBS, rootlet
bundle sheath; rs, rootlet sheath; S, spinal cord; P, pia mater.

their component processes are separated from pial cell processes by substantial
gaps.

Rootlet sheaths have not been previously described, nor have their relationships
with the sheaths surrounding the aggregated rootlet bundles and roots been clarified.
Haller et al. (1972) describe a single structure termed the root sheath which has an
outer layer continuous with the pia mater and an inner open-ended layer which
permits communication between the endoneurial and pial tissue spaces. Also,
Berthold & Carlstedt (1977), when referring to 'root sheaths', describe the fenestrated
sheaths of individual dorsal rootlets.

Because the rootlet sheath is incomplete, communication between several tissue
compartments is possible. Since it is open ended proximally, the endoneurial and
subpial spaces communicate, though movement of material between the two may be
restricted by the prominent ring of collagen fibres surrounding the most proximal
part of the rootlet. Communication between the endoneurial and inter-radicular
spaces through fenestrations in the rootlet sheath becomes progressively less promi¬
nent with development. Distally, the endoneurial spaces of apposed rootlets com¬
municate through successive 6-8 //m gaps in the common multilayered sheath
separating them. This is also limited, as the gaps are not in register. The union of the
rootlet sheaths distally to form the common sheath delimits the apex of the inter-
radicular space and probably limits movement of material in a longitudinal direction
in or out of the distal end of that space. Thus, the subpial, endoneurial and inter-
radicular spaces are continuous with one another. However, all are isolated from the
subarachnoid space, since both the rootlet bundle sheath and the surface layer of
the pia which is continuous with it, as well as the root sheath, are complete and are
not fenestrated. The pia in this region therefore differs from the general pattern,
since it is widely considered to be fenestrated (Peters, Palay & Webster, 1976; Nelson,
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Blinzinger & Hager, 1961; Rovainen, Lemcoe & Peterson, 1971). Also, it has been
asserted that the subarachnoid space is directly continuous with both the endoneurial
space of the spinal nerve root and the adjacent pial interstitial space (Low, 1976).
In addition, Morse & Low (1971, 1972) state that the rat spinal pia mater is fene¬
strated. However, it is unclear if the last-mentioned authors are referring to the pia
adjacent to the ventral rootlet, since their supporting illustrations are from sections
of the dorsal surface of th< pinal cord (Morse & Low, 1972, Figs. 8, 9). Furthermore,
Haller et al. (1972, Fig. 2) in a diagram illustrating the ventral root-spinal cord
attachment in the rat show the pia as a fenestrated layer, but only quote Morse &
Low (1971) in support of this arrangement.

The cells comprising rootlet sheaths are very similar ultrastructurally to those
comprising the sheaths around rootlet bundles and roots. There are, however,
a number ofdifferences between them. In addition to being separated by fenestrations,
the first group is joined by punctate-type junctions with an intercellular gap of
6-8 nm, and lacks a basal lamina. By contrast, the other two groups form complete
layers of cytoplasmic processes which are joined by junctions resembling zonulae
occludentes and are covered on the surface adjacent to the endoneurial space by a
basal lamina. The inner cells of the rootlet bundle sheaths therefore resemble those
of root sheaths generally (Haller & Himango, 1970; Haller & Low, 1971; Steer, 1971;
Haller et al. 1972; Low, 1976) in being covered on their internal aspect by a basal
lamina. However, the rootlet sheath cells would seem also to have some affinity to
pia-arachnoid cells, since like them they lack a basal lamina. The present findings
confirm previous observations that the cells comprising the outer root sheath are
similar to those of the pia mater (Pease & Schultz, 1958; Waggener & Beggs, 1967;
Morse & Low, 1971,1972) and the arachnoid mater (McCabe & Low, 1969; Himango
& Low, 1971; Nabeshima, Reese, Landis & Brightman, 1975), neither of which can
be clearly distinguished from the other (Peters et a!. 1976; Nabeshima et al. 1975).

SUMMARY

The fifth lumbar ventral spinal nerve rootlets join to form a number of aggregated
rootlet bundles. These in turn fuse to form the ventral root. Each rootlet is sur¬

rounded by a sheath which consists of a single fenestrated layer of cells and their
attenuated cytoplasmic processes and which is open ended proximally. Immediately
superficial to the spinal cord surface, rootlets are separated from one another by a
labyrinth of inter-radicular spaces containing small blood vessels. Between adjacent
rootlets the inter-radicular space tapers distally to an apex. The endoneurial space
of the rootlet communicates with the subpial and inter-radicular spaces. Each aggre¬
gated rootlet bundle is surrounded by a multilayered sheath. Proximally, the outer
layers of this sheath are continuous with the superficial layers of the pia mater. Both
of these, as well as the root sheath with which the rootlet bundle sheaths are con¬
tinuous distally, are complete and lack fenestrations. Accordingly, the endoneurial
space, though continuous with the inter-radicular and subpial spaces, is isolated from
the subarachnoid space.

The authors wish to thank Mr D. O'Leary and Ms B. Rea for their technical
assistance and Ms V. Paul and Ms T. O'Mahony for typing the manuscript. G. F.
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the Wellcome Trust.
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INTRODUCTION

Bundles of lumbar ventral motoneuron axons run obliquely across the ventro¬
lateral white matter of the spinal cord. They emerge as ventral rootlets through a
strip of cord surface (the ventral rootlet exit zone). Immediately distal to their
emergence from the cord adjacent rootlets are separated by the inter-radicular space
(Kaar & Fraher, 1986). Groups of rootlets converge and eventually join to form the
ventral roots. Each rootlet can therefore be subdivided into an intramedullary
segment within the cord, an emergent segment where it passes through the cord
surface and a free segment distal to the cord surface (Fig. 2d) (Fraher & Kaar,
1986). From an early stage of development an irregular tapering projection of
central nervous tissue extends distally into both emergent and free parts of each
fifth lumbar ventral rootlet in the rat. It is surrounded by the central ends of the
proximal Schwann cells of the rootlet. The length of rootlet containing central and
peripheral tissue is termed the transitional zone. This short length of rootlet contains
all the central-peripheral transitional nodes of Ranvier (Fraher & Kaar, 1984, 1985;
Kaar & Fraher, 1985).

The blood supply to the transitional zone is of interest for a number of reasons.
Firstly, it needs to be sufficient to meet the metabolic requirements of the high
concentration of nodes in the zone. Secondly, reports regarding the existence of
anastomoses between the vessels of the spinal cord and those of spinal nerve roots
are at variance: Berthold & Carlstedt (1977) found that blood vessels at the dorsal
rootlet transitional zone lack continuity with those of the underlying spinal cord in
the cat. However, other studies on rat cervical (Fraher, 1976, unpublished observa¬
tions) and lumbar (Kaar, 1983, unpublished observations) ventral rootlets suggest
that such anastomoses do exist. Thirdly, previous studies (Tarlov, 1937; Steer, 1971;
Haller, Haller & Low, 1972; Gamble, 1976; Berthold & Carlstedt, 1977) have been
concerned only with blood vessels at spinal nerve root attachments in the adult, and
have not dealt with their development.

The present study consists of a morphological and morphometric examination of
the blood vessels supplying the rat fifth lumbar ventral rootlet transitional zone both
during development and at maturity. The pronounced developmental changes in the
transitional zone blood supply are examined in the light of concurrent maturation of
adjacent tissues, in particular the transitional nodes of Ranvier.
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Table 1. Data for capillaries and postcapillary venules related to ventral
rootlets and for ventral rootlet cross sectional area. 20/: 20 day fetal
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MATERIALS AND METHODS

Ten Wistar albino rats were studied at each of the following ages: 20 days fetal,
1, 3, 6, 12, 20 and 300 days postnatum. The methods of preparation, embedding,
sectioning and staining of tissue, as well as the manner in which magnifications were
calculated have been described previously (Fraher & Kaar, 1984). At each age
between 14 and 40 ventral rootlets were sectioned by alternate sequential series of
thin and semithin transverse and longitudinal sections of the free, emergent and
intramedullary parts of each rootlet. Intramedullary segments were sectioned as far
centrally as their emergence from the ventral horn grey matter of the spinal cord.
Thin sections were taken at regular intervals of 5 /im. Semithin sections were
examined using a Reichert Polyvar photomicroscope. Thin sections were examined
using Corinth 500 and JEOL 1200 EX electron microscopes.

At each age light micrographic montages were made covering the entire extent of
a number of ventral rootlet exit zones, the rootlets of which were sectioned trans¬
versely. Electron micrographic montages were made of portions of each zone
studied, and were used to determine the nature of each blood vessel examined,
according to the criteria of Rhodin (1967, 1968, 1974) and of Simionescu &
Simionescu (1977). Each vessel studied was traced on serial sections along the entire
extent of the transitional zone to determine its course, connections and branching
pattern.

At each age portions of a number of exit zones were selected at random on the
light and/or electron micrographic montages. From these the following quantitative
data were determined (Table 1). The cross sectional area of each rootlet within the
selected area was measured at proximal, middle and distal levels, using Kontron
MOP and MOP-Videoplan Image Analysis Systems. The mean of the three measure¬
ments was then calculated. From such data the mean transitional zone cross

sectional area was found for each age. The diameter of the lumen of each transversely
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sectioned blood vessel which had a circular profile was measured. Where the profile
was oval the diameter was estimated as the mean of the long and short dimensions
of the lumen. The mean diameter was calculated for each type of blood vessel at each
age. At each age the vascularity of the transitional zone was estimated in two ways by
following, on serial sections, the entire length of the rootlet containing the transitional
zone. Firstly, the ratio of the number of each type of blood vessel to the number of
rootlets was calculated from the montages. Secondly, the proportion of the length
of each transitional zone which was related to each type of blood vessel was deter¬
mined. A vessel was said to be related to a rootlet if no other structure intervened
between the vessel and the rootlet sheath.

OBSERVATIONS

Ultrastructure of blood vessels related to the transitional zone

All vessels present were either capillaries or postcapillary venules. Capillaries had
walls consisting of an inner single continuous unfenestrated endothelial layer and an
outer incomplete layer of pericytes (Fig. 1 a). Endothelial cells possessed occasional
micropinocytotic vesicles on the luminal aspect. The junctions between endothelial
cells varied. In some the edges simply abutted together. In others, they were oblique,
overlapped (Fig. 1 b) or 'tongued and grooved' (Fig. 1 c) along bands 1 ym or more
wide. Towards the luminal end of each junction the plasma membranes commonly
formed a zonula occludens. Elsewhere they were separated by a 5-10 nm gap. A
continuous basal lamina lay outside the endothelial cells. Pericytes (Fig. 1 a) re¬
sembled endothelial cells and contained occasional lysosome-like bodies. The basal
lamina covering their inner surface fused with that of the endothelial cells. Post¬
capillary venules were usually of greater calibre than capillaries, the majority being
more than 10 //m in diameter (Fig. 1 d). The wall resembled that of the capillaries
except that the outer layer of pericytes was complete (Fig. 1 e) and was surrounded
by a continuous basal lamina.

Arrangement of blood vessels of the transitional zone

Blood vessels did not occur within rootlets. They formed a closely-knit network
adjacent to the emergent rootlets (Fig. 2a-c). They lay in the inter-radicular space
and were therefore related to the rootlet sheath cells and pial cells bounding this
space (Kaar & Fraher, 1986). Each rootlet was related to at least one blood vessel
and some were related to as many as four. The blood vessels ran parallel to the
rootlets. They were most frequently (40-60 %) positioned medial or lateral, and least
frequently (10-30 %) dorsal to the rootlet. At the cord surface they branched to form
a closely-knit network. In this location between 10 and 35 % of the vessels or their
branches traversed the cord surface (Fig. 2c, d), where they were continous with
similar vessels running parallel and immediately adjacent to the intramedullary
rootlets (Fig. 2d) as far centrally as the grey matter.

Blood vessel entry into the spinal cord
Where each vessel penetrated the cord it was surrounded by a narrow, funnel-

shaped perivascular space bounded by astrocyte processes continuous with the
astrocytic limiting layer of the cord surface. The space surrounding smaller blood
vessels was around 250 nm wide at its opening but narrowed rapidly to around
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Fig. 2 (a-d). (a-c) Serial transverse sections through transitional zones of 6 day postnatal
rootlets. Blood vessels related to free (ti,) and intramedullary (B„) rootlets are continuous with
one another at the spinal cord surface. S, spinal cord, x 590. (d) Longitudinal section through
intramedullary (/), emergent (E) and free (F) parts of 6 day ventral rootlet, showing a blood
vessel (B) running from the inter-radicular space into the spinal cord with the rootlet. S-S,
spinal cord surface, x 700.

Fig. 1 (a-e). (a) Transverse section through capillary in inter-radicular space. E, endothelial
cell; P, pericyte. Note tight junction (arrowhead) where endothelial layers meet, x 19400.
(b) Apposed margins of some endothelial cells are overlapped and irregular. Note obliquely
sectioned plasma membranes (arrows), x 48000. (c) Apposed edges of some endothelial cells
are 'tongued and grooved'. L, lumen, x 88300. (d) Transverse section through a postcapillary
venule. Its wall consists of inner endothelial (£) and outer pericyte (P) layers, x 3 800. (e)
Enlargement of id). Where adjacent endothelial (E) and pericyte (P) layers are separated by
30 to 50 nm, a basal lamina (arrow) is present. Micropinocytotic vesicles occur in both endo¬
thelial cells and pericytes. Arrowhead, lumen, x 36650.
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Fig. 3 (a-b). (a) Electron micrograph of perivascular space around a postcapillary venule.
A, astrocyte process; E, endothelial cell; P, pericyte; L, lumen, x 50800. (6) Electron micro¬
graph of longitudinal section through a large capillary passing through the cord surface (arrows)
at 6 days. The superficial part of the perivascular space contains a pial cell process (arrowhead).
E, endothelium ;L, lumen. x7100.

75 nm at a depth of 5-10 pm. It was lined by astrocytic and vascular basal laminae
(Fig. 3 a). It contained sparse collagen fibres, but no pial cell processes extended into
it. The space surrounding some larger blood vessels was more substantial (Fig. 3 b).
Between 6 and 300 days its width at the cord surface increased from 0-5-10 pm to
2-0-5-0 pm and its length increased from 5 pm to 30 pm. Pial cell laminae extended
into its more superficial part (Fig. 3 b).

Blood vessels lying distal to the transitional zone

Distal to the inter-radicular space, rootlets were aggregated into bundles and were
separated by multilayered sheaths (Kaar & Fraher, 1986). The vessels lay among
these sheath cell layers which generally completely separated them from the nerve
fibres in the rootlets. Occasionally, where the sheath was fenestrated, only extra¬
cellular space intervened between the blood vessel and the rootlet fibres.
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Quantitative changes in blood vessels
Quantitative data for capillaries which were related (see Materials and Methods)

to the rootlets are given in Table 1. At each age at least one capillary was related to
each free rootlet. Some rootlets were related to more than one capillary and vice
versa. From 20 days fetal to 6 days postnatum the numbers of capillaries and
rootlets were approximately equal. After this, capillary numbers increased. At 20
days and subsequently they outnumbered rootlets by up to 50 %. The percentage of
the length of transitional zone which was directly related to one capillary or more
fluctuated between 40 and 60 % up to 12 days postnatum. By 20 days it was over
90 % and was at about the same level at 300 days. The mean distance from the
capillary wall to the centre of the related rootlet doubled between 20 days fetal
and 12 days postnatum. It had increased by a further one third by 20 days. It almost
doubled between 20 and 300 days. Mean capillary diameter remained similar at
around 8 pm at each age. At each age over 85 % of all capillaries were less than
10 pm in diameter. Postcapillary venules were considerably greater than this in
calibre (Table 1). Their mean diameter tended to increase with age, especially between
20 and 300 days. The proportion of rootlets related to one, or more, postcapillary
venule fluctuated considerably between ages and showed no age-related change.

DISCUSSION

The blood vessels of the transitional zone resemble those occurring in the central
nervous system (Caley & Maxwell, 1970; Phelps, 1972; Hannah & Nathaniel, 1974;
Sturrock, 1981) and within the endoneurium of peripheral nerves (Thomas, 1963;
Lundborg & Branemark, 1968; Olsson, 1975). Zonulae occludentes probably
prevent diffusion of protein and other molecules between the vascular lumen and the
perivascular space, as has been demonstrated experimentally by Olsson & Reese
(1971) for endoneurial and cerebral vessels.

The absence of blood vessels from rootlet endoneurium is in contrast to Gamble's

(1976) conclusion that nerve root endoneurium contains capillaries. In this respect
roots resemble peripheral nerves in general. In the latter the endoneurium contains
capillaries (Thomas, 1963; Burkel, 1967; Gunderson & Low, 1968; Lundborg &
BrSnemark, 1968; Olsson, 1975). Berthold & Carlstedt (1977) state that blood
vessels at the dorsal root transitional zone lie within the endoneurial space. However,
those which they illustrate are surrounded by root sheath cells.

The network of vessels in the inter-radicular space is continuous peripherally with
the vessels of the root and centrally with those in the ventrolateral white column of
the spinal cord. The latter arrangement differs from that at the dorsal rootlet
attachment zone in the cat. Here, both during development (Carlstedt, 1981) and at
maturity (Berthold & Carlstedt, 1977) the blood vessels running proximally on the
rootlet do not enter the cord but deviate to join vessels on the cord surface. As a
result, dorsal roots may be more susceptible to ischaemia than ventral roots, since
the former lack anastomotic communication with blood vessels in the central
nervous system.

There is a substantial increase in the vascularisation of the ventral rootlet transi¬
tional zone between 12 and 20 days postnatum, both in terms of an increase in the
number of capillaries and in the proportion of the length of the rootlet related to
capillaries. This is not related to the onset of myelination in the transitional zone
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which occurs around birth (Kaar, 1984). It occurs after the stage of maximal increase
in transitional zone cross sectional area as the present study shows and after the
onset of myelination in the ventrolateral white column of the spinal cord, which
occurs between 6 and 12 days (Kaar, 1984). The increase is, however, associated with
functional maturation of gamma fibres, the majority of which are likely to be
functionally immature at 12 days. At that stage the transitional node is still immature
and presumptive in form (Fraher & Kaar, 1984), with the result that impulse
conduction is likely to be incomplete and irregular. By 20 days after birth almost all
gamma fibres possess definitive transitional nodes (Kaar & Fraher, 1985) and are
therefore likely to be functionally mature. Since gamma motoneuron activity appears
to be essential for stretch reflex activity and for smooth and load-responsive muscle
contraction (Guyton, 1981), this functional maturity is likely to lead to increased
alpha motoneuron activity. As a result, the metabolic requirements in both groups
of fibres increase and the increased vascularisation observed may occur in response
to this.

The age-related increase in vascularisation is somewhat offset by the progressive
increase in the distance from the capillary wall to the centre of the rootlet, resulting
from growth in rootlet cross sectional area. This change is most marked between 20
and 300 days. It is not accompanied by any decrease in capillary calibre. The short
distance between capillaries and rootlet fibres at 20 days probably ensures a sufficient
supply of nutrients to maintain nerve function as well as growth. The nerve fibres in
the centre of the rootlet are furthest from their blood supply. The distance involved
(approximately 40 /mi) is within the range of distances of cells in general from
capillaries (25-50 /mi) given by Guyton (1981) and is considerably less than the
value of 100 fim or more for nerve fibres in feline dorsal rootlets, given by Berthold
& Carlstedt (1977). Metabolite diffusion for all fibres in the rat ventral rootlet
transitional zone is therefore likely to be highly efficient. Efficiency is likely to be
even greater because the present estimate does not include capillaries separated from
rootlets by other capillaries, which would further enhance the diffusion process. The
rich blood supply to the transitional zone probably reflects its large nutrient require¬
ments, in particular in relation to the high concentration of nodes. In contrast to the
progressively increasing vascularisation of rootlets by capillaries over the period
studied, the number of postcapillary venules per rootlet shows no age-related trend.
The increase in venular calibre and the probable increase in venular length which
occur after 20 days probably compensate for this and at least maintain, if not
increase, the capacitance of the adult venular network, compared to that during
development.

The age-related changes in the vascularisation of the transitional zone differ
considerably from those of the adjacent spinal cord. Sturrock (1981, 1982) examined
the vascularisation of the developing ventral white matter of mouse and rabbit spinal
cord and found that increased vascularity coincides with the onset of myelination
and with a period of rapid increase in spinal cord cross sectional area. After that,
vascularisation diminishes substantially due to a decrease in the size and/or the
number of blood vessels. Neither of these changes takes place in the vascularisation
of the lumbar ventral rootlet transitional zone, perhaps reflecting sustained metabolic
requirements of the central-peripheral transitional nodes.
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SUMMARY

The blood vessels supplying the central-peripheral transitional zone of rat fifth
lumbar ventral spinal nerve rootlets were examined during development and at
maturity. At all stages all vessels were either capillaries or postcapillary venules.
They lay in the spaces between the rootlets, being entirely absent from the endo-
neurial spaces. A proportion of these vessels communicated with those supplying
the adjacent spinal cord. In this respect they differed from those supplying the dorsal
rootlet transitional zone, at least in the cat, where no such communication occurs.
During the first week after birth, at least one capillary was directly related to each
rootlet, generally over about half the length of the transitional zone. Subsequently
vascularity increased considerably. At three weeks postnatum, and subsequently,
capillaries outnumbered rootlets by up to 50 % and almost the entire length of the
transitional zone was related to one capillary or more. This change was related to the
maturation of the transitional nodes of gamma axons, which is likely to be related
to increased alpha and gamma motoneuron activity. These changes were somewhat
offset due to the fact that rootlet diameter increased with age. As a result, the
distance between the capillary wall and the centre of the rootlet almost doubled
between 20 and 300 days postnatum. The diameter of the capillaries did not change
with age but that of the postcapillary venules increased.
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INTRODUCTION

Each dorsal and ventral spinal nerve root is attached to the cord surface by a number
of rootlets. An outgrowth of central nervous tissue, termed the central tissue projection,
extends distally into the proximal part of those sensory rootlets which have been
studied to date (Tarlov, 1937; Berthold & Carlstedt, 1977; Moll & Meier, 1983). This
projection tapers in a proximodistal direction within the rootlet and is surrounded by
peripheral tissue. That segment of rootlet which contains both central and peripheral
tissue is termed the transitional zone.

Within a given species the form of the central tissue projection, and therefore of the
interface between the central and peripheral parts of the nervous system, varies widely
between different sensory (Fraher, 1985, unpublished observations; Fraher & Delanty,
1986, in preparation) and motor nerves (Fraher, 1978; Fraher & Kaar, 1982; Moll
& Meier, 1983; Fraher & Kaar, 1986). Such variations are the end results of
developmental interactions between the same central and peripheral tissue classes.
Accordingly, a study of the development of transitional regions having a variety of
adult forms will help to elucidate the underlying morphogenetic mechanisms. This in
turn will provide the necessary background for the interpretation of pathological
changes involving the transitional zone and of central-peripheral tissue interactions
in nervous system transplantation experiments.

This investigation consists of a morphological and morphometric study of the rat
cervical dorsal rootlet transitional zone during development and at maturity.
Preliminary studies (Sheehan, Fraher & O'Sullivan, 1984) have shown that its overall
appearance differs substantially from that of dorsal rootlets in the cat sacral region,
described by Berthold & Carlstedt (1977) and Carlstedt (1981). General ultrastructural
features of the developing and mature transitional zone have been described for cat
sacral dorsal rootlets (Berthold & Carlstedt, 1977; Carlstedt, 1981), rat cervical ventral
rootlets (Fraher, 1978; Fraher & Kaar, 1982), rat and mouse cervical ventral rootlets
(Moll & Meier, 1983) and rat lumbar ventral rootlets (Kaar, 1984; Fraher & Kaar,
1984, 1985, 1986; Kaar & Fraher, 1985). Accordingly, ultrastructural features will be
considered in this study only insofar as they differ from the general pattern as
previously described.

MATERIALS AND METHODS

Wistar albino rats were used in this investigation. Three animals were studied at 2,
3, 4 and 5 days postnatum, 8 animals at 6, 12, 20 and 70 days and 3 at 300 days
postnatum. Animals were taken from litters delivered 21-5 days+ 2 hours following
mating. Their ages were known to within 2 hours.
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Animals were anaesthetised with anaesthetic ether and then perfused through the
left ventricle with a solution containing 2-5% paraformaldehyde and 2 0% glutar-
aldehyde in orthophosphate buffer at pH 6-6-6-8, preheated to 38 °C. Perfusion was
continued for 15-20 minutes. To aid fixation of tissue at 20 days and older, perfusate
was also introduced into the sacral part of the subarachnoid space and allowed to
escape through a cranial burr-hole. The spinal roots were irrigated in this way for one
additional hour. Following bilateral laminectomy, the seventh cervical segment of the
spinal cord and the attached spinal nerves were removed and bathed in primary fixative
for a further hour. After treatment with buffer and osmium tetroxide, they were washed
in-distilled water and stained en bloc with 2% aqueous uranyl acetate (Hayat, 1975).
After staining, they were dehydrated in ethanols, placed in epoxypropane and
embedded in Araldite.

All sections were cut using a Reichert OMU4 ultramicrotome. Specimens cut in a
plane transverse to the cord produced longitudinal sections of rootlets. Those cut in
parasagittal planes produced transverse sections of rootlets. In each of the four
youngest age groups and at 300 days, the rootlets of two animals were sectioned
transversely and those of the third longitudinally. In each of the remaining age groups,
the rootlets of six animals were sectioned transversely and those of two longitudinally.
Rootlets were sectioned transversely by means of serial semithin (0-45 /mi) sections,
with three series of thin (80-110 nm) sections taken at equidistant intervals along the
transitional zone. Sections were taken proceeding in a proximodistal direction,
beginning medial to the rootlet-cord junction and ending beyond the distal limit of
the central tissue projection. Most series of sections at 12 days and older extended
distally beyond the level at which the rootlets joined together and therefore into the
root itself. The number and sequence of all semithin and thin sections were known.
Section thickness was accurately known. That of all thin sections was estimated on
the basis of their interference colour spectra (Peachey, 1958), while that of the semithin
sections was determined by accurately calibrating the ultramicrotome. Thin sections
were post-stained with lead citrate (Reynolds, 1963). Semithin sections were stained
with toluidine blue. These were examined in a Reichert Polyvar photomicroscope and
photographed at negative magnifications of from x 20 to x 400. Thin sections were
examined in Corinth 500 and JEOL JEM 1200 EX electron microscopes. Most
electron micrographs were taken at negative magnifications of from x 1000 to x 5000.
The precise magnification of each electron micrograph was determined by photo¬
graphing a standard calibration grid under the same conditions of magnification as
the thin sections during each photographic session.

At each age, transverse and longitudinal series of sections were examined to
determine the form, appearance and position within the rootlet of the central tissue
projection. Central and peripheral tissues could be distinguished from one another at
the light microscopical level by their differential uptake of toluidine blue and by the
identification of the pale astrocytic cytoplasmic barrier bounding the central tissue
projection (Figs. 3, 4). Differentiation was confirmed by comparison with the serial
electron micrographs closest to them. Each transversely sectioned transitional zone
was followed throughout its entire length on serial sections. Since all section
thicknesses were known, transverse sections were used to determine central tissue
projection length. The distribution of projection length was determined at each age
(Fig. 6). Rootlet cross sectional area was measured midway along the transitional zone,
using a MOP-Videoplan image analysis system (Table 1). The relationship of central
tissue projection length to rootlet cross sectional area was examined statistically at each
age, using a Tectronix 4051 Graphics Display Unit and Tectronix 4662 Flat Bed



CNS-PNS transition in rat cervical dorsal roots 191

plotter (Fig. 7). Age changes in the above features were studied to determine
morphologically and morphometrically the form of the mature transitional zone and
the patterns of its growth and differentiation.

OBSERVATIONS

General rootlet form and arrangement
Each root was attached to the cord by means of four to eight short rootlets (Fig.

1). These approached the cord at a shallow angle and were attached to it along a strip
(the attachment zone) on its dorsolateral surface. The transition between the peripheral
and the central nervous systems lay at and distal to this level. Medial to this the fibre
bundle comprising each rootlet projected above the surrounding cord as a ridge which
became progressively less prominent as the bundle gradually sank into the cord. Up
to 6 days the rootlets tended to be oval on cross section and were sometimes separated
by gaps. At 12 days and after, they were more closely apposed to one another and
were approximately rectangular on cross section.

Ultrastructure

The early development of the transitional zone in the cervical dorsal root resembled
that in cervical (Fraher, 1978; Fraher & Kaar, 1982) and lumbar (Fraher & Kaar,
1986) ventral rootlets of the rat and in dorsal rootlets of the mouse (Moll & Meier,
1983) and cat (Carlstedt, 1981). At the end of the first week postnatum and
subsequently, a central tissue projection extended distally as far as the definitive root
(Figs. 2a, 4). Its surface was made up of astrocyte processes which varied widely in
form and size (Fig. 2b, c). This formed the central-peripheral interface. The processes
were derived from astrocyte perikarya which lay within, and sometimes at the surface
of, the central tissue projection (Figs. 2a, d, respectively). At younger ages some of
the latter were apposed to one another in an epithelioid fashion (Fig. 3d). As in other
transitional regions, the central ends of the most proximal peripheral internodes lay
in grooves or invaginations of the surface of the central tissue projection (Fig. 2e).
The central-peripheral transitional nodes lay at the central ends of these. In their
development and mature form these nodes closely resembled those of the lumbar
region (Fraher & Kaar, 1984). The central tissue projection resembled central nervous
tissue generally in its internal structure (Fig. 2a). Astrocyte processes extended distally
from its surface into the endoneurial space between the peripheral internodes (Fig. 2 b).
These were considerably more sparse and the glial fringe which they formed was
correspondingly more open than that described in the cat by Berthold & Carlstedt
(1977) and Carlstedt (1981).

Morphology of the central tissue projection
Up to 3 days dorsal rootlets contained no central tissue. At that stage the

central-peripheral interface was a smooth relatively flat plane which was in line with
the curvature of the spinal cord perimeter (Figs. 3 a, 5 a). It therefore faced
dorsolaterally. After this, the central tissue projection gradually grew distally into the
rootlet, displacing peripheral tissue as it did so (Fig. 3 b). It lay closer to the anterior
than to the posterior rootlet surface at all stages. At 5 days the projection had a highly
irregular surface and gave rise to spikes of central tissue which extended distally for
20 pm or more beyond the main projection, to interdigitate with peripheral nervous
tissue. Up to and including this stage, peripheral tissue formed the surface of the entire
rootlet. After this the central tissue projection became increasingly complex in form.
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Fig. 1. Diagrammatic view of the dorsal aspect of the spinal cord, showing the manner in which the
dorsal spinal nerve root is formed from its constituent rootlets. Medial to the level at which it becomes
attached to the cord, each rootlet is continued centrally as a ridge on the cord surface (dotted outlines).

At 6 days (Fig. 3d) it had an irregular and sometimes jagged outline. Because of this,
transitional nodes of adjacent fibres were commonly separated by longitudinal
distances of up to 30 ^/m. Over much of its length it formed the anterior surface of
the rootlet (Figs. 2 d,f, 3e, 4). By 12 days the projection had increased in length, so
that in most cases it extended through the entire length of the rootlet and its distal
portion lay in the root. Its surface had become generally smoother than previously.
Over most of its extent it was shaped like a long segment of a dorsoventrally flattened,
distally tapering wedge with a rounded apex (Fig. 3e, 5 c). Its distal extremity
sometimes gave rise to two shallow dome-shaped projections. It continued to form a
substantial part of the anterior surface of the rootlet over the transitional zone. The
rootlet was markedly asymmetrical insofar as the projection was placed ventrally in
it.

Accordingly, peripheral nervous tissue extended further proximally on the posterior
than on the anterior rootlet surface. Furthermore, a thin strip of peripheral tissue
commonly extended centrally for 200 //m or more beyond the level at which the great
majority of fibres had entered the central nervous system (Figs. 41, 5 d), thereby further
increasing rootlet asymmetry.

Fig. 2(a-h). Ultrastructure of central tissue projection, (a) General appearance of transversely
sectioned rootlet at 70 days. Peripheral nervous tissue surrounds the central tissue projection. This
consists of pale astrocytic processes surrounding centrally myelinated axons and includes an astrocyte
perikaryon with its nucleus (**). x 2020. (b, c) Transverse sections through 70 day central tissue
projections. The surface of the mature central tissue projection consists of multiple layers of astrocyte
processes of widely varying form. On section, many are flattened and a proportion are elliptical or
polygonal (**). Some envelop individual axons (*) of an unmyelinated bundle. Collagen fibres clothe
the projection surface and lie in the spaces separating it from the nearby Schwann cells (5). Some
lie in deep clefts projecting into it (arrow). Their numbers and density vary from one site to another
(compare (b) with (c)). An astrocyte process (arrowhead) passing distally from the surface of the
projection lies among the collagen fibres, (b) x 17420; (c) x 22770. (d) Part of the surface of the
70 day central tissue projection is made up of an astrocyte perikaryon. Here the projection also forms
the ventral surface of the rootlet. Arrows, rootlet sheath, x 18500. (e) To show the central end of
a peripheral internode lying in a groove (arrowheads) on the surface of a 12 day central tissue
projection, x 14300. (/) To show multiple layers of astrocyte processes forming the surface of a 70
day central tissue projection where the latter comprises the anterior surface of the rootlet, x 21000.
(g, h) Overall view (g) and detail (h) of connective tissue septum between astrocyte processes forming
the surfaces of central tissue projections of adjacent rootlets, (g) x 11400; (h) x 27700.
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Fig. 3 (a-e). Longitudinal light micrographs of dorsal rootlets at (a) 3, (b) 4, (c, d) 6 and (?) 20 days
postnatum. At 6 days, note (i) the epithelioid arrangement (arrows) of astrocyte perikarya at the
dorsal surface of the central tissue projection, (ii) astrocyte perikarya forming the surface of the central
tissue projection also comprising the anterior surface of the rootlet (double arrow). Note the
transitional node of Ranvier (arrowhead) at the apex of the 20 day projection (outlined), (a) x 375;
(b) x 364; (c) x 390; (d) x 390; (?) x 350.

By 20 days the central tissue projection had increased further in complexity and had
developed the morphological features typical of maturity. It generally consisted of
three continuous segments (Fig. 5 d). The proximal one of these was shaped like a
segment of a wedge and corresponded to most of the 12 day projection. From this
the second segment arose and consisted of a dorsoventrally flattened, conical projection

Fig. 4(a-l). (a-f) Serial transverse sections through the transitional zone of a 12 day rootlet
proceeding in a distoproximal direction. Level (/) is central to the transitional zone. The central tissue
projection (pale) lies closer to the anterior than to the posterior surface of the rootlet, x 280.
(g-k) Serial transverse sections through a 12 day rootlet, proceeding in a proximodistal direction,
showing the central tissue projection bifurcating, x 260. (/) Transverse section through a 20 day
dorsal rootlet showing a narrow strip of peripheral tissue (outlined) dorsal to the central tissue
projection, 200 /;m central to the level at which most fibres have passed into the CNS. x 260.
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<e)

Fig. 5(a-e). Diagrammatic longitudinal sections through a dorsal rootlet (R) showing the form of
the central tissue projection at (a) 3, (b) 6, (c) 12 and (d) 20 days postnatum. (e) shows the profiles
of transverse sections through the rootlet at the levels indicated in (d). Central tissue, dots; peripheral
tissue, white; S, spinal cord.

which tapered distally and was approximately oval on cross section. From the distal
end of this a third segment generally arose, consisting of a number of distinct slender
tapering outgrowths (Fig. 4g~k). These varied considerably in length. They each
contained a small bundle of myelinated axons. At 70 and 300 days the central tissue
projection resembled that at 20 days (Fig. 5 d). However, the overall dimensions of each
segment tended to increase progressively with age. Figure 5e shows diagrammatically
the appearance of the mature central tissue projection and its position within the
rootlet at various levels along the transitional zone. This shows that the central tissue
formed substantial portions of the rostral and caudal (termed the collateral) surfaces
of the rootlet.

When traced centrally, each central tissue projection came to occupy a progressively
increasing proportion of the cross sectional area of its rootlet. Distal to the levels at
which adjacent rootlets became apposed and joined with one another, their projections
commonly fused together, or were separated only by layers of collagen fibres (Fig. 2g,
h). Those collagen fibres closest to the rootlet surfaces ran parallel to the long axis
of the rootlet. Between these layers, collagen bundles ran circumferentially around the
rootlets.
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Fig. 6. Percentage frequency histograms showing the distribution of central tissue projection length
at the ages indicated. Mean projection length and its standard deviation are also shown.

Morphometry
Central tissue projection length varied widely between rootlets (Table 1; Fig. 6). The

length distributions for each succeeding pair of ages overlapped extensively with one
another. All were unimodal except for that at 20 days, which was bimodal. The mean
length generally tended to increase with age except between 12 and 20 days when it
decreased substantially. The greatest rate of increase took place over the first interval
(Table 1). The mean central tissue projection length and its standard deviation were
also calculated for each animal. Mean projection length varied somewhat between the
animals at each age, but the values were almost never statistically different from one
another. Only two exceptions were found: One 12 day animal had a mean projection
length significantly smaller than half of the remaining animals at that age. At the 20
day stage, mean projection length in one animal was significantly greater than in all
the remainder. In that animal all projections were around 300 pm long.

The relative lengths of the various segments which made up the central tissue
projection at 20 days and later varied widely and without a constant pattern. For
example, the relative length of the second and third segments varied by a factor of
up to 10. Furthermore, in some cases the former was the longer of the two, in others
the latter. These variations were independent of the total length of the projection.

Rootlet cross sectional area (Table 1) varied markedly (commonly by an order of
magnitude) between the component rootlets of each root studied. The larger rootlets
tended to lie towards the middle of the attachment zone of each root. Mean area

increased over all the age intervals studied, including that between 12 and 20 days,
when projection length decreased. However, the increase over that interval was less
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Table 1. Growth rates of rootlet cross sectional area (CSA) and central tissue
projection (CTP) length

CSA (/tm2/l00) CTP length (/mi)

Age dx/x.dt dy/y.dt
(Days) X (±s.d.) dx dt dx/dt (%) y (±s.d.) dy dt dy/dt (%)

6 93 ( + 34) 126 (±34)
43 6 7-2 8 103 6 17 14

12 136 (±81) 229 (±90)
18 8 2-3 2 -48 8 -6 -3

20 154 (+133) 181 (±103)
213 50 4-3 3 127 50 2-5 5

70 367 (±173) 308 (±132)
77 230 0-3 01 119 230 0-5 o-:

300 444 ( + 97) 427 (±77)

x, mean rootlet CSA for all animals at the specified age; dx, increase in area over interval; dt, length of
interval (days); dx/dt, daily increase in CSA over interval; dx/x.dt, daily increase in CSA over interval,
expressed as percentage of area at beginning of interval; y, mean CTP length for all animals at the specified
age; dy, increase in length over interval; dt, length of interval (days); dy/dt, daily increase in length over
interval; dy/y.dt, daily increase in length over interval, expressed as percentage of length at beginning of
interval.

12 days

i i i » i i i i i i i ■ ■

0 20 40 60 0 20 40 60

Rootlet cross sectional area fiim2/1000)
Fig. 7. Scatter diagrams relating central tissue projection length to rootlet cross sectional area
(expressed in units of 1000 ^m2), at the ages indicated. The proportion of the variance of projection
length attributable to a linear regression between it and rootlet cross sectional area (r2) is given in
each case.
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Table 2. Proportion of ventral and collateral rootlet surfaces composed of central
nervous tissue

Age Ventral (V) Collateral (C) Ratio of
(days) mean + s.D. mean + s.D. means V/C

6 0-82 + 008 0-69 + 0-11 1-19
12 0-81+0-09 0-59 + 0-16 1-37
20 0 74 + 0-11 0-47 + 0-11 1-57
70 0-84 + 0-10 0-54 + 0-15 1-56

300 0-65 + 0-16 0-37 + 0-12 1-76

than over those immediately preceding or following it. The daily rate of increase
between 70 and 300 days was substantially less than that at earlier stages.

Although there was a general tendency for larger rootlets to have longer central
tissue projections, scatter diagrams (Fig. 7) relating projection length to rootlet cross
sectional area showed this relationship to be variable. At the mature stages it was weak.
The best fitting curve was linear at 12 and 300 days and logarithmic at the other ages.
However, the extent to which the two types of curve fitted the data differed little at
each stage. The relationship between central tissue projection length and rootlet
diameter was also examined. In each case the diameter was calculated as that of the
circle having the same area as the rootlet. At each age the relationship was very similar
in all respects to that between projection length and rootlet cross sectional area.

Asymmetry of the central tissue projection
Soon after the central tissue projection first appeared, its astrocytic limiting

membrane came to form the proximal part of the surface of the rootlet (Fig. 2 c/,/).
At all stages the projection was asymmetrical within the rootlet, being displaced away
from the central axis of the rootlet towards its anterior surface. Accordingly, astrocytic
processes formed a larger part of its anterior surface than of its collateral surfaces (Fig.
5e). Peripheral tissue formed the remainder of the rootlet surface and made up most
or all of its posterior surface. Though astrocyctic tissue made an increasing
contribution to the anterior rootlet surface as age advanced, the proportion which this
constituted showed no clear tendency to vary with age (Table 2). By contrast, the
proportion of the collateral surface made up by central tissue tended to decrease with
age. This reflected the increasing asymmetry of the rootlet, as the central tissue both
within the rootlet and at its surface gradually shifted anteriorly. This asymmetry was
quantified as the ratio between the two proportions mentioned above (Table 1). The
ratio decreased with age by a factor of 1-5.

Mitotic and degenerating cells
Mitotic Schwann cells, oligodendrocytes and astrocytes were most common at 3 days

and less so at 6 days while only a few were noted at 20 days. They had a similar
frequency in peripheral and central tissue at each age at which they were present. At
3 days they were usually within the rootlet tissue. However at 6 days the great majority
were located along the rootlet periphery. Degenerating cells were observed at 3 and
6 days, again with a relatively similar frequency in central and peripheral tissues. Their
numbers were also small.
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DISCUSSION

Age changes in central tissue projection morphology and dimensions
The shape and complexity of the central tissue projection change considerably with

age. The central-peripheral interface is at first approximately planar. The projection
first appears at 4 days postnatum and from then until about the end of the second
week it elongates rapidly. This process is disorganised and as a result the central-
peripheral interface is jagged. During the third postnatal week, reorganisation occurs
at the expense ofelongation. As the projection comes to be shaped like a dorsoventrally
flattened wedge it decreases in length. Its surface becomes smoother and remains so
subsequently. After this the projection again elongates. Between 6 days and maturity
its length increases approximately threefold. Over the same period its volume increases
approximately eight times (Fraher, 1985, unpublished observations). Its shape becomes
more complex. It develops one or more long, distally tapering processes which in some
cases branch. It may therefore possess up to three orders of branching. Branching bears
no clear relationship to projection length. Among the longest examples, some are
unbranched while others possess second or third order branches. Central tissue
projections may also possess irregularities in cat sacral dorsal rootlets (Carlstedt,
1981) and in rat ventral lumbar spinal nerve rootlets (Fraher & Kaar, 1986), but they
are neither as marked nor as frequent, nor are they as constant in form as the present
examples.

From the beginning the projection lies asymmetrically in the rootlet, being closer
to its anterior than to its posterior surface. This asymmetry increases with maturation
as the projection comes to lie progressively further anteriorly in the rootlet. In
accordance with this, central tissue forms substantial proportions of the anterior and
collateral rootlet surfaces. These changes imply either that peripheral nervous tissue
withdraws distally, or that central tissue actively migrates distally and becomes
organised to build up the proximal part of the rootlet. These events, as well as
considerable elongation of the central tissue projection, take place in the absence of
substantial numbers of mitoses. It is therefore likely that cell migration, increase in
cell size and elaboration ofcellular processes play an important part in the development
of the central tissue projection. Furthermore, it is likely that astrocyte process
organisation is plastic, since the projection successively expands distally, retracts and
expands again between the second and fourth weeks postnatum. The tissue dynamics
involved in the growth of the dorsal rootlet and the proximal part of the root are
therefore complex.

Projection lengths vary widely at each age, so much so that the lengths of some zones
at 20 days postnatum already lie within the adult range. Rootlet cross sectional area
also varies substantially at each age. Furthermore, the two parameters bear no close
statistical relationship to one another. The proportion of the variance of projection
length which can be accounted for in terms of its linear regression on rootlet cross
sectional area varies from 18 to 69%. This suggests that any tendency for the two
parameters to be closely related is disturbed by other, more obscure factors. For
example, the proximal and distal limits of neighbouring central tissue projections are
commonly at closely similar levels, even though their rootlets have widely differing
cross sectional areas. It is therefore possible that factors unrelated to rootlet size, such
as rootlet proximity, may tend to maintain these limits level with one another during
development. A correlation between transitional zone length and rootlet size in rat
lumbar ventral rootlets was suggested by Kaar (1984) and in feline SI dorsal rootlets
by Carlstedt (1981). However, neither author determined the nature of the relationship,
its strength, or if it varied with time.
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Comparison with transitional zone development in other areas

The growth phases of the central tissue projection in the cervical dorsal rootlet
resemble those in some other areas. The period of most rapid growth in length occurs
at the onset of its development, between 3 and 6 days. This is also the most rapid growth
period of the projection into the L5 ventral rootlet (Fraher & Kaar, 1986). Between
12 and 20 days the cervical dorsal rootlet projection decreases in length. The bimodality
of its distribution (Fig. 6) suggests that the extent of the reduction varies substantially
between rootlets. A decrease also ocurs in the L5 projection, but at an earlier phase,
viz. between 6 and 12 days (Fraher & Kaar, 1986). In both locations this may represent
a distal overgrowth of central tissue which engulfs previously peripheral fibre segments.
After this, projection length increases at a progressively decreasing rate in both locations.

By contrast, the development of the transitional zone in the cervical dorsal rootlet
differs fundamentally from that in the cervical ventral rootlet, as described by Fraher
(1978) and by Fraher & Kaar (1982), where during the period immediately after birth,
a short central tissue projection grows into the ventral rootlet. This reaches a maximum
length of only 14 pm at 3 days postnatum. Its appearance coincides with the initial
outgrowth of central tissue into the dorsal rootlet. However, the ventral rootlet
projection soon disappears. Perhaps because of distal outgrowth of central tissue
(Fraher, 1978; Fraher & Kaar, 1982) Schwann cells become invaginated progressively
deeper below the cord surface and the transitional zone sinks into the cord, coming
to lie with its distal limit at the level of the cord surface. In this respect transitional
zone development in the cervical ventral rootlet differs from that in all other locations
studied to date, in which the central tissue projection tends to undergo a progressive
and gradual increase in length, though with occasional transient decreases, as discussed
above. This qualitative difference suggests that special conditions operate in the ventral
cervical region which favour Schwann cell invagination deep to the cord surface,
thereby providing for mechanical stability (Fraher & Kaar, 1986).

In general, zone length is considered to be greater in dorsal than in ventral nerve
rootlets (Skinner, 1931; Tarlov, 1937; Kaar, 1984). Gamble (1976) states that the
length of the glial segment of the transitional zone may be as much as two or three
millimetres long in the roots of the cauda equina of large animals. This suggests that
transitional zone length may be proportional to animal size. However, the length of
the dorsal rootlet central tissue projection in the mouse (Moll & Meier, 1983) and in
the cat (Berthold & Carlstedt, 1977) overlap extensively with the ranges of values found
in the present study for the rat, despite the differences in dorsal root length and in
overall body size between the three species. It is therefore likely that any correlation
between body dimensions and central tissue projection length is relatively imprecise.

The mature form of the central tissue projection in rat cervical dorsal rootlets is
considerably more complex and variable in its definitive form than that in the cat sacral
dorsal rootlet as described by Berthold & Carlstedt (1977). The latter is regularly
conical and circular in cross section. Its long axis coincides with the central axis of
the rootlet. It is considerably less variable in form, generally lacking second order
branches. When present, these are shorter than in the rat. Third order branches are
not described. The mature central tissue projection in the rat lumbar ventral rootlet
(Fraher & Kaar, 1986) is considerably smaller and more variable in form than that
of the cervical dorsal rootlet. Each possesses irregularities in form, but those of the
former have a much less constant pattern. Both are asymmetrically placed in the
rootlet. That in the former lies posterior to the central axis of the rootlet. Thus both
types lie towards the surface of the rootlet closest to the spinal cord as it runs in the
subarachnoid space.
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SUMMARY

Each seventh cervical dorsal nerve root is attached to the spinal cord surface by four
to eight rootlets. A tapering outgrowth of central nervous tissue, the central tissue
projection, extends distally into the proximal part of each rootlet in the immediate
postnatal period. The central ends of the most proximal peripheral internodes
surround this projection. Thus a length of rootlet contains both CNS and PNS tissue.
This is termed the transitional zone.

Material was processed by standard preparative techniques for electron microscopy.
Serial semithin and ultrathin sections were made over the entire extent of several
transitional zones at ages ranging from 2 to 300 days postnatum. Central tissue
projections were reconstructed in three dimensions and analysed morphometrically.

The morphology of the central tissue projection varies during development. At first,
it forms an irregular projection into the anterior portion of the rootlet. It than elongates
and takes the form of a dorsoventrally flattened, distally tapering wedge. By 20 days
postnatum it has attained its definitive form. This consists of three segments: a
proximal wedge-shaped portion, similar to that described above; continuous with this
is a distally tapering, dorsoventrally flattened, cone-shaped segment which generally
branches into two or more slender projections of central tissue. The latter comprise
the third segment. The projection comes to form a substantial proportion of the
anterior, proximal and distal surfaces of the dorsal rootlet from an early stage.

The mean length of the central tissue projection increases progressively over all
intervals studied, except that between 12 and 30 days postnatum, when a reduction
in length is associated with reorganisation of the morphology of the projection.
Projection length varies considerably between rootlets and is relatively weakly
correlated with rootlet cross sectional area. There is a great deal of overlap between
the distributions of projection lengths at all stages between 20 and 300 days.

The authors wish to thank Mr D. O'Leary and Ms B. Rea for their technical
assistance and Ms V. Paul for typing the manuscript. The JEOL JEM 1200 EX
electron microscope was purchased with the aid of a grant from the Wellcome Trust.
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INTRODUCTION

Dorsal and ventral spinal nerve roots are attached to the cord surface by a number
of rootlets. An outgrowth of central nervous tissue (the central tissue projection)
extends distally into those dorsal rootlets that have been studied to date (Tarlov,
1937a, b; Nathaniel & Nathaniel, 1963; Steer, 1971; Sindou, Quoex & Baleydier,
1974; Berthold & Carlstedt, 1977; Schlaepfer, Freeman & Eng, 1979; Moll & Meier,
1983; Fraher & Sheehan, 1987) and also into lumbar ventral rootlets (Fraher & Kaar,
1986; Fraher & Bristol, 1987). However, ventral cervical spinal rootlets lack such a
projection (Fraher, 1978; Fraher & Kaar, 1982). Central tissue projections have also
been described extending into cranial nerves (Skinner, 1931; Tarlov, 1937a, b;
Maxwell, Kruger & Pineda, 1969; Nemecek, Pari'zek, Spacek & Nemeckova, 1969;
Gamble, 1976). Of these, the projection into the cochlear nerve is particularly extensive
in adults of the species studied to date, such as man (Skinner, 1931; Tarlov, 1937a, b\
Chandross, Adams & Bear, 1977; Chandross, Bear & Montgomery, 1977; Bridger &
Farkashidy, 1980), cat (Berthhold, Carlstedt & Corneliusson, 1984), rat (Ross &
Burkel, 1970), amphibians and reptiles (Wulfhekel, 1969). The present study surveys
the development of the central tissue projection in the cochlear nerve of the rat.

MATERIALS AND METHODS

Wistar albino rats of the following ages were used: 15, 16, 17, 18, 19, 20 and 21 days
fetal; newborn; 1,2, 3,4, 6, 13,35,72, 171 and 371 days postnatum. Five animals were
studied at each age up to and including 13 days postnatum and two at each subsequent
age. The ages of all animals were known to within + 2 hours.

Fetal specimens were prepared as follows: the pregnant dam was anaesthetised
using anaesthetic ether. Fetuses were delivered by Caesarean section through an
abdominal hysterotomy and immediately killed by decapitation. The head was placed
in fixative consisting of 2-5 % paraformaldehyde and 2 % glutaraldehyde in ortho-
phosphate buffer at pH 6-6-6-8. Postnatal specimens were anaesthetised with
anaesthetic ether and perfused through the left ventricle with the fixative described
above. Perfusion was continued for 15-20 minutes. To optimise fixation of adult
tissue, perfusate was introduced into the sacral part of the subarachnoid space and
allowed to escape through a cranial burr-hole. Each specimen was then decapitated
and the head placed in fixative. Heads of animals aged 13 days and over were
decalcified in a solution of 5% trichloracetic acid and subsequently trimmed to a
transverse segment which included the entire cochlea, the cochlear nerve and the
associated brainstem. These slices, and the whole heads at younger ages, were
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Table 1. Length ofcentral tissue projection (CTP) and transitional zone (TZ) at several
stages postnatum and daily rates of increase in length (A/day) over the intervening
periods

CTP TZ

Age Length (/<m) A/day Length (/<m) A/day

Newborn 125
140

125
20

2 405
103

165
150

4 610
12

465
-21

13 720
6-3

275
3-4

72 1090
2-0

475
1-4

171 1290
1-2

615
-0-3

371 1530 565

dehydrated in ethanols and chloroform and then wax-embedded. Serial sections 7 pm
thick, were made in planes transverse to the brainstem, using an American Optical
rotary microtome. Calibration of the microtome showed that mean section thickness
was accurate to within ±2%. Each series of sections included the entire cochlea, the
cochlear and vestibular nerves and the associated length of brainstem to which these
were attached. Sections were mounted serially on numbered glass slides and were
stained either by Van Gieson's technique or with celestine blue-haemalum and
counterstained with orange G-light green. The mounted and coverslipped sections
were examined and photographed using a Reichert Polyvar photomicroscope.

Central and peripheral nervous tissues were readily distinguishable from one an¬
other at all stages because of their different appearance and differential staining. The
position and thickness of each section in its series was known. Consequently, for each
specimen it was possible accurately to reconstruct the appearance of the cochlear
nerve, its branches, its central tissue projection, the internal auditory meatus and the
region of the brainstem to which the nerve was attached, as follows. Using every
fourth section in the series, the profile of each of these tissues was traced on a
transparent sheet. One sheet was used for each section examined. Sheets representing
the entire series of sections through the nerve were aligned with one another and
stapled together. In addition, a wax model of the central tissue projection was con¬
structed for one specimen at 2, at 4 and at 13 days postnatum. Age changes in the three
dimensional morphology and in the position of the central tissue projection were
determined from these.

The growth of the central tissue projection of the cochlear nerve was studied by
measuring its length at various postnatal stages (Table 1) and examining its position
relative to the segment of the cochlear nerve which lay in the subarachnoid space (its
subarachnoid segment) and/or to the modiolus of the cochlea.

Postnatal specimens aged 2, 3, 6, 10, 13, 21 and 30 days were plastic-embedded.
At each age, between 10 and 20 specimens of cochlear nerve, together with the segment
of brainstem to which they were attached, were dissected free, immersed for one and
a half hours in the fixative described above, dehydrated in ethanols and epoxypropane
and embedded in Araldite. Transverse and longitudinal 0-5 //m specimens were stained
with toluidine blue and used to examine the vascularisation of the cochlear nerve.
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OBSERVATIONS

General arrangement of the cochlear nerve

The cochlear nerve was attached to the brainstem as a single trunk. It ran across the
subarachnoid space to the internal auditory meatus, where it entered the modiolus of
the cochlea. In this, its branches fanned out to reach the spiral ganglion of the cochlea.
In younger animals these traversed only loose connective tissue (Fig. 1 d), but once the
modiolus had been formed and ossified, each traversed first a cartilaginous and later
a bony canal (Fig. 2).

The cochlear nerve was closely associated with the ventral trunk of the vestibular
nerve (Fig. 2a, b), which entered the internal auditory meatus with it and turned
dorsally through a foramen in its wall to innervate the vestibular apparatus. Some
vestibular ganglion cells extended into the central part of the modiolus.

Developmental changes
15 to 21 days fetal

The cochlear nerve was attached to the brainstem on the caudal and ventrolateral

aspect of the inferior cerebellar peduncle. At 15 days a shallow central tissue projection
extended into it. This became more prominent up to 17 days but regressed somewhat
between then and birth. It was asymmetrical within the nerve. Its medial part extended
further distally than its lateral part (Fig. 1 b, c). The cellularity of the projection was
very low at first, but increased with age (compare Fig. 1 a and e). However, it remained
much less than that of the part of the nerve which consisted of peripheral tissue and
in which nuclei were very densely packed in the early stages (Fig. 1 g-j).

Newborn to 4 days postnatum
The central tissue projection grew distally into the nerve at its most rapid rate in the

immediate postnatal period (Table 1; Fig. 1 d-f). At 1 day its tip had come to lie about
halfway along the segment of the nerve in the subarachnoid space. In some 2 day and
in all 3 day animals it had reached as far as the internal auditory meatus. It was
asymmetrical, being displaced medially and caudally within the nerve. Up to 2 days,
peripheral tissue extended along the entire length of the nerve. It was more plentiful
on the lateral than on the medial aspect of the central tissue projection. By 4 days,
however, the most proximal part of the nerve consisted only of central tissue. The part
of the nerve which was made up of peripheral tissue consisted of clearly defined
fascicles. The most rapid phase of increase in transitional zone length also took place
in the early postnatal period, but at a slightly later stage than that for central tissue
projection length (Table 1). It decreased somewhat between 4 and 13 days.

Over this period a small number of blood vessels of narrow calibre were found in
the glial projection (Fig. 3 a). They were more plentiful distal to the interface.

6 days
By 6 days the projection had extended distally well into the modiolus (Fig. 1 /; Table

1). The segment of the nerve consisting purely of central tissue had lengthened further;
it extended from the brainstem to the internal auditory meatus. The part of the
projection lying within the modiolus remained asymmetrical: It tapered to an apex
lying towards the medial side of the nerve. At this and at all subsequent stages,
peripheral tissue was confined to the modiolus and cochlea. All branches arose within
the modiolus, more arising laterally than medially. They contained extensions of
central tissue. Consequently, the central-peripheral interface was irregular. The
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branches which arose close to the tip of the projection formed a loose bundle which
curved rostrally within the modiolus. Blood vessels were plentiful within the projection
at this stage and subsequently (Fig. 3 b, c). Communications between these and vessels
in the peripheral part of the nerve passed through the central-peripheral interface
(Fig. 3 b, c).

13 days and older
By 13 days the projection had attained its essential definitive form. Over most of its

length it was relatively straight (Fig. 2a). The projection continued to make up the
entire subarachnoid segment of the nerve and extended well into the modiolus (Table
1). In the distal part of the modiolus the projection bent rostrally (Fig. 2b). All
branches arose within the modiolus and the most proximal of these arose from the
lateral aspect of the projection. The surface of the projection was relatively smooth
proximally but possessed large shallow undulations distally. Extensions from the
projection passed distally into some of its branches (Fig. 2 c).

After 13 days the projection continued to extend progressively further into the
modiolus. Peripheral tissue retreated ahead of it and made up a progressively de¬
creasing proportion of the length of the nerve in the modiolus. The extent to which its
branches diverged from one another increased.

DISCUSSION

Development of the central tissue projection
The development of the central tissue projection is continuous but can be divided

into four stages (Fig. 4): (1) A stage of initial outgrowth into the nerve from 15 to
17 fetal days when a shallow central tissue projection is established. (2) A stage of
suspended growth or relative proximal regression over the last four days of fetal life,
when the projection assumes the form which it retains during the subsequent period
of most rapid elongation: its distal surface becomes convex, more so medially than
laterally; it comes to lie medially and caudally within the nerve and is therefore
asymmetrical within it. (3) A stage of pronounced glial outgrowth into the nerve,
beginning immediately after birth and continuing at a diminishing rate into adult life
(Table 1). (4) A stage of definitive organisation of the central tissue projection, during
which it takes on its mature form; this is completed between 6 and 13 dayspostnatum
and overlaps with the early part of Stage 3.

Between 2 and 6 days postnatum the nerve segment consisting entirely of central

Fig. 1 (a-j). (a-f) Longitudinal sections through developing cochlear nerve, (a) 16 day fetus. The
central tissue projection is much less cellular than the peripheral segment of the nerve. The inferior
cerebellar peduncle is tangentially sectioned, x 66. (b, c) 17 day fetus. Serial longitudinal sections
show variations in the form of the CNS-PNS interface (arrows), x 83. (d) 1 day postnatum. Cochlear
nerve bundles traverse loose tissue to reach the cochlear ganglion (arrow). Left: lateral; right: medial,
x 66. (e) 1 day postnatum. Enlargement of (d) showing the asymmetry of the central tissue projection
(outlined) in the nerve, x 205. (f) 6 days postnatum. the distal limit of the central tissue projection
(outlined) lies in the modiolus. Peripheral branches (arrows) arise directly from the projection.
x66. (g-j) 16 day fetus. Transverse sections (g) through the almost acellular central tissue
projection where it is attached to the inferior cerebellar peduncle; (h) through the part of the nerve
including the interface between central (relatively acellular) and peripheral (relatively highly cellular)
tissues; (;') through the highly cellular peripheral tissue segment of the nerve (P) immediately distal
to the central tissue projection; (/) through the distal part of the nerve (P) where it lies close to the
vestibular ganglion (F) and is less cellular than at more proximal levels, x 103. C, central tissue
projection; P, peripheral nervous tissue segment of the cochlear nerve; MO. medulla oblongata;
O, otic capsule; CO, developing cochlea; /CP, inferior cerebellar peduncle; SAS, subarachnoid
space; BV, blood vessel.
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Fig. 2(a-c). (a, b) Serial sections through 13 day cochlear nerve. The central tissue projection is
curved. As a result its proximal part (a) is sectioned longitudinally and its distal part (b) obliquely.
The ventral division of the vestibular nerve (V) enters the modiolus (a) and leaves it through a
foramen in its dorsal wall (b, double arrow). Associated ganglion cells (b, arrows) also lie in the
modiolus, x 66. (c) Enlargement of (a) showing cochlear nerve branches (arrows) consisting of
peripheral nervous tissue arising directly from the central tissue projection. Short projections of
central tissue (*) extend into these. Occasional neuronal somata (double arrows) lie in the central
tissue projection, x 205. C, central tissue projection; P, peripheral nervous tissue segment of the
cochlear nerve; MO, medulla oblongata; SAS, subarachnoid space; BV, blood vessel.
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Fig. 3 (a-c). Seraithin Araldite sections, (a) Longitudinal section through 1 day postnatum cochlear
nerve. The central tissue projection contains small calibre blood vessels (arrow). One vessel (double
arrow) is entering it from the pial surface, x 205. (b, c) Transverse (b) and longitudinal (c) sections
through 13 day postnatum cochlear nerves showing blood vessels in both peripheral and central parts
of the cochlear nerve. Communicating vessels (asterisks) traverse the central-peripheral interface,
x 205.

Fig. 4 (a-d). Diagrammatic longitudinal sections through the cochlear nerve and associated
brainstem at (a) 17 days fetal, (b) 1 day, (c) 6 days and (d) 13 days postnatum, showing age changes
in the form of its central tissue projection. The modiolus has formed at 13 days and its outline is
shown (see Text). Central nervous tissue, dotted area; Peripheral nervous tissue, black lines; Otic
capsule/developing skull, crosses.

tissue is established and increases very rapidly in length (Table 1). This may involve
interstitial growth of the initially short central segment, or active regression distally of
peripheral tissue, vacating axon segments which are enveloped by distal migration of
central tissue. The latter process is likely to occur in cervical ventral spinal nerve roots
(Fraher & Kaar, 1982).

The tapering terminal segment of the projection within the modiolus is asymmetrical
in so far as its apex lies towards the medial side of the nerve. The most proximal
cochlear nerve branches arise from its lateral aspect and run to the basal turn of the
cochlea. Branches arising from its medial aspect originate further distally and run to
more distal turns of the cochlea. Thus the asymmetry of the projection correlates with
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the origin of its branches and their relationship to the cochlea. It is noteworthy that this
asymmetry develops during the late stages of fetal life. It thus anticipates the definite
arrangement and is maintained throughout the phase of rapid elongation.

With maturation, the projection comes to occupy a progressively increasing pro¬
portion of the length of the modiolus. Preliminary quantitative studies suggest that the
length of that peripheral segment of the nerve between the projection and the ven¬
tromedial part of the basal turn of the spiral ganglion decreases over this period by 50
to 75 %. This true decrease would seem to be highly unusual, if not unique in peripheral
nerve development.

Comparison with central tissue projections in other nerves

Developmental studies of the rat central-peripheral transitional region have been
carried out on cervical ventral (Fraher, 1978; Fraher & Kaar, 1982), cervical dorsal
(Fraher & Sheehan, 1987), L5 ventral (Fraher & Kaar, 1986) and L6 ventral (Fraher
& Bristol, 1987; Fraher, Kaar & Bristol, 1987) rootlets. Although the growth phases
of the central tissue projection of the cochlear nerve resemble those of some of the
above, there are substantial differences as well. The period of most rapid cochlear
outgrowth is between birth and 4 days postnatum. This takes place slightly earlier than
the most rapid outgrowth phases of the projections in rat lumbar ventral (Fraher &
Kaar, 1986) and cervical dorsal (Fraher & Sheehan, 1987) rootlets, both of which
occur between 3 and 6 days. However, in both of these locations this phase occurs at
the beginning of the outgrowth period, whereas in the cochlear nerve the projection
has already been present for one week before the most rapid outgrowth occurs.
Proximal regression is a general feature of central tissue projection development in all
areas studied to date in the rat (see references above). In the rootlets mentioned above,
the phase of rapid growth is followed by one of proximal regression of the projection.
By contrast, in the cochlear nerve the sequence of these phases is reversed and
regression is less marked than in the other locations. Quantitative studies on spinal
nerve roots (Fraher & Kaar, 1982, 1986; Fraher & Sheehan, 1987) are consistent with
the occurrence of differential distal overgrowth of central tissue as a cause of proximal
regression. The inferior cerebellar peduncle is closely related to the cochlear nerve and
expands rapidly in diameter during later fetal stages. Associated growth changes may
result in distal overgrowth of central tissue. As a result of this, segments of the nerve
originally in the subarachnoid space may therefore be engulfed and come to lie deep
to the surface of the inferior cerebellar peduncle.

The cochlear nerve differs significantly from the other nerves mentioned above in
additional ways. Firstly, it possesses no segment where the nerve trunk consists entirely
of peripheral tissue. Instead, its terminal branches arise directly from the surface of the
central tissue projection. Although some of these initially run close together, especially
where they surround the distal end of the central tissue projection, they do not reunite
to form a compact peripheral cochlear nerve trunk, as occurs in the cat (Berthold
et al. 1984). Secondly, while the rat cochlear nerve possesses a substantial segment
consisting only of central tissue, rat spinal nerve rootlets lack this. In these, peripheral
tissue extends proximally around the projection to a level close to or at the central
nervous system surface. During development the projection of the cochlear nerve
resembles that of the lumbar ventral and the cervical dorsal rootlet in having an

irregular surface and in being displaced towards the side of the nerve closest to
the central nervous system surface.

Central tissue projection length (Table 1) in the mature cochlear nerve (approxi¬
mately 1-5 mm) is much greater than that in other rat nerves examined. It averages
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around 70 /<m in L5 ventral rootlets (Fraher & Kaar, 1986), 135 //m in L4 ventral
rootlets (Fraher & Bristol, 1987) and 425 //m in C7 dorsal rootlets (Fraher & Sheehan,
1987). It reaches around 300 pm in mouse cervical dorsal rootlets (Moll & Meier,
1983). However, the length of the transitional zone, along which central and peripheral
tissues overlap, differs little from that of rat cervical dorsal rootlets (Fraher & Sheehan,
1987).

Tarlov (19376) suggested that differential tension on the intrathecal segments of
developing nerves, due to differential growth between the neuraxis and the skeleton,
may cause marked variation in the degree of central tissue projection into them.
Carlstedt (1981) supports this hypothesis to explain the rostrocaudal increase in
projection length between spinal nerve roots. It seems very unlikely that such a
mechanism operates in developing cochlear nerve, since the length of its peripheral
segment probably undergoes an absolute decrease during development.

Blood vessels

Reports regarding the existence of anastomoses between blood vessels of peripheral
nerve roots and the central nervous system are at variance: Berthold & Carlstedt
(1977) found that vessels at the cat dorsal rootlet transitional zone lack continuity with
those of the underlying cord. However, such communications have been found at rat
cervical dorsal rootlet attachments (Fraher & Sheehan, 1986, unpublished observa¬
tions), and at rat cervical (Fraher, 1976, unpublished observations) and lumbar (Kaar
& Fraher, 1987) ventral rootlet attachments. The present study also demonstrates
extensive anastomoses between central and peripheral vascular territories in the
cochlear nerve (Fig. 3).

The morphological relationships of vessels to spinal nerve rootlets and to the
cochlear nerve differ. The latter enter the projection and are completely surrounded by
central tissue. The former generally run to the central nervous system surface in
connective tissue spaces between the central tissue projections of neighbouring nerve
rootlets (Kaar & Fraher, 1987) and are therefore not immediately surrounded by
central tissue. Furthermore, the presence of blood vessels within the cochlear pro¬
jection ensures that its tissues are sufficiently close to them for metabolic purposes. In
the adult rat, its radius (around 250 pm) is five times greater than the upper limit of
the range (Guyton, 1981) of distances of cells in general from blood vessels.

SUMMARY

A projection of central nervous tissue extends for a short distance into the proximal
part of the cochlear nerve trunk during the last week of fetal life but regresses slightly
as birth approaches. During the first two weeks after birth it again grows distally at
a very rapid rate and reaches well into the modiolus of the cochlea. The segment of
the cochlear nerve trunk which lies in the subarachnoid space comes to consist entirely
of central nervous tissue. The central tissue projection continues to grow further
distally into the cochlea up to the end of the first year of life. Cochlear nerve branches
consisting of peripheral nervous tissue arise directly from the central tissue projection.
The cochlear nerve trunk lacks a compact segment which consists only of peripheral
nervous tissue.

The authors wish to thank Ms A. Marsh, Mr D. O'Leary and Ms B. Rea for
their technical assistance and Ms V. Paul for typing the manuscript.
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INTRODUCTION

Each typical spinal nerve is formed by the junction of a dorsal and a ventral root,
both of which are attached to the cord surface by means of a number of rootlets.
Cranial nerves, by contrast, lack such a constant pattern of attachment to the
brainstem. Most possess roots, though there is substantial variation between nerves in
the number and arrangement of these.

The attachments of spinal rootlets to the cord and the morphology of their
central-peripheral transitional zones have been the subject of a number of studies in
the rat (Steer, 1971; Fraher, 1978; Fraher & Kaar, 1982, 1985, 1986; Kaar & Fraher,
1985; Fraher & Sheehan, 1987; Bristol & Fraher, 1987), man (Tarlov, 19376;
Nemecek, Parlzek, Spacek & Nemeckova, 1969; Sindou, Quoex & Baleydier, 1974;
Schlaepfer, Freeman & Eng, 1979), cat (Berthold & Carlstedt, 1977; Snyder, 1977;
Carlstedt, 1981; Berthold, Carlstedt & Corneliusson, 1984), mouse (Moll & Meier,
1983), monkey (Snyder, 1977), and cattle (Schlaepfer et al. 1979). A few studies
(Skinner, 1931; Tarlov, 19376; Nemecek etal. 1969; Wulfhekel, 1969) have dealt with
the principal features of the attachments of the cranial nerves as a whole to the
brainstem. Studies on the transitional regions of individual cranial nerves have dealt
mainly with the cochlear nerve, which has an exceptionally long segment consisting
entirely of central nervous tissue (Skinner, 1931; Tarlov, 1937a,6; Ross & Burkel,
1970; Bridger & Farkashidy, 1980; Fraher & Delanty, 1987). The transitional region
of the macaque trigeminal nerve has been examined by Maxwell, Kruger & Pineda
(1969), who showed that it contains a glial dome projecting distally into the proximal
part of the sensory root. Apart from a preliminary report on vagal nerve rootlets
(Rossiter & Fraher, 1987), no systematic morphometric studies have been published
regarding the transitional regions of other cranial nerves. This paper and its
companion (Fraher, Smiddy & O'Sullivan, 1988) examine the transitional regions of
the third, fourth and sixth cranial nerves. All three are similar in that they consist
largely or predominantly of motor fibres of the same (somatic efferent) class, which
innervate muscles of similar developmental origin having closely related functions and
a very small motor unit size. This paper describes the transitional region of the
oculomotor nerve.

MATERIALS AND METHODS

Twelve adult Wistar albino rats from the same stock, aged between 70 and 75 days
postnatum, were used. They were anaesthetised with anaesthetic ether and then
perfused through the left ventricle with a solution containing 2-5 % paraformaldehyde
and 2 0% glutaraldehyde in orthophosphate buffer at pH 6-6-6-8, preheated to 38 °C.
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Perfusion was continued for 15-20 minutes. To aid fixation of tissue, perfusate was
also introduced into the sacral part of the subarachnoid space and allowed to escape
through a cranial burr-hole midway along the sagittal suture, for a further 30 minutes.
The dorsal part of the neurocranium was then removed. The cranial nerves were
divided at the points where they entered their foramina. The entire brainstem was
dissected free, removed from the skull and placed in a bath of the above fixative. Here
the midbrain was bisected in the median sagittal plane and tissue blocks were
prepared consisting of the oculomotor nerve, its rootlets and the portion of the
midbrain from which these emerged. Specimens were then washed in buffer,
dehydrated in ethanols, placed in epoxypropane and embedded in Araldite.

Oculomotor rootlets emerged through their exit zone on the ventral surface of the
midbrain and ran laterally, joining together after a short distance to form the nerve
trunk. Alternate sequential series of thin (80-110 nm) and semithin (0-5 /<m) sections
were made of the entire exit zone of each of twelve oculomotor nerves, using a Reichert
Ultracut E ultramicrotome. Series of thin sections were taken at intervals which were

equidistant for each specimen but which differed between specimens from 20 to 100
/tm. Ten of the specimens were sectioned in parasagittal planes, yielding transverse
sections of the rootlets. The remaining two were sectioned in planes transverse to the
brainstem, yielding longitudinal sections of the rootlets. Minor adjustments of block
orientation were performed to give optimal section planes. The number and sequence
of all semithin and thin sections were known. Section thickness was accurately known.
That of all thin sections was estimated on the basis of their interference colour spectra
(Peachey, 1958), while that of the semithin sections was determined by calibrating the
ultramicrotome. This enabled accurate reconstructions of transitional zones to be
made. Thin sections were stained with uranyl acetate (saturated solution in 50%
methanol) and post-stained with lead citrate (Reynolds, 1963). Semithin sections were
stained with toluidine blue. These were examined with a Reichert Polyvar
photomicroscope and photographed at negative magnifications of from x 28 to x 112.
Thin sections were examined in a JEOL JEM 1200 EX electron microscope. Most
electron micrographs were taken at negative magnifications of from x 1000 to x 5000.
The precise magnification of each electron micrograph was determined by photo¬
graphing a standard calibration grid under the same conditions of magnification as the
thin sections during each photographic session.

The transverse and longitudinal series of sections were examined to determine the
form, appearance and position of the central-peripheral transitional zone. Central and
peripheral tissues could be distinguished from one another at the light microscopical
level by their differential staining with toluidine blue and by the identification of the
pale astrocytic cytoplasmic barrier bounding the central tissue projection. Differen¬
tiation was confirmed by comparison with the serial electron micrographs closest to
them. Each transversely sectioned transitional zone was followed throughout its entire
length on serial sections. Central tissue projection length was determined from serial
transverse sections.

Most rootlets contained projections of central nervous tissue. The lengths of these
were measured from serial transverse sections. Serial sections were used to obtain three
dimensional reconstructions of selected transitional zones and central nervous tissue

projections into oculomotor rootlets. These were obtained using Kontron 3D
reconstruction utility programmes run on a Kontron IPS microcomputer. The
margins of the rootlet and of the central tissue projection on each serial section were
outlined on a digitiser tablet. The intervals between sections used were 5-10 /rm. Each



Fig. 1 (a-d). (a) Type 1 rootlet (arrowhead) emerging through a tongue-shaped elevation of the glia
limitans. x 460. (b-d) Longitudinally sectioned Type 2 rootlets. These consist solely of dark-staining
central nervous tissue for some distance superficial to the ventral brainstem surface (arrowheads),
which was irregular in their neighbourhood, (b) x 460; (c) x 370; (d) x 450. Blood vessels (asterisks)
frequently accompany the rootlets through the brainstem surface and overlie the oculomotor exit
zone. Central-peripheral transitional nodes are arrowed.

profile was automatically stored by the computer and then stacked to give a three
dimensional representation of the structure under examination.

OBSERVATIONS

On leaving their nucleus of origin, bundles of myelinated oculomotor axons, the
intramedullary rootlets, ran ventrolateral^ through the midbrain (Figs. 1 a,b, 5). These
emerged through the brainstem surface to become free rootlets, which ran laterally and
joined together after a short distance to form the oculomotor nerve trunk. In the
interval they were separated by inter-radicular spaces containing numerous blood
vessels which communicated freely with those within the midbrain (Figs. 1-3). The
rectangular area of brainstem surface through which these emerged was termed the
oculomotor exit zone. This was crossed by one or more longitudinally running veins
and arteries of relatively large calibre which divided the rootlets into a medial and a
lateral group (Fig. 5 a). The former contributed to the superficial and the latter to the
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Fig. 3 (a-d). (a) Longitudinal section through oculomotor nerve exit zone, including a Type 3 rootlet
containing a wedge-shaped central tissue projection (outlined). Ventral brainstem surface,
arrowheads. (b) Enlargement of part of (a) showing transitional nodes (arrows) and oligodendrocyte
perikarya (arrowheads), (c-d) Longitudinally (c) and transversely (d) sectioned emergent segments of
Type 4 rootlets possessing a fringe of astrocyte processes (d, arrowheads). Transitional nodes are
arrowed, (a) x 250; (b, c) x 460; (d) x 490.

deep part of the nerve trunk. A central nervous tissue projection extended distally for
some distance into the majority of rootlets. The surface of this, which was traversed
by nerve fibres as they passed between the central and peripheral parts of the nervous
system, was the central-peripheral interface. The latter was in all cases irregular. As a
result peripheral and central nervous tissue overlapped. That length of rootlet which
contained both types of tissue was termed the central-peripheral transitional zone.

Fig. 2 (a-/). Serial transverse sections of three Type 3 oculomotor rootlets, (a d) Sections of
emergent (a,b) and free (c,d) segments of a rootlet, the latter consisting solely of central nervous
tissue over a substantial length. Ventral brainstem surface, arrowheads, (e-h) Sections of emergent
(c,/) and free (g,h) segments of a rootlet. This contains a wedge-shaped central tissue projection
coinciding with its dorsal and collateral surfaces (g,h). Peripheral tissue extends centrally on the
superficial (i.e. ventral) aspect of the emergent segment (arrowheads). Some fibres deviate sharply
distal to the transitional node of Ranvier (g, arrows). (/-/) Sections of emergent (ij) and free (kj)
segments of a rootlet containing a wedge-shaped central tissue projection. The distal limit of the
projection lies towards the rostral and ventral aspect of the rootlet (/, arrowheads). The proximal part
of the free rootlet (k) consists virtually entirely of central nervous tissue. An astrocytic septum
separates adjacent emergent rootlet segments (/', arrows). (a-l) x 450.
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Fig. 4 (a—b). Percentage frequency histograms showing the distributions of (a) rootlet size, estimated
as fibre number and (b) transitional zone length in micrometres.

Oculomotor rootlets varied considerably in form, but could be classified into four
main types: Type 1 rootlets were found mainly at the periphery of the exit zone (Fig.
1 a) and consisted of only a few fibres. Their intramedullary segments bent laterally as
they approached the glia limitans and they emerged obliquely through a tongue-
shaped thickening of this. Type 2 rootlets deviated laterally to a variable degree as they
approached and passed through the glia limitans and continued ventrolaterally for
some distance after emerging from the brainstem (Fig. 1 b-d). They then turned
laterally to fuse with their neighbours. Rootlets of this type were found mainly
towards the medial part of the exit zone. Type 3 rootlets made up the great majority.
Their intramedullary segments turned laterally immediately deep to the glia limitans,
to become the emergent segments (Fig. 2b,fj). The latter ran directly under the glia
limitans for distances which varied considerably, being longest for lateral and shortest
for medial rootlets. Emergent segments of two or more rootlets commonly joined
together for short distances. As each emergent segment passed laterally, it produced a
progressively more prominent ridge on the brainstem surface and eventually separated
from it to become a free rootlet (Fig. 2 c,g,k). Type 4 rootlets were uncommon. They
were small, emerged obliquely through the glia limitans towards the middle of the exit
zone and contained a glial fringe (Fig. 3 c,d).

Rootlet size was estimated from 103 randomly selected rootlets as the number of
constituent fibres (Fig. 4a). The majority contained 70 or fewer and the average was
52 (s.d. : 50). Size varied very widely between rootlets in all parts of the exit zone.
However, the largest emerged through its lateral part and in each animal one of these
generally contained between 150 and 250 fibres - considerably more than any of the
rest. Type 1 rootlets were consistently the smallest of all.

Central tissue projections
Each type of rootlet was associated with a distinct type of central tissue projection.

In relation to Type 1 rootlets the projection consisted of a tongue-shaped elevation of
the glia limitans (Fig. 1 a). The emergent fibres traversed this and most of their
central-peripheral transitional nodes of Ranvier lay within it. The longest central
tissue projections were generally found in Type 2 rootlets. In these the projection made
up the entire cross section of a substantial proportion of the length of the free rootlet

Rootlets



CNS-PNS transition of oculomotor nerve 109
(a)

Fig. 5 (a-b). (a) Diagrammatric longitudinal section through oculomotor rootlets of the four types
described (ringed numbers), showing the four main types (numbered) of central tissue projection. The
majority of Type 3 rootlets have Type 3 projections, but in a minority the proximal part of the
projection makes up the entire cross section of the free rootlet (asterisk), (b) Diagrammatic
longitudinal section through the common form of Type 3 rootlet showing its intramedullary (/),
emergent (£) and free (F) segments and also the relationship of peripheral and central tissue in cross
sections through the transitional zone at four levels (large arrowheads) along the emergent (1,2) and
free (3, 4) rootlet segments. Brainstem surface, small arrowheads; central tissue, shaded; peripheral
tissue, white; blood vessels, arrowed.

and was essentially cylindrical in form (Fig. 1 b-d). It had a blunt or irregularly
tapering distal extremity. Some central tissue projections of this type were also found
in Type 3 rootlets (Fig. 2 a-d). In these, especially close to the central end of the free
rootlet, the glia limitans formed a thick covering surrounding the axons (Fig.
2 c, d).

The central tissue projections into Type 3 rootlets were the most complex in form.
They were approximately wedge-shaped. One surface of the projection coincided over
its entire length with the rootlet surface, most often on the dorsal aspect (Fig. 2 e-h).
Further centrally the projection also made up the collateral rootlet surfaces. Peripheral
tissue comprised the complementary portion of the free rootlet and also extended
proximal to this into the emergent segment as a thin, gradually tapering strip on the
ventral surface of the central tissue projection (Fig. 2c,/). In many cases this central
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extension of peripheral tissue into the emergent segment was over 50 //m long and
consisted of only a single layer of fibres. Accordingly, the transitional zone, which
contained both central and peripheral tissue, lay in both emergent and free parts of
such rootlets. The central-peripheral interface was irregular in outline. It was
generally convex towards the peripheral tissue component and crossed the rootlet
obliquely in a proximodistal direction (Figs. 3 a, 5 b). The CNS-PNS transitional
nodes lay a short distance central to it. The central ends of the transitional Schwann
cells either lay in open-sided grooves on the surface of the projection or were
invaginated into it (Fig. 3 b), relationships similar to those found in spinal rootlets
possessing central tissue projections (Fraher, 1978; Fraher & Kaar, 1986; Fraher &
Sheehan, 1987). While many fibres deviated only slightly as they traversed the
central-peripheral interface, a substantial proportion deviated sharply immediately
distal to the transitional node (Fig. 2g). A proportion of Type 3 rootlets varied from
the typical form. In these, the central tissue projections, instead of lying towards the
dorsal surface of the rootlet, were placed towards its rostral, caudal or even its ventral
surface (Fig. 21). Furthermore, in a minority of these cases a variable length of the free
rootlet consisted entirely of central nervous tissue (Figs. 2k, 5a).

The central tissue projection into Type 4 rootlets consisted only of a fringe of loosely
packed astrocyte processes which extended distally into the proximal few micrometres
of the free rootlet (Fig. 3 c, d). Rootlets of this kind were uncommon. The central ends
of their transitional Schwann cells were invaginated into the thickened glia limitans
(Fig. 3 c).

The principal features of the various types of transitional zone are summarised
diagrammatically in Figure 5. Type 1 comprised 12%; Type 2, 29%; Type 3, 54%
and Type 4, 5% of the total. Transitional zone length, measured from 85 rootlets,
varied widely (Fig. 4b) and averaged 50 (s.d. : 34) fim. It was relatively strongly
correlated (r = 0.7717) with rootlet size (estimated as fibre number).

Central tissue projections were composed of a thick weave of astrocyte processes
and contained numerous astrocyte and some oligodendrocyte perikarya, though the
last-mentioned were found mainly in the emergent rootlet segment (Fig. 2 b). The glia
limitans forming the brainstem surface of the exit zone between the emerging rootlets
was thickened and commonly had a markedly irregular surface (Fig. 1 c). Where
rootlets fused or separated from one another as they ran laterally under the glia
limitans they were separated by a narrow, gradually tapering septum of astrocytic
material (Fig. 2J).

discussion

Oculomotor rootlets differ from ventral spinal rootlets in a number of ways: their
emergent segments run laterally for considerable distances on the brainstem surface
and as they do so many form a plexus with their neighbours. Rootlet size, estimated
by fibre counts, varies very considerably, to a much greater extent than in all other
rootlets studied to date (Kaar, 1984; Fraher 1978, unpublished observations; Fraher
et al. 1988). A substantial proportion contain fewer than 10 fibres, some only one. All
nerves studied include one especially large rootlet located in the caudal and lateral part
exit zone. Rootlet size is somewhat more strongly correlated with transitional zone
length than is the case with cervical dorsal spinal rootlets (Fraher & Sheehan,
1987).

The transitional zones of oculomotor rootlets contain four distinct types of central
tissue projection. The cylindrical type, forming the entire cross sectional area of a
substantial length of rootlet, differs from all others described in motor rootlets.
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Lumbar motor rootlets also contain relatively long central tissue projections, but as
these taper distally they are surrounded by peripheral nervous tissue and so do not
make up the entire rootlet cross section. Among the nerves studied to date, the only
other to contain a substantial segment composed of purely central nervous tissue is the
cochlear (Skinner, 1931; Tarlov, 19376; Nemecek et al. 1969; Ross & Burkel, 1970;
Bridger & Farkashidy, 1980; Fraher & Delanty, 1987).

The commonest form of transitional zone contains a wedge-shaped central tissue
projection of a form which has not been described previously. The central-peripheral
interface of this type of zone forms an irregular plane which is convex towards the
peripheral tissue component, which crosses the rootlet very obliquely and which
generally extends into both the free and emergent segments. Accordingly, its surface
area is extensive. Transitional nodes lying on it are therefore separated from one
another to a greater extent, especially in the longitudinal axis of the rootlet, than if
they lay on an approximately conical central-peripheral interface as in lumbar motor
(Fraher & Kaar, 1986) or cervical dorsal (Fraher & Sheehan, 1987) rootlets, or than
if they were irregularly staggered relative to one another as in lower cervical ventral
rootlets (Fraher, 1978; Fraher & Kaar, 1982). This arrangement minimises the
likelihood of crosstalk between nodes on fibres innervating the majority of extraocular
muscles and therefore underpins the precise control of eyeball movement.

Wedge-shaped projections are markedly asymmetrical in position, being displaced
away from the central axis of the rootlet towards the surface closest to the brainstem
in the majority of cases. In this they resemble projections into lumbar ventral (Fraher
& Kaar, 1985) and lower cervical dorsal rootlets (Fraher & Sheehan, 1987) as well as
the trochlear nerve (Fraher et al. 1988). Flowever, in a substantial minority of cases the
projection is displaced towards one of the other rootlet surfaces. No other nerve
examined shows this type of asymmetry of the central tissue projection.

Those transitional zones which possess a tongue-shaped central tissue projection
raised as a ridge above the level of the surrounding brainstem surface have been found
elsewhere only in relation to a minority of abducent nerve rootlets (Fraher et al. 1988).
Transitional zones of this type are unusual in that the rootlet emerges from a glial
projection, the cross sectional profile of which differs in form from that of the rootlet
itself. In all other rootlets possessing a central tissue projection the latter lies within the
rootlet, to which it adapts its shape.

A rich plexus of blood vessels is generally related to the transitional zones of rat
dorsal and ventral spinal rootlets. These communicate with vessels within the cord
(Fraher, 1976, unpublished observations; Fraher & Sheehan, 1986, unpublished
observations; Kaar & Fraher, 1987). However, similar vessels at the cat dorsal rootlet
transitional zone lack continuity with those in the underlying cord (Berthold &
Carlstedt, 1977). Among the cranial nerves, extensive anastomoses also occur between
central and peripheral vascular territories of the cochlear nerve (Fraher & Delanty,
1987). In none of the aforementioned cases are the vessels as numerous or of so large
a calibre as those intermingled with the oculomotor rootlets and overlying and
penetrating the oculomotor exit zone.

SUMMARY

Oculomotor nerve rootlets varied more markedly in size and in transitional zone
length and form than those of any other nerve studied to date. However, they could
be classified into four main types, each of which was associated with a characteristic
type of central-peripheral transitional zone. Type 1 rootlets emerged from the
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brainstem through a tongue-shaped elevation of the glia limitans. This type of
central-peripheral transition is found elsewhere only in a minority of abducent
rootlets (Fraher et al. 1988). Type 2 rootlets contained long segments made up entirely
of central nervous tissue and were the only motor rootlets so far described to contain
a segment of this kind. Type 3 rootlets were the commonest and the largest. Before
leaving the brainstem they ran laterally on its surface as the emergent rootlet segments,
forming plexuses with one another. These rootlets contained a unique wedge-shaped
type of central tissue projection. Over its entire length one surface of this coincided
with the rootlet surface and a thin tapering strip of peripheral nervous tissue extended
proximally for a considerable distance into the emergent rootlet segment. Type 4
rootlets emerged from the brainstem surface obliquely and contained a glial fringe.
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INTRODUCTION

This paper examines further the morphology of the central-peripheral transitional
regions of those cranial nerves which innervate the extraocular muscles, begun in the
previous paper (Fraher, Smiddy & O'Sullivan, 1988). Though the trochlear and
abducent nerves differ from the oculomotor nerve in lacking an autonomic component,
they share many features with it. The motoneurons of all three nerves belong to the
somatic efferent class and the voluntary musculature innervated by them is similar in
general function, motor unit size and developmental origin. The two nerves under
study further resemble each other, but differ from the oculomotor nerve, in that each
innervates a single muscle. Moreover, both have a number of features in common with
ventral spinal nerve roots. The motor nuclei of the latter also develop from the somatic
efferent column and innervate muscles of somitic origin. However the trochlear nerve,
in emerging dorsally from the neuraxis, differs from the remainder, which emerge
ventrally.

The limited number of morphometric studies which have been performed to date on
central-peripheral transitional zones (Fraher, 1978; Fraher & Kaar, 1982, 1985;
Fraher & Sheehan, 1987) indicate clear differences between those of dorsal and ventral
spinal nerve rootlets in the rat. The latter are considerably more numerous and smaller
than the former. In the rat, the L5 ventral root is composed of around 60 rootlets
(Kaar, 1984) and the upper cervical ventral roots of around 30 (Fraher & Cremin, in
preparation). By contrast, the C7 dorsal root possesses only 4 to 8 rootlets (Fraher &
Sheehan, 1987). Dorsal rootlets are further characterised by the presence of large
projections of central nervous tissue into their proximal parts (Skinner, 1931; Tarlov,
1937; Steer, 1971; Berthold & Carlstedt, 1977; Moll & Meier, 1983; Fraher &
Sheehan, 1987). Central tissue projections into ventral spinal rootlets are either
relatively smaller and more slender than those of dorsal rootlets, as at lumbar levels
(Fraher & Kaar, 1986) or are absent altogether, as at lower cervical levels (Fraher,
1978; Fraher & Kaar, 1982). These dissimilarities could represent a systematic
dorsoventral difference or a function-related difference as between motor and sensory
rootlets. Study of the trochlear and abducent nerves may help to differentiate between
these alternatives and to indicate if transitional zone morphology is related to
similarities in function or differences in location.

MATERIALS AND METHODS

Trochlear nerve

Seven trochlear nerve specimens from adult Wistar albino rats were examined.
Methods of perfusion and exposure of the brain have been described previously
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(Fraher et al. 1988). The trochlear nerve emerged from the dorsal aspect of the
brainstem and ran laterally in the cleft between the cerebellum and the inferior
colliculus. Tissue blocks were prepared containing the nerve and adjacent parts of
these structures, together with the underlying brainstem. These were washed in buffer,
dehydrated in ethanols, placed in epoxypropane and embedded in Araldite. One nerve
from each specimen was serially sectioned in the parasagittal plane, using a Reichert
Ultracut E ultramicrotome, yielding transverse sections of the entire transitional
region and of considerable lengths of its adjacent central and peripheral segments.
Alternate sequential series of thin (80-110 nm) and semithin (0-5 //.m) sections were
made of peripheral, transitional and central parts of one nerve. Only semithin sections
were made of each of the remaining six specimens. Sections were stained, examined,
photographed, and three dimensional reconstructions of central tissue projections
were made as described previously (Fraher et al. 1988).

Abducent nerve

Fifteen specimens of the abducent nerve were examined. They were taken from
those animals which had also yielded oculomotor nerve specimens. Methods of
perfusion and removal of the brainstem have been described previously (Fraher et al.
1988).

The abducent nerve exit zone was a longitudinally running strip on the ventral
brainstem surface. The rootlets emerged through this, turned rostrally and fused to
form the abducent nerve trunk. Each specimen was trimmed under fixative to give a
longitudinally elongated block of brainstem tissue bearing both the nerve trunk, its
rootlets and its exit zone which was further processed and embedded in Araldite as
described previously (Fraher et al. 1988).

Each specimen was serially sectioned over the entire extent of its exit zone using a
Reichert Ultracut E ultramicrotome. Eight specimens were sectioned in planes
transverse to the brainstem, yielding transverse sections of the nerve. Four of these
consisted of alternate sequential series of thin (80-110 nm) and semithin (0-5 fim)
sections (semithin levels being separated by mean distances of 15 /<m). Only semithin
sections were made of the remainder. Five further specimens were cut in a coronal
plane, parallel to the ventral brainstem surface, to give alternate sequential series of
thin and semithin sections, the latter being separated by distances of 10 jum. Serial
semithin sections were made of the remaining two specimens in parasagittal planes,
yielding longitudinal sections of both the nerve and its rootlets. Sections were
stained, examined and photographed as described previously (Fraher et al. 1988).

OBSERVATIONS

Trochlear nerve

Trochlear nerve fibres curved dorsally around the periaqueductal grey matter of the
lower midbrain as a small number (most commonly three) of flattened intramedullary

Fig. 1. (a-g). Median sagittal (a) and parasagittal (b-f) sections, progressing mediolaterally, through
the trochlear nerve, brainstem and cerebellum. (a) Section through anterior medullary velum showing
trochlear nerve bundles (arrowed) of both sides, (ti) Section through brainstem and cerebellum
showing trochlear nerve bundles, one of which (arrowed) is curving obliquely dorsally through the
midbrain, (c, d) Trochlear nerve rootlets (arrowed) produce progressively more prominent elevations
on the dorsal brainstem surface. (e) Transverse section through the free trochlear nerve. Except for
a few fibres at its surface (arrowed), the nerve consists entirely of central nervous tissue at this level.
(/) Transverse section through the free trochlear nerve showing its darker staining central tissue
projection (right) with peripheral nervous tissue to the left. (g) Transverse section through the free
trochlear nerve at a level where it consists solely of peripheral nervous tissue. Brainstem, B;
cerebellum, C; Fourth ventricle, IV; blood vessels, asterisks, (a-d) x 120; (e) x 320; (/) x 270; (g)
x 360.
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rootlets, one of which was generally considerably larger than the others. They
decussated with the contralateral rootlets in the anterior medullary velum (Fig. 1 a,

b). Continuing laterally, they became less flattened and produced progressively more
prominent elevations on the brainstem surface (Fig. 1 c, d). They united to form a
single bundle which separated from the dorsal brainstem surface to form the free nerve
trunk (Fig. 1 e-g). This ran laterally for an average distance of 2-2 mm in the cleft
between the inferior colliculus and the cerebellum. At the lateral end of this it

performed a complex loop before running ventrally lateral to the brainstem. In a
minority of cases one of the smaller bundles emerged separately and joined the free
nerve after a variable distance.

Central tissue projection
The level of origin of the free trochlear nerve was defined as that at which the single

(or the main) fibre bundle separated from the brainstem surface. A single, large,
distally-tapering central tissue projection (Fig. 1 e,f) extended laterally into the free
nerve from that level for a mean distance of 296 (+ 76) pm. It was eccentrically placed
within the nerve, lying closer to the ventral than to the dorsal surface of the latter (Fig.
3 a). It generally also lay closer to either the rostral or the caudal border of the nerve.
Peripheral tissue surrounded the projection. This generally extended further
proximally on its dorsal than on its ventral surface, to a point medial to the origin of
the nerve. In some cases, however, the proximal free portion of the nerve consisted
entirely of central nervous tissue. The form of the trochlear transitional zone is
illustrated diagrammatically in Figure 3 a.

Computerised reconstructions showed that the projection was flattened dorso-
ventrally and generally had a blunt distal extremity. Transitional nodes of the
trochlear nerve were distributed irregularly somewhat central to the surface of the
central tissue projection. They tended to be concentrated towards its distal extremity.
The relationships of the transitional Schwann cells to the central tissue projection and
the tissue components of the latter were similar to those found in the oculomotor nerve
(Fraher et al. 1988).

Abducent nerve

Rootlets

The number of rootlets which joined to form the abducent nerve varied between
animals from 16 to 22. The number of fibres per rootlet varied from 5 to 30 and
averaged 18. Intramedullary rootlets of the abducent nerve ran ventrally through the
brainstem and emerged from the ventral surface of the rostral two thirds of the corpus
trapezoideum to become free rootlets. In their passage through the brainstem surface
they were accompanied by blood vessels (Fig. 2 a, b). The most caudal rootlets curved

Fig. 2 (a-i). Abducent nerve, (a, b) Semiserial longitudinal sections through the transitional region of
a caudal rootlet. Fibres change little in direction as they pass from the darker staining central tissue
projection (left) into the paler free rootlet (right), (c-e) Semiserial transverse sections through a
caudal rootlet showing that fibres change little in direction as they traverse the transitional region,
remaining transversely sectioned from central (c) to peripheral (e) parts of their course. (fg) In
sections transverse to the brainstem, intermediate bundles are longitudinally sectioned in their
intramedullary segments but transversely sectioned in the most proximal parts of their free segments,
immediately superficial to the glia limitans. Transitional nodes are at (/) or deep to (g) the brainstem
surface. (h) Rostral bundles continue ventrally on emergence from the brainstem (small arrowheads)
and bend sharply rostrally as they fuse with the nerve trunk (large arrowheads). (;') A laterally placed
bundle emerges from the brainstem through a circumscribed pad of thickened glia limitans which has
an irregular free surface. Central-peripheral transitional nodes are arrowed, (a, b) x510; (c, d)
x 900; (e) x950;(/) x670;(g) x780 ;(h) x480;(i) x 580.
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(a)

Fig. 3 (a-b). Diagrammatic longitudinal sections through (a) the trochlear nerve and (b) the abducent
nerve and its rostral (R), intermediate (/) and caudal (C) rootlets. Central tissue, shaded; peripheral
tissue, white; brainstem surface, arrowheads.

rostrally as they approached the brainstem surface. They ran approximately parallel
to this and traversed it, becoming confluent to form the nerve trunk without
undergoing any sharp change of direction (Figs. 2a-e, 3 b). Intermediate rootlets
pierced the brainstem surface approximately at right angles and immediately bent
sharply rostrally as they fused with the part of the nerve trunk formed by the more
caudal rootlets (Figs. 2/, g, 3 b). The most rostral rootlets also passed through the
brainstem surface approximately at right angles. These continued in a ventral
direction for a longer distance than the previous group before turning rostrally and
fusing with the nerve trunk (Fig. 2h). Those rootlets which emerged from the
brainstem medial or lateral to the nerve trunk converged on it to blend with its medial
or lateral margin, respectively (Fig. 2i).

Transitional zones

The transitional zones of rostral and intermediate rootlets differed from those of
caudal rootlets. Each caudal rootlet emerged very obliquely through the brainstem
surface (Fig. 2a-e). Where it did so, the glia limitans was thickened to form a wedge-
shaped central tissue projection superficial to the surface of the surrounding brainstem,
which resembled that found in relation to Type 1 oculomotor rootlets (Fraher et al.
1988). The rootlet emerged through the rostral face of the projection, from which a
fringe of astrocyte processes projected distally among the fibres, generally for 10 to
20 /tm. The majority of the transitional nodes lay superficial to the surrounding



CNS-PNS transition of trochlear and abducent nerves 121
brainstem surface, being either flush with or just deep to the rostral sloping face of the
wedge-shaped projection (Fig. 2 a-e).

In relation to the rostral and intermediate rootlets, the glia limitans was thickened
(Fig. 2f g). In some cases this formed a circumscribed pad of interdigitating lamellae
of astrocyte processes through which the emerging rootlets passed (Fig. 2i). Between
these the surface of the glia limitans was commonly markedly irregular. In addition,
the glia limitans gave rise to an astrocytic collar which surrounded the proximal
portions of the most rostral rootlets and also to astrocytic processes which passed
distally among the fibres in the free rootlets for distances of 5 to 10 //m. The
transitional Schwann cells of such rootlets projected centrally to depths of as much as
20 fim below the brainstem surface (Fig. 2g). The transitional zones of rostral and
intermediate rootlets therefore extended into both intramedullary and free rootlet
segments. These averaged 25 //m in length. The majority of abducent rootlets were of
this type.

DISCUSSION

The central-peripheral transition of the trochlear nerve resembles that of a dorsal
lower cervical spinal rootlet (Fraher & Sheehan, 1987) in many ways: each emerges
from the dorsal aspect of the neuraxis, with which it makes a shallow angle and on
which it forms a conspicuous ridge medial to its level of emergence. The trochlear
nerve more usually emerges as a single trunk, the size of which is similar to that of a
dorsal spinal rootlet. It contains a single large, dorsoventrally flattened, asym¬
metrically placed, distally tapering projection, similar in form and dimensions to that
occurring in a dorsal spinal rootlet (Fraher & Sheehan, 1987), though its surface is less
irregular. It is substantially longer than the projections found in rat L4 (Bristol &
Fraher, 1987) or L5 (Fraher & Kaar, 1986) ventral rootlets, the lengths of which
average 160 and 70 /im, respectively. It is also considerably longer than the projections
into oculomotor rootlets (Fraher et al. 1988), the lengths of which are within the
ranges for those of the lumbar rootlets cited. Thus, despite its developmental origin,
the nature of its motoneurons and many aspects of its peripheral innervation, the
morphology of the central-peripheral transition of the trochlear nerve is correlated
with (and may therefore be determined by) its dorsal location rather than those other
features. Insofar as it most often emerges from the neuraxis as a single trunk, the
trochlear nerve resembles the cochlear nerve (Fraher & Delanty, 1987). It does,
however, possess intramedullary rootlets but these usually join together proximal to
the level of emergence of the nerve from the brainstem.

Abducent rootlets are small in size. The average number of fibres which they contain
(18) is similar to that of lower lumbar and cervical ventral spinal rootlets, to which
they are analogous. The rat L6 ventral rootlet contains on average 30 fibres (Kaar,
1984) and the rat C3 ventral rootlet 14 (Fraher & Cremin, in preparation). All of these
are substantially smaller than dorsal cervical spinal rootlets (Fraher & Sheehan, 1987)
and to a less marked degree than oculomotor rootlets (Fraher et al. 1988). However,
they are much more uniform in size than the latter. The relationship between abducent
rootlets and the nerve trunk which they go to form differs from that between ventral
spinal rootlets and the ventral root. The former converge in series to join the trunk.
The latter join in parallel to form the root (Fraher, 1978; Kaar, 1984), as do the
oculomotor rootlets.

The transitional zones of the (rostral) majority of abducent rootlets resemble in a
number of ways those of lower cervical ventral rootlets: firstly, the great majority of
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the central-peripheral transitional nodes of both lie at or deep to the plane of the CNS
surface (see Fraher, 1978; Fraher & Kaar, 1982). Secondly, both types of zone give rise
to a glial fringe or collar projecting distally in relation to the most proximal part of
the rootlet. This is more prominent in abducent rootlets; in cervical rootlets it is well
developed only during maturation (Fraher, 1978). Thirdly, blood vessels accompany
both types of rootlet through the CNS surface. However, abducent transitional zones

possess, in addition, a number of distinctive features. The thick circumscribed
astrocytic pad, which a proportion of rostral abducent rootlets traverse as they emerge
from the CNS, is not found in relation to any other rootlets studied to date.
Transitional zones resembling those of caudal abducent rootlets are found elsewhere
only in relation to Type 1 oculomotor rootlets, which are also small and also emerge

obliquely through the glia limitans (Fraher et al. 1988). In both of these cases the
central tissue projection takes the form of a tongue-shaped glial elevation projecting
above the level of the surrounding brainstem surface, from one face of which the
rootlet emerges.

It is evident from this and its companion paper (Fraher et al. 1988) that the
central-peripheral transitional regions of the three nerves innervating the extraocular
muscles of the rat differ markedly from one another in terms of the number,
morphology, size and arrangement of their rootlets and in terms of their transitional
zone and central tissue projection morphology. The transitional zones of the trochlear
nerve and of rostral abducent rootlets resemble in many respects those of dorsal and
ventral lower cervical spinal rootlets, respectively (Fraher & Sheehan, 1987; Fraher,
1978). The oculomotor transitional region, however, differs markedly from all of these
in a wide range of characteristics. Most noteworthy among these are the occurrence
of a number of different, and also unique, types of central tissue projection and
central-peripheral interface, as well as the wide variation in its rootlet size. The
findings of the present studies, together with those on the cochlear nerve (Fraher &
Delanty, 1987) show that there is no rostrocaudal gradient of central tissue projection
length among the cranial nerves, as suggested by Skinner, (1931). It seems more likely
that projection length is related, though relatively weakly, to rootlet size (Fraher &
Sheehan, 1987).

SUMMARY

Unlike all other nerves containing somatic efferent fibres, the trochlear nerve
emerges from the dorsal aspect of the brainstem. It generally emerges as a single trunk
which resembles a dorsal rather than a ventral spinal nerve rootlet in terms of its size
and of the morphology and position of the central tissue projection which it contains.
The morphology of the central-peripheral transition of the trochlear nerve is therefore
correlated with its dorsal location rather than with the nature of its constituent
fibres.

By contrast, abducent nerve rootlets emerge from the ventral aspect of the neuraxis,
in line with other cranial and with spinal ventral nerve rootlets which also contain
somatic efferent fibres. Its rootlets resemble the latter in terms of their size, being much
smaller than those of dorsal rootlets or the trochlear nerve. They possess two distinct
types of central-peripheral transitional zone: those of the rostral rootlets resemble
zones of cervical ventral spinal rootlets. Many of these emerge through a circumscribed
thickening of the astrocytic glia limitans. Caudal abducent rootlets emerge through a
tongue-shaped glial elevation projecting above the level of the surrounding brainstem
surface, resembling Type 1 oculomotor rootlets.
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This and its companion paper (Fraher et al. 1988) show that despite the many close

similarities between the three nerves innervating the rat extraocular muscles, their
central-peripheral transitional regions differ markedly from one another in terms of
the number, morphology, size and arrangement of their rootlets and in terms of the
morphology of their transitional zones and the related central tissue projections.
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Summary
The morphology of the CNS-PNS transitional zone of adult rat dorsolateral vagus nerve rootlets is uniquely complex. A
typical rootlet contains a transitional zone over 300 pm long, consisting of a central tissue projection extending distally into
each rootlet and a peripheral tissue insertion extending for a longer distance deep into the brainstem. The peripheral tissue
insertion is continuous with the peripheral tissue of the free rootlet through channels traversing or running parallel to the
central tissue projection. Accordingly, the vagal CNS-PNS interface is topologically much more complex than that found
elsewhere. In some rootlets the peripheral tissue in the brainstem constitutes an isolated island deep within the neuraxis. In
others, peripheral continuity is established only through a cross connection with the peripheral tissue insertion of a
neighbouring rootlet. About one fifth of all vagal myelinated axons alternate between the CNS and PNS tissue compartments.
This distinguishes the vagus from all other nerves studied to date. These axons are myelinated by Schwann cells distal to the
transitional zone, by oligodendrocytes in the central tissue projection and by one or more short intercalated Schwann
internodes further centrally, mostly in the peripheral tissue insertion, where their perikarya commonly form closely apposed
aggregates. More than four fifths of all unmyelinated axon bundles alternate between central and peripheral tissue
compartments, commonly more than once. In the peripheral tissue insertion axons are enveloped by series of
non-myelinating Schwann cells. Schwann processes commonly extend for over 50 pm into the central compartment at each
central-peripheral transition. Around one fifth of peripherally unmyelinated axons have an oligodendrocytic sheath in the
central compartment. Of those axons possessing more than one intercalated Schwann internode, over one quarter display
alternation of myelinated and unmyelinated segments in the peripheral tissue insertion. Astrocytes in the transitional zone
segregate PNS tissue, a role played by sheath cells further peripherally in the vagal rootlets. Astrocytes form the surface
limiting membranes of the central tissue projection and the barrier between the peripheral tissue insertion and the
surrounding brainstem. The barrier consists only of an attenuated layer of processes. This is deficient in places, where
oligodendrocytic myelin sheaths are directly exposed to the endoneurial space of the peripheral tissue insertion and in some
instances are apposed to myelinating or non-myelinating Schwann cells. Such communication between the central and
peripheral compartments is unique to the vagal transitional zone. The findings are consistent with a range of possible events
during development. For example, considerable migration and intermingling of central and peripheral tissues, possible
overgrowth of rootlet segments by developing myelencephalic tissue, failure of part of the neural crest to separate from the
developing neural tube, and the origin of peripheral tissue insertion Schwann cells from the neural tube, or combinations of
these factors.

Introduction

The morphology of the transition between the central
and peripheral parts of the nervous system varies
substantially between individual spinal and cranial
nerves and even between rootlets of one and the same

nerve (Berthold & Carlstedt, 1977; Fraher, 1978; Moll &
Meier, 1983; Berthold et al., 1984; Fraher & Kaar, 1986;
Bristol & Fraher, 1987; Fraher & Delanty, 1987; Fraher
&Sheehan, 1987; Rossiter & Fraher, 1987; Fraher et al.,
1988a, b, c). A tapering outgrowth of CNS tissue, the
central tissue projection (CTP) extends distally from
the surface of the neuraxis into the proximal parts of
* To whom correspondence should be addressed.

most spinal and cranial nerves studied to date. The
astrocytic limiting membrane forming the surface of
this constitutes the CNS-PNS interface, and is a

specialized part of the glia limitans which forms the
surface of the CNS generally. That segment of a nerve
root or rootlet which contains both central and periph¬
eral tissue is termed the transitional zone (TZ) (Fraher
& Kaar, 1986). In the majority of nerves studied to
date, the TZ lies superficial to the surface of the
neuraxis. In the remainder it lies at or only a few
micrometres deep to it. Typically, myelinated fibres

0300M864/90 $03.00 +.12 © 1990 Chapman and Hall Ltd.
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cross this interface only once in their CNS-PNS
transition. Where they do so, the transitional node is
bounded distally by a transitional Schwann cell and
centrally by an oligodendrocyte (Berthold & Carlstedt,
1977; Fraher & Kaar, 1984).

Preliminary studies (Rossiter & Fraher, 1987, 1988a,
b) showed that the central-peripheral transition of rat
dorsolateral vagus nerve rootlets is highly complex.
The astrocytic limiting membrane is particularly ex¬
tensive, compared with that of other nerves. As they
traverse it, both myelinated and unmyelinated fibres
alternate between the CNS and PNS compartments.
The appearance of the central-peripheral transition of
unmyelinated fibres has been less extensively studied,
although some accounts of it have been given
(Carlstedt, 1977; Risling et al., 1986). This study
examines the transition of both types of fibre more
fully.

Although the structure of the glia limitans has been
the subject of a number of studies (Flaug, 1971;
Bondareff & McLone, 1973; Braak, 1975; Williams,
1976; Suarez & Fernandez, 1983; Wagner et al., 1983;
Sims et al., 1985; Gotow & Hashimoto, 1988; Uehara &
Ueshima, 1988), the morphology of TZ astrocytic
tissue has not been investigated systematically. Given
the growing recognition of the morphological hetero¬
geneity of astrocytes (Fedoroff, 1986; Privat & Rata-
boul, 1986; Skoff et al., 1986; Miller, 1988; Miller et al.,
1989), those of the TZ might be expected to possess
characteristics distinguishing them from astrocytes
elsewhere. An additional purpose of this study was to
examine the morphology of astrocytes in the vagal TZ
of the adult rat.

Materials and methods

Ten Wistar albino rats from six litters aged from 65 to 100
days postnatum were studied. Animals were anaesthetized
using a 3:1 anaesthetic ether-chloroform mixture and killed
by perfusion, through the left ventricle with a primary
fixative containing 2.5% paraformaldehyde and 2.0%
glutaraldehyde in orthophosphate buffer at pH 6.6-6.8,
preheated to 38° C. To aid fixation the skull vault and upper
cervical laminae were removed, the brain and upper part of
the cervical spinal cord were bisected sagittally, and on
completion of bisection of the head, the two halves were
immersed in primary fixative for a total of 2 h.

The glossopharyngeal and vagus nerves were transected
as they entered the posterior lacerated foramen. They were
removed along with the block of transversely sectioned
medulla oblongata to which they were attached. These
specimens were washed in phosphate buffer for a further 30
min, postfixed in osmium tetroxide, dehydrated in ethanols,
placed in epoxypropane and finally embedded in Araldite.

After careful orientation, the dorsolateral group of vagal
rootlets of ten specimens were sectioned transversely using
an OMU4 Reichert ultramicrotome which was calibrated
before and after the study. A series of 8200 consecutive thin
sections (80-100 nm thick) was cut from one specimen,

which yielded serial sections through 11 rootlets. The nine
other specimens were sectioned to provide alternate
sequential series of thick (0.5 pm) and thin (80-100 nm)
sections extending over a total distance of 7150 pm and
yielding serial sections through 83 rootlets. In most of the
above cases, the section series included the entire extent of
the transitional zones of the majority or all of the dorsolateral
vagal rootlets, as well as varying lengths of the aggregated
rootlet bundles. The relative position in each series of each
thick section and grid was known, as was the mean
thickness of all thin sections. Thick sections were mounted

serially on glass slides and stained with Toluidine Blue. They
were examined in a Reichert Polyvar photomicroscope and
photographed at magnifications of from x 18 to x 280. Thin
sections were placed on Formvar-coated hexagonal grids
and stained with 2% uranyl acetate in dry absolute methanol
and poststained with lead citrate. These were examined and
photographed at magnifications of x 600-150 000. The pre¬
cise magnification of each electron micrograph was deter¬
mined by photographing a standard calibration grid under
the same conditions of magnification as the thin sections
during each photographic session. Prints were made at
magnifications of from x 3500 to x 20 000. An electron
micrographic montage was made of the entire cross-section
at each of 49-136 levels along each rootlet studied in detail.
The levels were separated by 3—8 pm intervals. Because of
the large grid space size, concealment of features was
minimal. The material was examined to determine the

general arrangement of the vagal rootlets and the mor¬
phology of their transitional zones.

In the case of two rootlets (a, b) in specimens from two
different litters, individual myelinated axons were traced on
serial electron micrographic montages along their courses
through the transitional zone. Commencing at the middle of
each series (deep to the brainstem surface) each such axon
was assigned a number. It was traced through the serial
montages in a peripheral direction to the level of the
transitional, and in some cases a more distal, Schwann cell
and then in a central direction at least to the level at which it

finally became central.
Additional series of electron micrographs, at 1 pm inter¬

vals or less, were made through transitional nodes and both
adjoining paranodes. These were used to examine the
morphology of the transitional node and, when necessary,
to confirm the continuity of the axons. Similar series were
made at the level of the heminodes of axons possessing
serially adjacent myelinated and unmyelinated segments, as
well as along the course of the latter. At each serial level a
record was made of the nature of the enveloping sheath of
each axon, whether it was central or peripheral, of the
positions of associated Schwann cell or oligodendrocyte
perikarya, of transitional nodes and the relationship of these
structures to those of neighbouring axons. These data were
recorded graphically. Central and peripheral myelin sheaths
were differentiated from one another by previously derived
criteria applicable to the TZ (Fraher & Kaar, 1984). A total of
177 axons with intercalated Schwann cell internodes was

traced over a total distance of 34 750 pm in rootlets a and b.
In addition, axons with alternating centrally and periph¬
erally myelinated segments were traced by means of alter¬
nating sequential series of thin and semithin sections in one
or more rootlets in each of eight specimens from four other
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litters. Shorter series of electron micrographic montages
were examined at selected levels of these specimens.

Using all the above material, unmyelinated axon bundles
and axons possessing serially adjacent myelinated and
unmyelinated segments were traced serially along their
course from the PNS to the CNS and the morphology of their
central-peripheral transitions determined.

The material was used to examine in detail the three-
dimensional form of the astrocyte perikarya and processes in
the TZ and their relations with one another and with the
associated peripheral and central nervous tissue.

Results

GENERAL COURSE AND ARRANGEMENT OF

VAGAL ROOTLETS

Vagal rootlets emerged from the medulla oblongata as
dorsolateral, ventrolateral and a few intermediate
groups (Fig. la). Within the brainstem the 7-12
dorsolateral rootlets traversed the spinal tract of the
trigeminal nerve, and ran for up to 200 p,m along the
interface between this and the inferior cerebellar

peduncle (Fig. la). They then traversed the latter (Fig.
2a-c) to emerge obliquely on the brainstem surface,
which they at first grooved (Fig. 2d). The central
courses of dorsolateral vagal rootlets examined in the
present study correspond closely with those of fibres
projecting to the nucleus of the tractus solitarius as
observed in horseradish peroxidase studies in the rat
(Kalia & Sullivan, 1982; Bieger & Hopkins, 1987) and
hamster (Miceli & Malsbury, 1985). Axons in these
rootlets are therefore likely to be predominantly
sensory.

Rootlet number and arrangement varied consider¬
ably between animals and between the right and left
sides. The rootlets gradually separated from the
brainstem surface and converged to form two or three
aggregated rootlet bundles (Fig. la). Those forming a
given bundle emerged through an exit zone measur¬
ing 150-600 |xm dorsoventrally and up to 500 pm
longitudinally. Rootlets forming the most caudal
bundle tended to emerge further dorsally than those
of the rostral bundles.

Unmyelinated axons comprised around four fifths
of all axons in the rootlets. In some, unmyelinated and
smaller myelinated axons were grouped together
ventrocaudally, separate from larger densely packed
myelinated axons (Fig. 3a). In others, the latter were
fewer and were more evenly distributed within the
rootlet (Fig. 3b and e).

GENERAL FORM OF THE TRANSITIONAL ZONE

A central tissue projection (CTP), the greater part of
which was formed by astrocytic tissue, extended
distally from the brainstem surface into dorsolateral
vagal rootlets (Fig. lb-f), for an average distance of
150 pm (range: 70-280 pm). One or more strands of
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Fig. 1. (a) Schematic transverse section through the medulla
showing vagal rootlets emerging in dorsolateral, intermedi¬
ate and ventrolateral positions. Three dorsolateral rootlets
course through the spinal tract of the trigeminal nerve (ST5)
and inferior cerebellar peduncle (ICP) and merge super¬
ficially to form an aggregated rootlet bundle (ARB), (b)
Schematic longitudinal section through a dorsolateral vagal
rootlet and subjacent medulla oblongata (MO) showing the
general form of the central tissue projection (CTP). (c-f)
Transverse sectional profiles through the rootlet at the levels
shown in (b). (g) Schematic longitudinal section through a
vagal rootlet showing the general form of a peripheral tissue
insertion (asterisk) in its intramedullary segment, (h and i)
Transverse sectional profiles of the rootlet at the levels
indicated in (g). Peripheral nervous tissue extends centrally
in tunnels piercing the CTP and connects the PTI with the
free rootlet distal to the CTP. An isolated island of peripheral
tissue is apposed to the CTP (g and i, arrows). Ridge- and
finger-like projections of central tissue extend into the PTI (g
and h). (j—1) Schematic longitudinal sections through dor¬
solateral vagal rootlets, (j) Peripheral nervous tissue extends
centrally into the PTI in a groove on the surface of the CTP.
(k) An isolated island of peripheral nervous tissue lies deep
to the brainstem surface within the intramedullary segment
of the rootlet. (1) Continuity of peripheral nervous tissue
within the intramedullary segment of one rootlet with that
superficial to the brainstem surface, is established only
through a cross connection with the PTI of another rootlet.
White, CNS tissue; shaded, PNS tissue.
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Fig. 2. Serial light micrographs of a (pale) transversely sectioned dorsolateral vagal rootlet, (a and b) Rootlet traversing the
inferior cerebellar peduncle, (c) Rootlet emerging through the brainstem surface (arrowheads), (d) Rootlet lying in a groove on
the brainstem surface, a-d, x 280.

peripheral nervous tissue, mostly in the form of
Schwann cell enveloped unmyelinated axon bundles,
but including also peripherally myelinated fibres,
extended centrally in the rootlet, either in a groove on
the surface of the CTP (Fig. lj) or in a tunnel piercing it
(Fig. lg and i). This extended further centrally along
the rootlet for over 200 |xm (and in some cases for over
500 pm) deep to the brainstem surface. There the
peripheral tissue expanded considerably (Fig. lg and
h) to form a peripheral tissue insertion (PTI). A typical
dorsolateral vagal TZ therefore consisted of a segment
of rootlet averaging over 300 pm in length and in some
cases measuring 700 pm or more, extending both
superficial and deep to the brainstem surface.

CTP structure

CTP morphology varied considerably between root¬
lets. In the vicinity of the emergence of the rootlet from
the brainstem, it generally occupied most of the rootlet

cross-section and had an oval or sector-like profile
(Figs lb and c and 2d). It tapered distally and was
approximately wedge-, cone- or tongue-shaped (Fig.
lb-f). However, it commonly branched and its free
surface formed an extensive and elaborate CNS-PNS
interface and was highly irregular where it was
pierced by groups of associated small myelinated and
unmyelinated fibres. Distally these came to lie in large
irregular depressions of the CTP surface (Fig. 3b). It
frequently lay closer to the ventromedial than to the
dorsolateral surface of the rootlet (Fig. lb).

PTI structure

Over 85% of rootlets possessed a PTI or an island of
PNS tissue within them in their course central to the
brainstem surface. In overall form the PTI was gener¬
ally approximately cylindrical or spindle-shaped, its
long axis lying parallel to that of the rootlet (Fig. lg).
The occurrence of a PTI was usually associated with

Fig. 3. Electronmicrographs showing transversely sectioned vagal rootlets at (a and b) central tissue projection (CTP) and
(c-f) peripheral tissue insertion (PTI) levels, (a) Transversely sectioned rootlet in which groups of associated small myelinated
and unmyelinated axons are positioned separately from densely packed larger myelinated axons. The CTP occupies most of
the rootlet profile, x 1160. (b) Near the distal end of the CTP (outlined) its surface is highly irregular and groups of Schwann
cell-enveloped unmyelinated axon bundles and small myelinated axons lie in a large excavation of its surface. X 1700. (c) Light
micrograph showing entire cross-sectional profile of rootlet, outlined; arrowheads show interface between inferior cerebellar
peduncle (above) and spinal tract of trigeminal nerve, x 300. (d) PTI (enlarged from a serial section of Fig. 3c) occupies the
deeper part of the rootlet profile. It is moulded around a large postcapillary venule, x 1700. (e) The PTI occupies most of the
rootlet profile which is surrounded by obliquely sectioned brainstem axons. Numerous Schwann cell perikarya are present.
Some of the groups of centrally myelinated vagal axons projecting into or running through it are indicated by arrowheads.
X 2100. (f) An astrocytic barrier consisting of two layers of basal lamina-covered processes (arrowheads) separates the PTI
from the perivascular space of a postcapillary venule (below), x 17 280.
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Fig. 4. (a) Schematic longitudinal section through a dorsolateral vagal rootlet showing patterns of peripheral-central
transition of myelinated fibres. Fibre 1 enters the CNS directly. Fibres 2-5 are enveloped by alternating central and peripheral
myelin sheaths and have one intercalated peripheral internode or more in the PTI (asterisk). Schematic transverse sections
(1^1) show relationships of Schwann cell internodes to the CTP at the levels of interruption of fibres 1-4 indicated
(arrowheads) in (a). White, central tissue; stippled, peripheral tissue; black, Schwann myelin sheaths; white, oligodendro-
cytic myelin sheaths; MO, medulla oblongata, (b) Schematic longitudinal section through a dorsolateral vagal rootlet showing
direct and alternating patterns of peripheral-central transition of unmyelinated axon bundles. For clarity the plexiform pattern
of the bundles is greatly simplified. White, central tissue; strippled, peripheral tissue. Bundle 1 enters the CNS directly
towards the central end of the CTP. Bundle 2 alternates three times between the CNS and PNS. Bundle 3 traverses an

endoneurial tunnel piercing the CTP and enters the CNS directly at the central end of the PTI. Bundles 4 and 5 alternate
between the CNS and PNS in relation to the PTI and to an isolated island of peripheral tissue apposed to the CTP surface,
respectively, (c and d) Schematic diagrams illustrating arrangement of cytoplasmic processes arising from astrocyte perikarya.
(c) Large transversely orientated laminar primary process (1) gives rise to a longitudinally orientated secondary process (2). A
longitudinally orientated primary process (3) arises from one end of the perikaryon. Laminar processes (4) arise from primary
and secondary processes and from the perikaryon, (d) Transversely orientated cylindrical primary process (5) gives rise to fine
tongue-like processes (6) and terminates in a laminar end foot (7).
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the presence within the rootlet of several contiguous
groups of small myelinated and unmyelinated fibres.
Its arrangement varied with the distribution of these.
In rootlets where they were closely packed, the PTI
generally lay in that part of the obliquely running
rootlet which contained them and which was furthest
from the brainstem surface (Fig. 3c). In those where
they were more diffuse, the PTI tended to occupy most
of the cross-sectional profile of the rootlet (Fig. 3e).
Rootlets lacking a PTI contained a high proportion of
evenly distributed closely packed large diameter my¬
elinated fibres.

Groups of centrally myelinated vagal axons en¬
croached upon the PTI as ridge-, bridge- or finger-like
projections of central tissue (Figs lg and h and 3e). The
PTI was commonly accompanied by a large postca¬
pillary venule, to which it was moulded (Fig. 3c and
d). The two were usually separated by an astrocyte
barrier (Fig. 3f) although this was incomplete in
places. The deep limit of the PTI generally lay at the
interface between the fibres of the inferior cerebellar

peduncle and the spinal tract of the trigeminal nerve
(Fig. 3c). However, in some cases, where it consisted
of bundles of Schwann cell-enveloped unmyelinated
axons, it extended considerably further centrally than
this.

Peripheral tissue islands
In some rootlets the peripheral nervous tissue within
the rootlet segment deep to the brainstem surface
lacked all continuity with that further distally in the
TZ, the two being separated by a completely CNS
tissue segment 30 |xm or more in length (Fig. Ik). It
therefore constituted an island of peripheral tissue
buried deep within the CNS. In other rootlets the
continuity of peripheral tissue in the intramedullary
segments with that distal to the TZ was established
only through a cross connection with the PTI of a
neighbouring rootlet (Fig. 11). Such cross-connected
rootlets had clearly defined separate CTPs.

Some groups of adjacent unmyelinated bundles
re-entered peripheral tissue in the free rootlet rather
than deep to the brainstem surface. Here, the arrange¬
ment of the peripheral tissue closely resembled that of
the PTI, with which it was commonly continuous.
However, in some cases it comprised an isolated
peripheral tissue island apposed to the CTP (Fig. lg
and i).

MYELINATED FIBRES

Relationship of transitional internodes to CTP
Central-peripheral transitional nodes lay where the
fibres pierced the astrocytic limiting membrane. The
arrangement generally found closely resembled that
obtaining elsewhere in the rat (Fraher, 1978; Fraher &
Kaar, 1984,1986; Fraher &Sheehan, 1987; Fraher etal.,

Table 1. Patterns of alternation of central
and peripheral myelin sheaths on axons
found in a sample of 91 vagal fibres
traversing the transitional zone

Alternation Frequency (%)

S-O-S-O 84.6
S-O-S-S-O 5.5
S-O-S-S-S-O 3.3
S-O-S-S-S-S-O 1.1
S-O-S-O-S-O 2.2
S-O-S-O-S-S-O 3.3

S, transitional Schwann cell internode; S, inter¬
calated Schwann cell internode; O, one or more

oligodendrocyte internodes

1988a, b, c). However, a substantial minority of
transitional Schwann cell internodes had relationships
with the CTP not found elsewhere. Thus, the central
ends of about 20% of them were surrounded by
endoneurium up to the level of the node (Fig. 5a).
Many traversed endoneurial tunnels in the CTP as
they passed between the peripheral tissue of the
rootlet and the PTI. Many transitional internodes
shared grooves up to 70 p,m in length on the CTP
surface with groups of unmyelinated axons and their
associated Schwann cell perikarya (Fig. 5b) or with
other similar myelinated fibre(s). Some were ac¬
companied by basal lamina-covered complexes of
astrocytic processes and Schwann cell-enveloped un¬
myelinated axons (Fig. 5c).

Axon ensheathment in the transitional zone

At the level of the CTP the majority of myelinated
axons acquired oligodendrocytic sheaths and were
enveloped in this manner over their entire course
further centrally (Fig. 4a). Centrally myelinated axons
tended to be arranged in groups in both the CTP (Fig.
5e) and PTI (Fig. 6a).

Many axons were enveloped by alternating central
and peripheral myelin sheaths as they traversed the
transitional zone (Fig. 4a; Table 1). Fig. 5d-g shows a
series of transverse sections through a typical example
of such a fibre. These were enveloped by transitional
Schwann cell myelin sheaths distally and by oligoden¬
drocytic myelin sheaths within the CTP. Central to
this they were again enveloped by one or more
intercalated Schwann cells (Fig. 5f). Such alternation
was exhibited by 23% of the 271 axons examined
which were peripherally myelinated immediately dis¬
tal to the TZ in rootlet a and 16% of a total of 166 similar
axons in rootlet b.

The majority (93%) of intercalated Schwann cell
myelin sheaths lay deep to the plane of the brainstem
surface and so lay within the PTI. The remainder lay
partly or entirely within the free rootlet (Fig. 4a). Some
axons were enveloped by Schwann cell myelin
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Fig. 6. Electron micrographs of transverse sections through a PTI. (a) Group of centrally myelinated axons and an associated
oligodendrocyte perikaryon are completely surrounded by PNS tissue. The peripheral axons are embedded in an endoneurial
collagen fibril matrix. Asterisks, intercalated Schwann cell internodes. X 13 390. (b) Aggregate of intercalated Schwann cell
perikarya. x 3500.

Fig. 5. (a-c) Electronmicrographs showing relationships of transitional Schwann cell internodes to the CTP. (a) Section
through a transitional internode, transitional node and oligodendrocytic paranode. X 11 360. (b) Transverse section through a
transitional internode of a small myelinated fibre which shares a deep groove on the CTP surface (arrowheads) with a group of
unmyelinated axons which are enveloped and isolated from each other by a matrix of branching processes arising from a
Schwann cell perikaryon. X 6480. (c) Transverse section through astrocyte processes (asterisks) which form basal
lamina-covered complexes with Schwann cell-enveloped unmyelinated axons and are closely related to transitional
internodes of small myelinated fibres at a level distal to the CTP. X 11 980. (d-g) Selected serial transverse sections of an axon
at the levels indicated on the scale line drawing (h) illustrating alternation of central and peripheral myelin sheaths: (d) at the
level of the transitional Schwann cell perikaryon; (e) within the CTP, the axon (asterisk) is enveloped by an oligodendrocytic
myelin sheath apposed to those of other centrally myelinated fibres; (f) at the level of the intercalated Schwann cell perikaryon
in the PTI; and (g) where the axon (asterisk) has finally entered the CNS it is closely related to an oligodendrocyte perikaryon
and other centrally myelinated axons, d-g, X 14 250. (h) Diagram showing the sequence and lengths of Schwann cell (black)
and oligodendrocytic (white) myelin sheaths on the axon illustrated in (d-g). Fibre diameter is not to scale.
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Fig. 7. (a-d) Electron micrographs of a transversely sectioned unmyelinated axon bundle at progressively more central levels,
(a) Superficially, the cleft between astrocytic tissue and Schwann cell processes is bounded by basal lamina and contains
collagen fibrils, (b) More deeply, axons are still segregated by Schwann cell processes (arrows), but these are directly apposed
to astrocytic processes (arrowheads), (c) Schwann processes terminate first towards the surface of the bundle and superficial
axons are directly apposed to one another and to the surrounding astrocytic tissue, (d) Schwann cell processes (arrows) lying
towards the middle of the bundle extend furthest centrally, a-d, x 21 800.
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Fig. 8. (a-f) Selected serial electron micrographic transverse sections at the levels indicated on the scale line drawing (g)
illustrating an axon (asterisks) that is unmyelinated peripheral and central to an intercalated Schwann cell myelinated
segment, (a) Unmyelinated segment grouped with other unmyelinated axons enveloped by Schwann cell processes.
X 16 500. (b) Non-myelinating Schwann cell perikaryon envelops the unmyelinated axon segment. X 16 500. (c) At the
myelinated-unmyelinated junction a sleeve of non-myelinating Schwann cell processes (arrowheads) is overlapped (for
10 |xm approximately) by the myelin sheath. X 16 500. (d) Intercalated myelinating Schwann cell perikaryon. X 14250. (e)
Unmyelinated segment grouped with Schwann cell-enveloped unmyelinated axons. X 16 500. (f) Central unmyelinated
segment of the axon within an unmyelinated bundle. X 16 500. (g) Diagram showing the sequence and lengths of successive
segments of the axon illustrated in (a)-(f). Axon diameter is not to scale. Black, Schwann myelin; dots, peripheral
unmyelinated; circles, central unmyelinated.
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sheaths throughout the CTP but displayed alternation
within the PTI. No axons were found which were

myelinated by Schwann cells over the whole extent of
the TZ.

The majority (85%) of axons on which alternation
occurred were enveloped by a single intercalated
Schwann cell in the PTI. However, more complex
patterns were found whereby some possessed as
many as two pairs of alternating central and peripheral
myelin sheaths or up to four serially arranged inter¬
calated peripheral internodes (Fig. 4a; Table 1).

The length of the centrally myelinated axon seg¬
ment intervening between the transitional and inter¬
calated Schwann cells varied considerably (range:
30-280 |xm). Where this was short, for example in
cases where the intercalated Schwann cell internode

lay entirely or partially at the level of the CTP, it
consisted of a single oligodendrocytic internode.
Longer intercalated centrally myelinated segments
consisted of two or more such internodes (Fig. 4a). The
central internodes on a given axon were generally
similar in length, although on a small proportion of
axons that adjacent to the intercalated peripheral
internode was much shorter than the others. There
was a strong tendency for groups of adjacent axons to
possess the same number of oligodendrocytic inter¬
nodes.

Intercalated Schwann cells were found much more

frequently on smaller than on larger axons. None was
found on axons with a diameter greater than 2.6 |xm,
even though such vagal axons were frequently im¬
mediately related to the PTI (Fig. 6a). Morpho¬
logically, intercalated internodes closely resembled
those of typical mature myelinating Schwann cells.
Their internodal lengths averaged 49.4 p,m (SD:
16.3 (xm; range: 22-104 pm; n = 154). Particularly short
internodes were located towards the central end of the
PTI. There was a strong tendency for intercalated
internodes to be positioned at similar levels and to
have similar internodal lengths on groups of adjacent
axons.

The Schwann cell perikarya of intercalated inter¬
nodes frequently formed closely apposed aggregates
of 3-10 (Fig. 6b) and those enveloping unmyelinated
axon bundles in the PTI were commonly associated
with these. The perikarya within particularly closely

packed aggregates were polygonal in outline and were
separated from each other by a narrow cleft which was
lined by basal lamina and contained some collagen
fibrils.

UNMYELINATED FIBRES

Unmyelinated axon bundles were also traced in a
peripheral to central direction. The perikarya of as¬
sociated Schwann cells were very unevenly distrib¬
uted along the length of the TZ. Peaks in their
distribution tended to coincide with those of myelinat¬
ing Schwann cells. In the PNS and in the PTI their
constituent axons were enveloped and isolated from
one another by a matrix of branching Schwann cell
cytoplasmic processes (Fig. 7a). In the CNS their
individual axons were bare and directly apposed to
one another (Fig. 7d). Two different modes of periph¬
eral-central transition were found, direct and alter¬
nating.

Direct transition

Less than 20% of unmyelinated bundles underwent
direct PNS-CNS transition. As the bundle was traced

centrally, its enveloping Schwann cell processes ex¬
tended below the CTP surface (Fig. 7a). Externally the
resulting invagination was bounded completely by
astrocytic tissue. In its superficial part it contained a
basal lamina-lined cleft extending centrally for up to
20 pm in which were some collagen fibrils. Further
centrally the cleft disappeared and the Schwann
sleeve became directly apposed to the surrounding
astrocytic tissue (Fig. 7b). The processes terminated
gradually with increasing distance into the CTP.
Those towards the surface of the bundle terminated
furthest peripherally (Fig. 7c and d) where the axons
became bare and directly apposed to one another and
to the surrounding astrocytic tissue. The processes
had generally terminated completely at a depth of
around 60 pm deep to the CTP surface. From there the
bundle continued centrally in the CNS.

Alternating transition
The majority (over 80%) of unmyelinated axon
bundles entered the CNS in the CTP as described

above, but re-emerged into a peripheral tissue com¬
partment towards the proximal end of the CTP or

Fig. 9. (a-c) Astrocytic tissue in the CTP. (a) Electron micrograph of transversely sectioned CTP showing appearance of
astrocytic tissue. Processes and perikarya line grooves (arrows) and tunnels (arrowheads) lodging transitional Schwann cell
internodes. Large longitudinally orientated processes (asterisks) and thin laminar processes (double arrowheads) form much
of the network within the CTP. A transversely orientated primary process (double arrows) partially subdivides the CTP.
Astrocytic nuclei are regular in shape. Prominent bundles of 8-10 nm diameter filaments are present, (b) Electron
micrographic montage of transversely sectioned dorsolateral vagal rootlet. Astrocytic perikarya (asterisks) form part of the
limiting membrane at the surface of the CTP. A network of astrocytic tissue (outlined) segregates peripheral nervous tissue
invaginating the CTP. x 1400. (c) The network separating central axon segments in the CTP consists of longitudinally
orientated processes (asterisks) giving rise to thin laminar processes (arrowheads), x 17 440.
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further centrally into the PTI (Fig. 4b). As they did so
they again became gradually enveloped and isolated
from one another by Schwann cell processes in a
sequence similar, though in reverse order, to that
described above (see Direct transition). Two or more

adjacent bundles commonly re-entered the peripheral
tissue space in phase with one another. Within the PTI
each bundle was enveloped by two or more serially
arranged Schwann cells in a manner typical of the
PNS, to a depth of 200 pm or more central to the
brainstem surface. The endoneurial space surround¬
ing the bundles and the intercalated peripheral inter-
nodes contained a matrix of relatively numerous small
diameter collagen fibrils (mean, 25.2 nm; SD, 3.8 nm;
range 15.5-36.5 nm; 77 = 290) which were predomi¬
nantly longitudinally orientated within the rootlet
(Fig. 6a). Further centrally the bundles re-entered the
CNS in a manner similar to that described above (see
Direct transition).

A substantial proportion of unmyelinated bundles
alternated between the CNS and PNS more than once,
before finally becoming central. Each transition be¬
tween the central and peripheral tissue spaces re¬
sembled one or other of those described above.

Plexus formation
At all levels of the TZ, division and fusion of un¬

myelinated axon bundles occurred (Fig. 4b) resulting
in plexus formation. This was most extensive where a
number of adjacent bundles left the central tissue
compartment to enter the PTI. The plexiform pattern
resembled that described for unmyelinated axon
bundles in the PNS by Aguayo and co-workers (1976).
Flowever, individual bundles remained coherent over

greater lengths (50 pm or more) when they lay in the
CNS than in the PTI.

AXONS WITH MYELINATED AND

UNMYELINATED SEGMENTS

Approximately 17% of peripheral unmyelinated
axons (n = 1076) became invested by an oligodendro¬
cyte myelin sheath on entering the central tissue
compartment. On some stretches of central axons a
short myelinated segment was interposed between
unmyelinated segments. Over 25% of axons with an
intercalated Schwann cell internode had a central
and/or peripheral unmyelinated segment at other
levels. Fig. 8a-f shows a series of transverse sections
through such a fibre.

The peripheral unmyelinated segment was gener¬

ally enveloped by processes arising from a Schwann
cell which also enveloped other unmyelinated axons.
On some axons however this segment had a 1:1
relationship with a non-myelinating Schwann cell.

ASTROCYTIC TISSUE IN CTP

Astrocyte perikarya and processes
The majority of astrocytic perikarya formed part of the
surface of the CTP, though a significant proportion lay
within it (Fig. 9a and b). The general form of the
astrocyte is summarized in Fig. 4c and d. Typically,
one or more large transversely orientated primary
processes, each in the form of an irregular sheet,
projected from each perikaryon (Fig. 4c). These gave
rise to longitudinally orientated secondary processes
from their proximal and distal margins. These, and
also those primary processes which ran from the ends
of the perikaryon, varied considerably in cross-
sectional profile and frequently extended for up to
30 pm in the long axis of the rootlet. Transversely
orientated, flatter, tongue- and sheet-like processes of
varying thickness arose from the primary and second¬
ary processes and also directly from the perikarya. The
thinnest of these were commonly less than 150 nm
thick but were in many cases up to 12 pm in length and
breadth. They generally lacked intermediate filament
bundles. Less frequently, transversely orientated pro¬
cesses that were approximately cylindrical in form
arose from the perikarya or from transversely
orientated primary processes (Fig. 4d).

Astrocytic limiting membrane of CTP
The astrocytic limiting membrane forming the CTP
surface was generally 1-5 pm thick and consisted of
many (up to ten or more) layers of processes, ranging
in appearance from irregularly interlocking to regu¬
larly stacked (Fig. 10a and b). Gap junctions, stacks of
desmosomoid adherent junctions and hemides-
mosomes were common. Processes from neighbour¬
ing perikarya interdigitated extensively. The limiting
membrane of the CTP was continuous with the glia
limitans of the adjacent brainstem surface (Fig. 10c).
This was generally substantially thinner (0.5-2.0 |xm)
and less complex than the limiting membrane.

Astrocytic network within the CTP
Within the CTP, astrocytic processes formed a com¬
plex network which extensively partitioned central
and peripheral tissues (Fig. 9a-c). This segregated

Fig. 10. Astrocytic tissue in the CTP and PTI. (a and b) Electron micrographs showing different arrangements of astrocytic
processes forming the CTP surface. Arrows, desmosomes; arrowheads, gap junctions, a, x 16 570; b, x 20 730. (c) Glia
limitans of brainstem consisting of two or three simply arranged layers of processes, x 13 180. (d) PTI region (outlined) where
astrocytic processes form an open network, x 10 870. (e) PTI region showing a low density of astrocytic processes (asterisks),
x 10 900.
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Fig. 11. (a-f) PTI-brainstem barrier, (a) Electron micrograph showing the thin astrocytic barrier separating centrally
myelinated axons from peripheral tissue, x 25 900. (b-f) Deficiencies in the PTI-brainstem barrier. Central myelin sheaths
separated from Schwann processes enveloping unmyelinated axons (b) by amorphous moderately electron-dense material
(arrowheads) and (c) by similar material with a poorly defined central dense line (arrows); (d) Centrally myelinated axon
closely related to an intercalated Schwann cell internode, the basal lamina of which (e) is closely apposed to the central myelin
sheath in one location, with collagen fibrils (f) intervening in another, b, c, x 100 440; d, x 24 620; e, x 82 090; f, X 63 280.

bundles of unmyelinated as well as centrally and
peripherally myelinated axons, both from one another
and each from others of its kind. The network con¬

sisted mostly of thin laminar processes and the larger
longitudinally running processes from which they
arose (Fig. 9a and c). Some of the larger (transversely

orientated) primary segregating processes formed
incomplete septa partially subdividing the CTP (Fig.
9a). Individual Schwann cell internodes were typically
isolated in a basal lamina-lined invagination, generally
walled by three or more complete layers of laminar
astrocyte processes. As each Schwann cell-enveloped



Rat dorsolateral vagal rootlet transitional zones 401

unmyelinated axon bundle penetrated the astrocytic
limiting membrane, it was surrounded by a sleeve
comprised of astrocytic perikarya and primary,
secondary and laminar processes (Fig. 7a). Further
centrally where the Schwann cell processes envelop¬
ing the axons had terminated, the sleeve was less
complex and its constituent processes were fewer and
thinner (Fig. 7d).

ASTROCYTIC TISSUE RELATED TO PTI

Astrocytes in the PTI were much less numerous than
those in the CTP. Astrocyte morphology was similar in
both locations. Astrocytic tissue formed a network
within the PTI as well as a barrier between the

peripheral nervous tissue of the PTI and the central
tissue of the surrounding brainstem (Fig. lOd and e).
Processes from a given perikaryon typically con¬
tributed both to the network within the PTI and to the
barrier between it and the surrounding brainstem into
which they also frequently extended.

Astrocytic processes within PTI
The density of astrocytic processes tended to decrease
in a peripheral to central direction and in a superficial
to deep direction across the transverse sectional pro¬
file of the rootlet. The principal processes were longi¬
tudinally orientated and short laminar processes arose
from them. Towards the peripheral end of the PTI they
formed an open network which divided the peripheral
nervous tissue into intercommunicating compart¬
ments (Fig. lOd). More centrally, the septa between
the compartments became attenuated and they com¬
monly disappeared. Some astrocyte profiles were
dispersed among the peripheral nervous tissue which
was virtually unsegregated (Fig. lOe) and closely
resembled that in the vagal rootlets distal to the
transitional zone, apart from the absence of rootlet
sheath cells and endoneurial fibroblasts.

Astrocytic barrier between PTI and brainstem
The PTI - brainstem barrier typically consisted of only
one or two layers of astrocytic processes (Fig. 11a). It
was covered on its inner surface by a basal lamina,
where a narrow endoneurial space containing col¬
lagen fibrils separated it from peripherally myelinated
internodes and from Schwann cell enveloped un¬
myelinated axons. The barrier was deficient in places.
Flere oligodendrocytic myelin sheaths were closely
related to Schwann cell processes (Fig. lib and c) or
exposed to the endoneurial space (Fig. lie and f). In
the former case the narrow (20-30 nm) intercellular
space between the sheath and the processes contained
amorphous moderately electron-dense material (Fig.
lib). In some instances it contained a poorly-defined
electron-dense line intervening between the basal
lamina covering the Schwann processes and
amorphous material of similar electron density cover¬

ing a segment of the central sheath (Fig. 11c). Oc¬
casionally oligodendrocytic sheaths and the basal
lamina covering external Schwann cell cytoplasmic
compartments were directly apposed to one another
(Fig. lid and e). The barrier between the peripheral
tissue of the PTI and the centrally myelinated axons
which coursed through it, closely resembled the
PTI-brainstem barrier described above and was like¬
wise deficient in places.

Discussion

The interrelationships of central and peripheral ner¬
vous tissues in the dorsolateral vagal rootlet tran¬
sitional zones are uniquely complex. Peripheral tissue
extends centrally along the rootlets to levels deep
within the neuraxis and expands markedly there. In
most it forms a PTI enveloping large numbers of fibres.
In some the peripheral tissue is isolated and is buried
deep within the CNS. In others, peripheral continuity
is established only through a cross connection with the
PTI of a neighbouring rootlet. Such arrangements
have not been described for any other nerve studied to
date. However, preliminary studies (Fraher & Ross-
iter, unpublished observations) suggest that PTIs are
found in at least some ventrolateral vagal and glosso¬
pharyngeal rootlets. Though peripheral tissue also
extends below the spinal cord surface at rat (Fraher,
1978) and mouse (Moll & Meier, 1983) lower cervical
ventral rootlet transitional zones, this occurs in small
amounts for a few micrometres only and consists
simply of thin sleeves of endoneurium around in¬
dividual fibres. Furthermore, these rootlets lack CTPs.
Islands of peripheral tissue may be found in the
vicinity of the transitional zones of occasional spinal
dorsal roots in the rabbit and guinea pig, but these are
not a constant finding (Raine, 1976).

The vagal CNS-PNS interface is also topologically
much more intricate than any other studied to date.
Despite the marked differences in TZ structure be¬
tween different spinal (Fraher, 1978; Moll & Meier,
1983; Fraher & Kaar, 1986; Bristol & Fraher, 1987;
Fraher & Sheehan, 1987) and cranial (Fraher &
Delanty, 1987; Fraher et al.t 1988b, c) nerves, the
interface is in all cases equivalent topologically to a
single planar surface, however irregular. This is not so
with the dorsolateral vagal rootlets. In most of these,
the peripheral tissue of the PTI and that of the rootlet
distal to the TZ are continuous with one another

through two or more separate channels piercing or
running parallel to the CTP. Consequently, the essen¬
tial form of the interface cannot be reduced to a plane.
Furthermore, in those rootlets containing islands of
peripheral tissue in their intramedullary or free seg¬
ments, the CNS-PNS interface is in two or more parts,
another feature unique to the vagal TZ. The vagal
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central-peripheral interface is therefore topologically
uniquely complex.

Dorsolateral vagal CTPs have a considerably more
irregular surface than those found in rat dorsal cervi¬
cal, ventral lumbar or oculomotor rootlets (Fraher &
Sheehan, 1987; Fraher & Kaar, 1986; Bristol & Fraher,
1987; Fraher et al., 1988b). This is especially so where
the vagal CTP surface is depressed to accomodate
groups of associated unmyelinated and small myelin¬
ated fibres. The vagal TZ is substantially longer than
that of any other rat nerve studied to date, except the
cochlear, which, however, lacks a PTI (Fraher &
Delanty, 1987).

The surface common to both the CTP and the PTI

comprises the interface between the endoneurial
space of the PNS and the CNS. Its two parts differ
markedly in structure. The surface of the CTP is
considerably thicker and more complex than the
PTI-brainstem barrier. The latter is deficient in some

places. Through the resulting perforations CNS tissue
is exposed to the extracellular space of the PTI and
some oligodendrocytic myelin sheaths are closely
apposed to myelinating or non-myelinating Schwann
cells. Such communication between the CNS and PNS
tissue compartments is unique to the vagal TZ. It has,
however, been observed in adult rat spinal cord under
abnormal conditions, for example, following neonatal
X-irradiation (Blakemore & Patterson, 1975; Sims &
Gilmore, 1983; Gilmore & Sims, 1986) and also follow¬
ing remyelination subsequent to demyelination in¬
duced by heat injury in the adult animal (Sasaki & Ide,
1989).

Peripheral and central nervous tissue are both
present at all levels of the CTP and PTI. However, the
relationships of the two tissue classes differ markedly
between the two subdivisions of the TZ. The CTP and
PTI consist predominantly of central and peripheral
nervous tissue, respectively, and so are to some extent
reciprocal in structure. Nerve fibres are much better
segregated in the CTP than in the PTI. In the CTP,
Schwann cell myelinated internodes are individually
isolated by several layers of lamellar processes. In the
PTI, by contrast, they share compartments with others
of their kind and with unmyelinated bundles. The
open arrangement of the PTI is most striking at its
deeper levels where the density of astrocytic processes
is low and the peripheral nervous tissue is virtually
unsegregated.

In the PTI the astrocytic processes play a unique
morphological role. They subdivide peripheral ner¬
vous tissue by a fine network of attenuated cyto¬
plasmic processes. They thus take the place of sheath
cells in the peripheral parts of the vagal rootlets and of
endoneurial cells elsewhere in the PNS.

The vagus is the only nerve known to possess TZs at
which a substantial proportion of myelinated fibres
normally alternate, often more than once, between

central and peripheral tissue territories. This is essen¬
tially related to their passage through the peripheral
nervous tissue compartment (PTI or island) lying deep
within the brainstem. This is in turn related to the

topological complexity of the CNS-PNS interface.
Despite the wide variation in TZ morphology, the
almost universal arrangement elsewhere (Fraher,
1978; Berthold et al., 1984; Bristol & Fraher, 1987;
Fraher & Delanty, 1987; Fraher & Sheehan, 1987;
Fraher et al., 1988b, c) is that myelinated fibres cross
the central-peripheral interface only once. The only
exceptions to this in normal animals are the rare
examples of central and peripheral myelin sheath
alternation near the TZs of occasional rabbit and

guinea pig dorsal spinal roots (Raine, 1976) and in
relation to a few aberrant axons in the rat lumbar
ventral root (Bristol, 1989). In abnormal circumstances
alternation has been found following experimental
disturbance of astroglial tissue development at the rat
dorsal root transitional region (Carlstedt, 1988) and in
a variety of experimental and pathological demyelin-
ating conditions where Schwann cells have invaded
the central nervous system (Blakemore, 1983; Gilmore
& Sims, 1986; Ludwin, 1988).

Intercalated Schwann internodes are very short.
Internodes of comparable length are also found during
development in the proximal segments of spinal
rootlets (Carlstedt, 1980, 1981; Fraher & Rossiter,
1983b; Kaar, 1984) and further distally in spinal roots
(Berthold & Nilsson, 1987). In addition they occur at
maturity on axons with alternating myelinated and
unmyelinated segments in the dog atrial endocardium
(Yokota, 1984) and mouse superior cervical ganglion
(Kidd & Heath, 1988) as well as on preterminal
segments of cat peripheral nerve fibres (Quick et al.,
1979). The occurrence of very short Schwann cell
internodes, albeit in a variety of somewhat unusual
locations, would therefore seem to be a normal feature
in adult mammals.

In the vagal TZ the great majority of unmyelinated
axon bundles alternate, commonly more than once,
between the central and peripheral tissue compart¬
ments. As they are traced centrally they leave the PNS
tissue of the rootlet to enter the CNS tissue of the CTP,
but re-enter the peripheral tissue compartment at a
deeper level. At all other rat transitional zones un¬
myelinated fibres traverse the CNS-PNS interface
once only. A small proportion of unmyelinated axons
exhibit alternation between CNS and PNS in the TZ of
the cat SI dorsal rootlet (Carlstedt, 1977) but the
intercalated peripheral segments of these are much
shorter than those of the vagus nerve.

The central-peripheral transition of unmyelinated
axons is much more elaborate in dorsolateral vagal
rootlets than in either of the other two locations in
which it has been the subject of serial section study,
namely, the cat SI dorsal root (Carlstedt, 1977) and the
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cat trigeminal motor root (Risling et al., 1986). Thus,
vagal unmyelinated axon bundle transition is charac¬
terized by extensive interdigitation and overlap of
central and peripheral tissues, even at locations
200 |xm deep to the brainstem surface where the
unmyelinated bundles finally enter the CNS. Where
the bundle passes from one compartment to the other,
Schwann cell processes commonly extend for lengths
of over 50 |xm into the central tissue compartment. By
contrast, in the SI dorsal rootlet, Schwann cell-
enveloped axon bundles lie in grooves rather than
invaginations on the CTP surface and Schwann pro¬
cesses extend for only around 5 |xm central to the
PNS-CNS borderline (Carlstedt, 1977).

Alternating myelinated and unmyelinated seg¬
ments were found on peripheral and on central
lengths of axon, and also successively on peripheral
and central lengths of individual axons. Axons with
serially adjacent Schwann cell-enveloped myelinated
and unmyelinated segments comprise 5% of the total
population studied. The myelinated segments gener¬
ally lie among, and closely resemble, a group of typical
intercalated peripheral internodes on myelinated
axons with alternating central and peripheral myelin
sheaths. The unmyelinated segments in some cases
have a 1:1 relationship with the enveloping Schwann
cell but the majority are components of a Remak
bundle. Preliminary findings suggest that the calibre
of a given axon tends to be less where it is unmyelin¬
ated than where it is myelinated (Fraher & Rossiter,
unpublished observations). Nevertheless, the diam¬
eter of the unmyelinated segment is commonly greater
than the threshold value for myelination, both at
central and peripheral levels. Accordingly, the pres¬
ence or absence of a myelin sheath on such axons is not
determined solely by axon calibre.

Intermittently myelinated peripheral axon seg¬
ments have also been found in the atrial endocardium
of the dog (Yokota, 1984), in the sciatic nerve of
Xenopus laevis (Smith et al., 1985), in the superior
cervical ganglion of the mouse (Kidd & Heath, 1988)
and in the dorsal spinal roots of the lizard Lacerta
muralis (Pannese et al., 1988). The occurrence of axons
with myelinated and unmyelinated segments in ap¬
parently normal animals and in a variety of locations
would therefore seem to be a widespread feature of
vertebrates. On most such vagal axons the marginal
cytoplasmic collar of the myelinating Schwann cell
abuts on the sleeve of Schwann processes enveloping
the unmyelinated segment at a heminode, in a manner
similar to that found by Yokota (1984), Kidd and Heath
(1988) and Pannese and co-workers (1988). However,
on some, the sleeve of Schwann processes is over¬
lapped by the myelin sheath, a pattern which occurs
frequently in the sciatic nerve of Xenopus laevis (Smith
et al., 1985) and in mouse superior cervical ganglion
(Kidd & Heath, 1988). In the latter location it appears

to be a stage in a sequence resulting in 'double
myelination' of many axon segments. In the present
study, however, overlapping myelin sheaths were
observed very infrequently and double myelination
was not found.

Astrocytes in the CTP and the PTI closely resemble
each other morphologically. Their processes are pleo¬
morphic and demonstrate an unusual combination of
features compared with astrocytes in other areas. For
example, their large cylindrical primary processes
resemble radial glial processes in the spinal cord (Sims
et al., 1985) which also contribute to the glia limitans
and may arise from radially orientated astrocytes
(Liuzzi & Miller, 1987). The pattern of the larger
sheet-like primary processes and the longitudinally
orientated secondary processes to which they give rise
is similar to that of astrocytes within the optic nerve,
which have traditionally been regarded as fibrous
rather than protoplasmic in nature (Skoff et al., 1986).
Many of the processes which contribute to the net¬
work within the TZ are thin and sheet-like in appear¬
ance. The three-dimensional form of these resembles
that of lamellar processes of protoplasmic astrocytes as
illustrated by Wolff (1965), Stensaas and Stensaas
(1968) and Poritsky (1969). Processes of this form are
not characteristic of those of fibrous astrocytes which
separate nerve fibres from one another in white matter
(Peters et al., 1976). They are, however, typical of the
glia limitans of the brain (Haug, 1971; Bondareff &
McLone, 1973; Braak, 1975; Williams, 1976; Suarez &
Fernandez, 1983; Wagner et al., 1983; Uehara &
Ueshima, 1988) and spinal cord (Sims et al., 1985).
Individual astrocytes of the vagal TZ contribute to the
surface boundaries of the CTP or PTI and also, as at the
TZ of rat spinal ventral rootlets (Fraher & Kaar, 1984;
Fraher et al., 1988a), give rise to processes contacting
the transitional node of Ranvier. They therefore have
features of both type 1 and type 2 astrocytes of the rat
optic nerve (Miller & Raff, 1984; Miller et al., 1989).
Type 1 mostly form the glia limitans and type 2 lie
within the nerve and give rise to processes contacting
the nodes of Ranvier (ffrench-Constant & Raff, 1986;
Miller et al., 1989).

TZ astrocytes are thus of a single type possessing a
wide variety of processes which play a full range of
morphological roles appropriate to TZ structure. This
finding is consistent with the growing recognition of
the morphological (as well as immunochemical and
functional) heterogeneity of astrocytes (Fedoroff,
1986; Privat & Rataboul, 1986; Skoff et al., 1986; Miller,
1988; Raff, 1989) as well as the limitations of the
traditional fibrous/protoplasmic classification system
(Privat & Rataboul, 1986; Miller, 1988; Miller et al.,
1989).

The complexities of vagal transitional zone structure
are compatible with extensive cellular and tissue move¬
ment during development, qualitatively different
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from that occurring in developing cervical (Fraher,
1978) and lumbar (Fraher & Kaar, 1986) ventral root¬
lets, or in cervical (Fraher & Sheehan, 1987) and sacral
(Carlstedt, 1981) dorsal rootlets. Unlike the arrange¬
ment in the other locations, Schwann cell perikarya
and collagen come to lie deep to the surface of the
neuraxis at vagal levels. It may also involve distal
migration of central nervous tissue into the rootlets to
form CTPs, combined with invasion of the brainstem
by peripheral nervous tissue, and/or overgrowth of
peripheral rootlet segments by central tissue, resulting
in the formation of PTls. Pending a developmental
study (Fraher & Rossiter, in preparation), the present
findings throw some light on these possibilities.

For example, Schwann cells could invade the CNS
along the perivascular route provided by the numer¬
ous blood vessels which accompany the vagal rootlets.
Flowever, the occurrence of PTIs in rootlets lacking an
associated vessel suggests that these are not necessary
for Schwann cell invasion. Furthermore, the presence
of accompanying blood vessels does not necessarily
entail Schwann cell invasion of the CNS; ventral spinal
rootlets lack PTIs and yet are very commonly associ¬
ated with blood vessels crossing between the CNS and
PNS (Kaar & Fraher, 1987). The preferential associ¬
ation of PTIs with the presence of numerous con¬
tiguous unmyelinated axon bundles in rootlets
suggests that these bundles could provide a migratory
route for Schwann cells to gain access to the rootlet
segment proximal to the developing astroglial barrier
of the CTP. By contrast, the presence of evenly-distri¬
buted, densely-packed, large diameter myelinated
fibres may in some obscure way preclude Schwann
cell invasion.

If central migration of Schwann cells is responsible
for the formation of PTIs, then astrocytes in vagal
rootlets are likely to be relatively ineffective compared
with those in other nerves in resisting this invasion.
The fact that peripheral tissue comprises a much
greater proportion of the PTI than of the CTP suggests
that the astrocytic tissue of the developing CTP
presents the principal barrier to central Schwann cell
migration. Furthermore, the occurrence and pattern of
alternation of central and peripheral myelin sheaths
on axons at the vagal transitional zone suggest that the
two classes of myelinogenic cell intermingle and have
access to presumptively myelinated smaller axons,
over the developing TZ. This could result from de¬
ficiencies in the central-peripheral barrier due to a
relative lack of astrocytes, possibly due to the very
large surface area of the CNS-PNS interface. The fact
that the astroglial barrier of the adult PTI is thin and
even deficient in places supports this possibility. The
deficient barrier function of vagal astrocytic tissue
could also account for the marked extension of
Schwann cell processes into the CNS tissue compart¬
ment at unmyelinated fibre bundle transitions. Astro¬

cytic tissue comes to form an elaborate barrier between
the CNS and PNS during development of the tran¬
sitional zones of all other spinal and cranial nerves
studied (Fraher, 1978; Carlstedt, 1981; Fraher & Kaar,
1984; Fraher & Delanty, 1987; Fraher & Sheehan,
1987). In these it seems to play an essential role in
excluding Schwann cells from the CNS compartment
(Blakemore, 1983; Sims & Gilmore, 1983; Harrison,
1985; Blakemore et al., 1986; Gilmore & Sims, 1986),
since, following experimental disruption of CTP de¬
velopment in neonatal rat dorsal roots, Schwann cells
migrate centrally and intermingle with oligodendro¬
cytes (Carlstedt, 1988) and the two cell types appear to
compete for axon segments to myelinate in exper¬
imental models of CNS myelination (Gilmore & Sims,
1986) and remyelination (Blakemore & Crang, 1988;
Soffer & Martin, 1988).

It is possible that overgrowth of differentiated
peripheral rootlet segments by developing brainstem
tissue, such as the inferior cerebellar peduncle, could
result in the formation of PTIs. However, the greater
number of peripherally enveloped fibres in the PTI
compared with the CTP, the absence of cellular
connective tissue components from the PTI, as well as
the fact that no axons were found which were myelin¬
ated by Schwann cells over the whole length of the TZ,
suggest that if overgrowth occurs, it is not a simple
process. It would seem more likely that overgrowth
occurs at an earlier stage, when Schwann cell precur¬
sors are only loosely associated with the periphery of
unmyelinated axon bundles. This could occur as part
of the extensive cell migration and differential growth
which take place in the early developing brainstem.
For example, the bulbopontine extension, composed
of cells derived from the lateral part of the alar lamina,
migrates ventrally through the emergent zone of the
developing rootlets of the glossopharyngeal, vagus
and cranial accessory nerves (Hamilton et al., 1964).
Also, certain structures, for example, the tractus
solitarius, are submerged within the CNS due to
overgrowth by similar cells in the same region (Baxter,
1953). Such overgrowth could result in the formation
of PTIs and their probable occurrence in all vagal and
in glossopharyngeal rootlets supports that mech¬
anism.

It is possible that PTI Schwann cells develop in situ.
This could occur because part of the neural crest does
not separate from the neural tube during early de¬
velopment, as is the case with neuronal precursors of
the trigeminal mesencephalic nucleus. Alternatively,
they could be of intrinsic, i.e. neural tube, origin
(Weston, 1970). Whether or not either of these possi¬
bilities holds true, Schwann cell precursors are likely
to undergo extensive mitosis in the presumptive PTI,
giving rise to clusters such as are found in spinal nerve
roots (Fraher & Rossiter, 1983a, b) from which are
derived the aggregates of apposed intercalated my-



Rat dorsolateral vagal rootlet transitional zones 405

elinating and non-myelinating Schwann cell perikarya
commonly found in the PTI. The strong tendency for
intercalated internodes to be positioned at similar
levels and to have similar internodal lengths on
groups of associated axons supports such a close
developmental relationship between their Schwann
cells. Dispersal of these cells is likely to be constrained
by the CNS tissue surrounding the PTI.

The absence of intercalated peripheral internodes
from axons with a diameter greater than 2.6 pm is
unlikely to be due to chance and is difficult to explain.
Prospective larger diameter myelinated axons com¬
monly become myelinated earlier than those of pros¬
pective smaller diameter (Thomas & Young, 1949;
Thomas, 1956; Fraher et al., 1988a; Nilsson & Berthold,
1988), although this may not be the case in all nerves
(Friede & Samorajski, 1968; Jacobs, 1988). The finding
may therefore indicate that Schwann cells are not as
yet present in the prospective PTI region or remain
undifferentiated when these axons are initially being
myelinated.

The occurrence of PNS islands shows that Schwann

cells under normal developmental conditions can
maintain a viable peripheral nervous environment
within the confines of the CNS. Furthermore, the
existence of cross connections between these islands
and PTIs of neighbouring rootlets suggests that
Schwann cells can migrate within the developing
CNS. However, they seem to be precluded from
myelinating the axons of CNS neurons under normal
developmental conditions, since in the present study
they were in all cases restricted to enveloping vagal
axons, despite the presence of deficiencies in the
CNS-PNS barrier of the PTI.
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INTRODUCTION

Having left their parent somata in the spinal grey matter, ventral motoneuron axons
are grouped into bundles (Fig. 1). Where these traverse the ventrolateral funiculus of
the spinal cord they are termed intramedullary rootlets. They emerge into the
peripheral nervous system (PNS) as ventral rootlets which eventually unite distally to
form the ventral root. Close to its emergence into the PNS, each rootlet contains a
transitional zone (TZ), which is defined as that length of rootlet which contains both
peripheral and central nervous tissue (Fig. 1). Various accounts have been given of
spinal nerve TZs in man (Tarlov, 1937), cat (Berthold & Carlstedt, 1977; Carlstedt,

(a)

Fig. 1. (a-b). (a) Diagrammatic transverse section through lumbar spinal cord showing ventral
motoneuron somata (arrows) and their intramedullary axon bundles sectioned obliquely

-farrowheads) as they run caudally and ventrally through the ventrolateral white funiculus (VWF).
AB, plane of oblique longitudinal section (b); VR ventral root; DR. dorsal root. (b) Diagrammatic
longitudinal section in Plane AB indicated in (a) showing three representative myelinated ventral
motoneuron axons of an intramedullary rootlet {IMR), traversing the transitional zone (TZ) and
running in a ventral rootlet (VR) after emerging into the PNS. The TZ of each rootlet contains a
central tissue projection (CTP) (shaded). Spinal grey matter, crosses; nodes, white.
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1981) and rat (Fraher, 1978 a; Fraher & Kaar, 1986). In the rat, central tissue forms
a distally tapering projection into each lumbar ventral rootlet. Consequently, the TZ
lies in the most proximal part of the rootlet. The rat lumbar TZ is relatively short,
averaging 160 //m or less in length. Since each myelinated fibre possesses a transitional
node of Ranvier as it traverses the TZ (Fraher, 1978a; Fraher & Kaar, 1984, 1986;
Bristol & Fraher, 1987), it is possible that the density of transitional nodes within the
zone is particularly high. Intramedullary rootlets contain relatively short internodes
(Fraher, 19786) and their node densities are therefore also likely to be high. However,
no quantitative data are available on these points.

The aim of this study was to compare node density at the TZ with that in the central
and in the peripheral parts of the nervous system. Absolute density was calculated for
three different levels along ventral motoneuron axon bundles: at the TZ, in the
intramedullary rootlet and in the ventral root. Values for the three levels were
compared, to determine if, and to what extent, density differences existed. High node
density at the TZ would raise the possibility of possible electrical interaction between
myelinated fibres in vivo.

MATERIALS AND METHODS

Five Wistar albino rats were anaesthetised with a 1:3 chloroform: ether mixture and
killed by intravascular perfusion of fixative (2% glutaraldehyde and 2-5%
paraformaldehyde in an orthophosphate buffer at a pH of 7-2—7-4) as described
previously (Fraher & Kaar, 1984). Supplementary fixation was carried out by
irrigating the spinal subarachnoid space with the fixative (Kaar, O'Sullivan & Fraher,
1983). The L4 spinal cord segment and its attached dorsal and ventral roots and spinal
ganglia were exposed, removed and processed for transmission electron microscopy
(Fraher & Kaar, 1984). Specimen blocks of the distal ventral root, transitional zone
and intramedullary rootlet (Fig. 1) were prepared from each animal. Alternating
sequential series of thick (0-5 /<m) and ultrathin (100 nm) transverse sections of
randomly chosen individual fibre bundles at each of these levels were cut on a
previously calibrated Reichert OMU4 Ultracut-E ultramicrotome. Thick sections
were stained with toluidine blue and were photographed using a Reichert Polyvar
photomicroscopc. They were printed at a final magnification of x 1300. Serial
photomicrographs of every twelfth thick section over the entire length of TZ were used
for tracing fibres, locating nodes and measuring fibre bundle cross-sectional area.

Node density was calculated in each of 25 ventral rootlets. TZ cross-sectional area
was measured from the photomicrographs using a Kontron Mini-IPS automatic
image analyser. Cross-sectional area varied somewhat between serially adjacent TZ
levels. Accordingly, the volume of the segment between each pair of adjacent levels of
section photographed was estimated as that of a solid conic segment (Documenta
Geigy, 1962), the height of which was the sum of the thicknesses of intervening thick
and ultrathin sections. The total volume of the TZ was calculated as the sum of the
volumes of all conic segments comprising it. Since each fibre traversing the TZ
possesses a node of Ranvier (Fraher & Kaar. 1984) the total number of nodes in each
TZ is the same as that of its constituent fibres. This was confirmed by following the
fibres on serial sections (see below). Node density was calculated as the number of
nodes per unit volume of the TZ and was expressed as nodes per 105//m3 (Table 1).

The node density of 25 intramedullary rootlets was determined as follows. For each
rootlet, the cross-sectional area was measured on photomicrographs of every sixth
serial transverse section using the Kontron Mini-IPS image analyser. Intramedullary



Fig. 2 (a-b). Photomicrographs of sections through intramedullary rootlets (outlined) showing
(a) central nervous fibres (arrows) deeply indenting the rootlet and (b) glial tissue (arrowheads)
projecting between rootlet fibres. *, obliquely sectioned blood vessel in spinal cord, continuous with
pial vessels, x 800.

Node density

rootlets are generally compact on cross-section but are in some cases deeply indented
by central nervous tissue (Fig. 2a). However, they are not delineated sharply from
surrounding central nervous tissue by any clearly defined barrier. Bundles were
followed by numbering all constituent fibres at the TZ and tracing these centrally on
serial photomicrographs as far as the surface of the ventral horn grey matter. The
cross-sectional area of the intramedullary rootlet was defined as the sum of the areas
of all such fibres, including their myelin sheaths. Cell nuclei and perikarya apposed to
the bundle were not included in cross-sectional area calculation because both

astrocytes and oligodendrocytes contribute in varying degrees to both the
intramedullary rootlet and the surrounding central nervous tissue (Fig. 2b). Blood
vessels were also excluded in area calculation. The volume of the length of
intramedullary rootlet studied was calculated as for that of the TZ, given above. The
total number of nodes in each length of rootlet studied was determined by examining
the serial transverse sections in the photomicroscope. The node density was calculated
as the number of nodes per 105/rm3 of the intramedullary rootlet (Table 1). Because
some astrocytic and oligodendrocytic tissue which contributed to the intramedullary
bundle was excluded in measuring cross-sectional area, the volume calculated for the
intramedullary bundle was a minimum figure. The value obtained for node density
was therefore a maximum figure which overestimated the true density.
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Table 1. Mean node density ( + s.e.m) at the transitional zones (TZ), in the
intramedullary bundles (1MB) and ventral roots (VR) of each of 5 rats

Ratios between densities are also shown. Overall mean values ( + S.E.M.) are also given.

Node density ( + S.E.M.)
(nodes/105 /<m3) Ratios

Rat
no. TZ* 1MB* VRt TZ/IMB TZ/VR

1 20-0 + 5-6 7-1 + 1-4 2-0 + 0-4 2-8 10-0
2 16-2 ±2-4 10-3+1-6 3-7 + 0-6 1-6 4-4
3 10-3 + 4-6 6-4+1-1 1-7 + 0-2 1-6 6-1
4 10-6 + 4-7 3-0 + 0-7 0-9 + 0-1 3-5 11-8
5 11-6 ±5-2 6-4 + 2-5 1-7 + 0-3 1-8 6-8

Overall 13-8 ±1-5 6-6 + 0-8 2-0 + 0-2 2-3 7-8
* Mean of 5 values for each rat.

f Mean of 7 values for rats 1 to 4 and of 8 values for rat 5.

Nerve fibres in the distal ventral root, immediately proximal to its junction with the
dorsal root ganglion, form clearly defined fascicles, each bounded by a perineurial
sheath. The node density in 54-60 //m lengths of 36 different fascicles (7 from each of
4 animals and 8 from the fifth) was calculated from the volume and the total number
of nodes in each, in a manner similar to that described above, using every sixth serial
transverse section (Table 1). The overall mean node density in each of the three regions
examined was statistically compared with that in the other two, using a t test for
comparing the means of two small samples of unknown variances (Bailey, 1959).

RESULTS

Node density (Table 1) within the TZ as a whole averaged 13-8 nodes per 105 //m3.
It varied considerably both within and between animals. There was a sevenfold
(4-9-35-9) range between the smallest and largest values observed. Nodes were most
closely packed in the smallest rootlets. In the intramedullary rootlets, node density
(averaging 6-6 nodes per 105/rm3) was a maximum value because of the method of
measurement (see Materials and Methods). Considerable variation in density (range:
1-1—15-6 nodes/105 //m3) occurred between rootlets within individual animals. In the
distal ventral root, mean node density was 2-0 per 105/rm3. Again there was
considerable variation both within and between animals (range: 0-7-6-5).

Node density in the transitional zone averaged more than twice that calculated for
the intramedullary rootlet and nearly eight times that for the ventral root (Table 1).
These differences were statistically very significant (P < 0 001). Density was very

significantly greater in the intramedullary bundles than in the ventral root.

DISCUSSION

The greatest node density found was in the TZ. This is because all fibres possess a
node as they traverse its short length. Transitional nodes are therefore, to a
considerable extent, in register with one another. No such restrictions on node
distribution apply along fibre bundles centrally or peripherally.

The greater node density in the TZ compared to that in the intramedullary rootlet
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is likely to be an underestimate. This is because all transitional nodes are distributed
within an irregularly tapering central tissue projection (CTP) (Fraher & Kaar, 1986)
which comprises about half the volume of the TZ (Bristol & Fraher, 1987).
Furthermore, the method used overestimates intramedullary node density because
some astrocytic and oligodendrocytic material was excluded in calculating
intramedullary bundle volume. For these reasons it is likely that node density in the
TZ averages at least five times that in the intramedullary rootlet.

The findings of this study suggest that, if node densities in the intramedullary rootlet
and in the ventral root resemble values generally occurring in the central nervous
system (CNS) and PNS, respectively, the possibility of electrical interaction between
myelinated fibres is greater in the TZ than in any other part of the nervous system.
Furthermore, since the highest density values were found in the smallest rootlets, any
interaction is likely to be greatest in these. Stampfli (1954) suggested that individual
fibres with closely related nodes may influence one another's activity. Subthreshold
electrical interaction has been experimentally demonstrated between myelinated fibres
in mammals (Blair & Erlanger, 1932; Rosenblueth, 1941, 1944) and amphibia
(Marazzi & Lorente de No, 1944). Such interaction may be of significance in the
functioning of motoneuron axon bundles as they traverse the central-peripheral
nervous boundary: Waxman (1972, 1975) proposed that nerve fibres may not function
solely as transmission lines as described in classical neurophysiology, but may perform
a 'multiplex' role in neuronal signalling and different arrangements of fibres may
function as delay lines and filters by modification of the conduction velocity and
amplitude of the signals that they transmit. However, any tendency for fibre
interaction at the TZ is likely to be offset to some degree by the presence of large
numbers of concentrically arranged astrocyte processes surrounding the peripheral
paranodal and nodal segments of motoneuron axons (Fraher, 1978n). These may
serve to insulate transitional nodes more effectively than the less elaborately arranged
astrocyte processes related to central nodes.

The morphology of the rat L4 ventral rootlet transitional zones shows them to be
very well suited for studying possible electrical interaction between fibres with closely
packed nodes, for the following reasons. Firstly, node density is likely to be
considerably higher than that found elsewhere, particularly in the PNS. Secondly, the
TZs are readily accessible as they lie in small, discrete rootlets, superficial to the cord
surface (Kaar & Fraher. 1986, 1987). Central bundles lack such delineation and their
component fibres intermingle with those of other bundles having different origins,
courses, distribution and functions. Cervical TZs are less accessible because they lie at,
or just deep to, the cord surface (Fraher, 1978n). Thirdly, L4 ventral rootlet TZs have
the advantage over those of dorsal rootlets of containing a relatively pure population
of myelinated fibres of a single functional class. They consist very largely of myelinated
motoneuron axons, there being no autonomic outflow at the L4 level (Coggeshall,
Emery, Ito & Maynard, 1977). Of the small number of sensory axons which they may
contain, only a few are myelinated (Loeb, 1976; Coggeshall et al. 1977; Coggeshall,
1986; Kim, Shin & Chung, 1987). Furthermore, dorsal rootlet TZs (Fraher &
Sheehan, 1987) are larger and less clearly delineated from one another than those of
ventral rootlets. Fourthly, the muscles innervated through individual rootlets may be
identified electrophysiologically or by tracer methods and so studies of transitional
node function and muscle excitation may be readily combined.
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SUMMARY

Node of Ranvier density was examined at three levels along rat lumbar motoneuron
axon bundles: where they lie in the central nervous system, in the peripheral nervous
system and in the transitional zone (TZ) between these. Density was considerably and
significantly greater in the TZ than in either of the other locations. It is possible that
such densely packed nodes in the TZ could interact electrically with one another.
Because of its structure and position and because it contains a relatively pure fibre
population, the rat L4 ventral rootlet TZ lends itself readily to electrophysiological
investigation of this possibility.

The work presented here was supported by grants from the Health Research Board
of Ireland and the Wellcome Trust. The authors are grateful to Ms B. Rea for her
technical assistance.
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INTRODUCTION

Cervical spinal nerve roots are attached to the cord by means of rootlets. These are
continued within the cord as intramedullary rootlets, composed of central nervous
tissue. Rootlet composition gradually changes to peripheral nervous tissue over a
segment of rootlet termed the transitional zone (TZ) containing both central and
peripheral tissue (Skinner, 1931; Tarlov, 1937; Maxwell, Kruger & Pineda, 1969;
Steer, 1971; Gamble, 1976; Berthold & Carlstedt, 1977; Schlaepfer, Freeman & Eng,
1979; Carlstedt, 1981; Berthold, Carlstedt & Corneliusson, 1984). The position of the
TZ differs between rat dorsal and ventral cervical rootlets (Fraher, 1978; Moll &
Meier, 1983; Fraher & Sheehan, 1987). In the former it lies in the free rootlet and in

latter at, or just deep to, the cord surface. These differences could be related to the
dominantly sensory and motor nature of the fibres comprising the dorsal and

ventral rootlets, respectively. Alternatively, they could depend on the locations of the
attachments of the rootlets, reflecting a dorsoventral morphological gradient. These
possibilities were investigated using the spinal accessory nerve. This emerges as a series
of motor rootlets from an intermediate position approximately midway between the
dorsal and ventral rootlet attachments (Krammer et al. 1987) (Fig. 1). This study aims
to determine if spinal accessory TZs are intermediate in form between those of dorsal
and ventral cervical rootlets in accordance with their position, or if they resemble
those of cervical motor rootlets, in accordance with the nature of their component

MATERIALS AND METHODS

Eleven female Wistar albino rats aged between 65 and 77 days postnatum were
anaesthetised using an ether:chloroform mixture. They were killed by perfusion
through the left ventricle with a primary fixative containing 2-5 % paraformaldehyde
and 2 0 % glutaraldehyde in orthophosphate buffer at pH 6-6-6-8 at 38 °C. Perfusion
was continued for 20 minutes. To aid fixation of tissue the subarachnoid space was
irrigated by introducing primary fixative through a cranial burr-hole and allowing it
to escape at sacral levels. Tissue was thus treated with primary fixative for a total of

urs. The brainstem and cervical spinal cord were exposed using a dorsal
~h. Specimens consisting of individual cervical spinal cord segments together

with their attached dorsal, ventral and spinal accessory rootlets were osmicated,
dehydrated in graded ethanols and epoxypropane and embedded in Araldite. After
osmication two further cord segments were prepared for scanning electron
Microscopy; they were dehydrated in acetones, dried in a Polaron E3000 critical point
drying apparatus, sputter-coated with gold using a Polaron E5000 Diode apparatus
and examined in a JEOL JSM-35 scanning electron microscope.



20 S. G. NUGENT AND OTHERS

Fig. I. Diagrammatic hemisection of the right upper cervical spinal cord showing the formation of
the spinal accessory nerve trunk (XI) on the lateral surface of the cord between the dorsal (D) and
ventral (V) cervical roots.

For light and transmission electron microscopy, alternating sequential series of thin
(80-100 nm) and semithin (0-5 /tm) sections were made of specimen blocks consisting
of the lateral parts of the upper five cervical spinal cord segments, in coronal, sagittal
and transverse planes. Thick sections were stained with toluidine blue and thin
sections with uranyl acetate and lead citrate. They were examined and photographed
using a Reichert Polyvar photomicroscope and an AEI Corinth 500 transmission
electron microscope, respectively, to determine the morphology of intramedullary
fibre bundles and rootlets and the location and form of their TZs. The diameters of
all the constituent myelinated axons in a total of 25 rootlets were measured using a
Kontron-IPS image analysis system. Overall mean values and standard deviations
were calculated and axon calibre distribution determined.

OBSERVATIONS

General form
The spinal accessory nerve trunk extended rostrally from the fifth cervical segment,

remaining equidistant from the dorsal and ventral rootlet exit zones (Fig. 1). Its
rootlets emerged through an exit zone on the cord surface underlying the trunk and
turned rostrally to merge with its ventral or ventromedial aspect.

Rootlet morphometry
The number of rootlets varied from 25 to 40. The largest number (10 to 15) emerged

from C2. Between 5 and 7 emerged from each of the other segments. Fewest came
from C5. All rootlets contained fewer than 80 myelinated axons and four-fifths
contained less than 40. Many consisted of only one or two fibres. Axon calibre was
bimodally distributed. Large and small calibre fibres were present in approximately



Spinal accessory transitional zone 21
equal numbers in most rootlets, though 30% contained twice as many of the former
than of the latter. Their axon diameters averaged 7 94 pm ( + s.d. 1-62) and 2-81 pm
(+ s.d. 0-62), respectively, suggesting that they represent alpha and gamma
motoneurons.

Rootlet morphology
Intramedullary rootlets were of three types. Most Type 1 rootlets followed a

relatively straight pathway laterally and rostrally from the junction of the dorsal and
ventral grey columns, through the lateral funiculus (Fig. 2a). They were compressed
dorsoventrally, being rarely more than two fibres thick. As they approached the exit
zone they ceased to be closely packed and diverged to traverse a wedge-shaped
extension of the glia limitans into the cord (Figs. 2a, d, 3 a). Some approached the cord
surface at a right angle (Fig. 2a), others with an oblique ventral inclination (Fig. 2d).
Close to the cord surface the fibres bent sharply rostrally and again formed a compact
bundle which inclined laterally as it emerged from the cord (Fig. 2b, c). In doing so
they traversed a pad of astrocytic material (Fig. 2d,k). This consisted largely of
processes derived from perikarya lying close to the cord surface in the caudal part of
the glial wedge described above. Type 2 rootlets generally resembled those just
described. However, they usually contained fewer than ten large fibres, pursued a
pronounced dorsally convex course through the lateral funiculus and had a marked
ventral inclination as they approached the cord surface. After this, they ran
tangentially in a ventral direction in the glia limitans (Figs. 2e-h, 3 b), before emerging
obliquely through its surface to form the free rootlet which turned rostrally (Fig. 2 i, J)
to blend with the main trunk. Type 3 rootlets were found only at CI (Figs. 2o,p, 3c).
They ran caudolaterally as they traversed the lateral funiculus. On reaching the glial
wedge they ran caudally. Each then looped laterally and rostrally to become a free
rootlet.

About 80% of all rootlets were of Type 1. Type 2 made up the majority of the
remainder. Only two or three Type 3 rootlets occurred in each animal. They comprised
the most rostral group emerging from CI.

t

Transitional zone

In the majority of rootlets the TZ was close to the cord surface, lying in the glial
wedge and an astrocytic pad which projected from its base into the rootlet as it
emerged from the cord (Fig. 2a, k). In those Type 1 rootlets which approached the
cord surface at a right angle each node tended to lie distal to the rostral bend of each
fibre (Fig. 2b). In those which had an oblique ventral inclination many nodes lay
deeper, proximal to the bend (Fig. 2m). Most transitional nodes were grouped close
together, near to the cord surface. The majority lay slightly above it and the mean
height of these above the plane of the surrounding cord surface varied between rootlets
from 10 to 20 pm. For the minority of TZs which lay deep to the cord surface, the
mean depth of the nodes below the surface was 6 to 9 //m.

The general plane of the CNS-PNS interface of Type 1 rootlets tended to cross the
emergent rootlet obliquely from lateral to medial in a caudorostral direction (Fig. 3 a).
Accordingly, the more caudal nodes within a given TZ tended to be the most
superficial. From the interface a glial fringe projected distally for a short distance into
the rootlet (Fig. 2b). A short central tissue projection extended into the tree segment
of a small proportion of rootlets (Fig. 2k-n). In Type 2 rootlets the TZ generally lay
close to the point where the rootlet left the cord surface but in a few cases extended
into the free rootlet (Figs. 2h, 3b). It was usually only a few micrometres long. In Type
3 rootlets the TZ lay in the glia limitans. It resembled that of Type 1 rootlets except
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Fig. 3 (a-c). Diagrammatic longitudinal (a, c) and transverse (b) sections of spinal cord showing (a)
Type 1, (b) Type 2 and (c) Type 3 spinal accessory rootlets. Grey matter, circles; glia limitans, shaded;
peripheral nervous tissue, white; myelin sheaths, black; XI, spinal accessory nerve trunk.

that the central ends of the transitional Schwann cells were directed rostrally or
rostromedially where they were invaginated into the glia limitans (Fig. 2o, 3 c).

DISCUSSION

In addition to having a similar fibre composition, spinal accessory rootlets share
many features with cervical ventral, lumbar ventral, oculomotor and abducent
ootlets, which are largely or purely motor (Fraher, 1978; Fraher & Kaar, 1986;

Bristol & Fraher, 1987; Fraher, Smiddy & O'Sullivan, 1988a, b). These nerves are
typically formed from many (40-60) small rootlets, generally containing 60 or fewer
myelinated axons. The morphology of the glial pad and fringe closely resembles that
of equivalent features at other motor TZs (Fraher, 1978; Fraher & Kaar, 1986),
especially those of caudal abducent rootlets (Fraher et al. 19886).

Spinal accessory TZs possess many features in common with those of lower cervical
ventral rootlets (Fraher, 1978). For example, they lie close to the level of the
surrounding cord surface and many of the transitional nodes lie deep to this.
Transitional Schwann cell paranodes lie in honeycomb-like invaginations of the glia

nitans. These features are in marked contrast to those of the lower cervical dorsal
i'Zs (Fraher & Sheehan, 1987). These lie distal to the cord surface within the rootlets
which contain prominent central tissue projections averaging over 400 /im in length.

Fig. 2 (a-p). Light micrographs of spinal accessory transitional zones, (a-n) Semiserial sections in the
transverse plane of the cord, (a-c) Type 1 rootlet, (a) shows the rootlet crossing the lateral funiculus;
some of its fibres have reached the glia limitans and have turned rostrally (arrows). In (b) and (c) the
rostrally running free rootlet is sectioned transversely. At its most caudal level (b) it contains a glial
fringe (arrowheads) and some transitional nodes (arrows), (a-c), x 600. (d) Some Type 1 rootlets
curve ventrally while crossing the white matter, x 600. (e-j) Aligned semiserial sections, each showing
a corresponding extent of the cord surface and a Type 2 rootlet, consisting of two fibres (arrows).
These run obliquely ventrally for some distance in the glia limitans (e-h), before turning rostrally at
the transitional nodes which lie in the proximal part of the free rootlet (i, arrowhead). A large
bloodvessel (*) accompanies the rootlet into the cord, (e-i), X 540. (k-n) Showing a Type 1 rootlet
entering a prominent astroglial pad (k, I). In this the fibres diverge and turn rostrally and some have
transitional nodes here (m, arrowheads). Distal to this the rootlet contains a central tissue projection
(n, outlined) which is traversed by axons myelinated by Schwann cells, (k-n), x 640. (o, p)
Semiserial oblique sections through a Type 3 rootlet (o) emerging from the cord and (p) sectioned
through its free (left) and intramedullary (right) parts. Schwann cells invaginate the glia limitans,
deep within which lie the transitional nodes (o, arrow), (o-p), x475.
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Glial projections into spinal accessory rootlets, if present, measure at most only a few
tens of micrometres in length. Such projections are in accord with the structure of
some upper cervical ventral rootlets, which contain similar, small projections (Fraher
& Cremin, unpublished observations). The present findings therefore clearly show
that, despite their emergence from the cervical spinal cord in a location intermediate
between the dorsal and ventral rootlets, the rat spinal accessory rootlets possess TZs
which are very similar to those of cervical ventral rootlets. Their structure therefore
correlates with the nature of the component fibres rather than with the location of the
rootlet-spinal cord attachment.

SUMMARY

The spinal accessory nerve rootlets emerge from the lateral aspect of the upper five
segments of the cervical spinal cord underlying the nerve trunk. They cross the lateral
funiculus of the cord with a slight rostral inclination. Here some pursue a relatively
straight course while others have a dorsal convexity. The transitional zones may be
classified into three distinct types, related to their orientation as they traverse the glia
limitans to emerge as free rootlets. The fibres in Type 1 rootlets bend sharply rostrally
on reaching the glia limitans. Type 2 rootlets turn ventrally to run in the glia limitans
in the transverse plane of the cord before emerging. Type 3 rootlets are found only at
CI. Their fibres initially turn caudally in the glia limitans and then loop rostrally. The
morphology of the central-peripheral transitional zones of the spinal accessory
rootlets closely resembles that of cervical ventral rootlets, and is therefore correlated
with the motor function of these rootlets rather than with their intermediate location
between the ventral and dorsal cervical rootlets.

The work presented here was supported by grants from the Health Research Board
of Ireland and the Wellcome Trust. The authors are grateful to Ms M. Bogan for
typing the manuscript.
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ABSTRACT
V

A number of islands of probable glial tissue were present in two lower
cervical ventral roots of a 12 day old rat. These were examined over their entire
lengths of up to 520 yarn along the root. The great majority of nerve fibres in
the root were heavily myelinated. A small proportion of these became involved
in the masses of glial tissue. Such an axon, though myelinated and appearing
normal in all respects in its course proximal and distal to the island, entirely
lacked a myelin sheath over the segment within the island. At most levels each
island contained a number of such segments. The glial processes surrounding
the latter varied enormously in shape and size over short distances and were
interwoven with one another in a highly complex manner. Their cytoplasmic
features strongly suggested that they were astrocytes. The appearance of the
axon over the bare segment within the complex resembled that at a normal
node. The glial islands described here differed from those found in cranial nerves
in that they did not contain oligodendrocytes and also in that their contained
axons were bare.

INTRODUCTION

In the course of a study dealing with myelination (4), a number of pa'e
staining zones were found to extend for some distance along a lower cervical
ventral nerve root of a 12 day old rat. Each of these areas proved to consist of
unmyelinated segments of a number of large axons embedded in a multilayered
sheath of cell processes. The root had been serially sectioned transversely for
observation at both light and electron microscopic levels. The opportunity
taken of examining the entire length of each of these complexes using both the
above methods of investigation. An account of the findings is set out below.

MATERIALS AND METHODS

Three 12 day old rats were used in the present study, including that in which the P*j^
staining areas were first seen. The method of fixation and preparation of tissue 'iaS^uaf<j
previously described in detail (3). Following ether anaesthetization the animal was Pe
through the left ventricle with a solution at 4°C of 4% paraformaldehyde and
glutaraldehyde in phosphate buffer at a pH of 7.2. Bilateral laminectomy was then c ^
out, and the 12 to 14 most rostral spinal medullary segments, together with the a,taD(jff
pairs of roots and proximal parts of the spinal nerve trunks, were carefully expose
a dissecting microscope. Those were removed en bloc, osmicated, and the spinal
divided by transverse sections into segments. The segments were embedded m - ^ |U
note having been taken of the curvature, shape and orientation of each ventral root a
constituent rootlets.
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In addition to the ventral root in which the complexes had been originally found (C«),
the corresponding root on the opposite side as well as the adjacent pairs of roots proximally
and distally (Cs and Ci) belonging to the same animal were examined. Corresponding pairs
were examined in two siblings.

Serial thick (1.0 rim) transverse sections were made of the roots using a Porter-Blum
MT2 automatic ultramicrotome. These were stained with a mixture of 00% toluidine blue
and 0.2% pyronin B and were exnmined for the presence of pale areas. Ultrathin sections
were made at a number of levels along the roots. These were interspersed at intervals along
the length from which the thick sections were taken. They were stained with lead citrate
(0.2%) and uronyl acetate, saturated solution in 50% ethanol. They were examined using
an AEI EM6 electron microscope.

The root in which the pale areas were first observed was examined in detail. Serial thick
transverse sections were made from a 600 /im stretch of root. Ultrathin sections were made
at 20 levels over the proximal 370 jim of this length. The intervals between the first 19 levels
were 20 pm, and between the least two, 10 /im.

A light micrograph was made from every third thick section to enable each area and
individual myelinated axons in its vicinity to be traced distally over the entire length sec¬

tioned. In order to study changes which took place in the pale areas with distance along the
root, electron micrographs were made from the ultrathin sections. At each level, the pale
area together with its surroundings were photographed at an electron optic magnification
of X 1500. This was generally sufficient to show an adequate expanse of the surrounding
portion of the root. Higher powers of the areas were also taken at electron optic magnifica¬
tions of X 4000 to X 40,000 to show greater detail. (All magnifications were checked at each
photographic session by the use of a calibration grid.) Individual myelinated fibres were
easily identifiable on the electron mirrographs by comparison with light micrographs of
thick sections immediately proximal or distal to the ultrathin sections.

A set of serial ultrathin sections of one of the pale areas, extending over a distance of 4
nm was also examined and photographed under the electron microscope.

OBSERVATIONS

Three pale-staining regions were observed in a lower cervical ventral root of a
12 day old rat. Figure 1 shows one of these. Another was present in the cor¬

responding root on the opposite side. None was found in equivalent roots of
siblings.

Each region was entirely surrounded by a basement membrane and consisted
of a complex made up of relatively large unmyelinated axons (Figs. 1, 2)
surrounded by pale, deeply interlocking cell processes (Figs. 2, 3). The processes
were separated by a gap of about 200A.

The two larger complexes extended for distances of 390 pm and 520 pin along
the root, their proximal ends being about 50 pm distal to the junction of the
root with the spinal medulla. Their greatest transverse diameters were about
half way along their course and were 12 and 21 pm. The smaller complex had a

length of 170 pm and a maximum diameter of 10 pm. Each complex occupied a
similar position in the root throughout its entire length. Thus, each complex
had approximately the shape of an elongated ellipsoid whose long axis was
parallel to the axis of the root.

In addition to fibres running centrifugally, ventral roots may also contain a
proportion of centripetal fibres. Purely for ease of description, in the account
which follows it is assumed that all fibres which became involved in the com-
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Fig. 1. To illustrate the lipht microscopic appearance of one unmyelinated complex (x
1,310). This also shows n large fibre losing its myelin sheath as it enters the complex (arrow).
Stain: Toluidine blue and Pyrouin B.

plexes ran in the direction in which the serial sections were made, i.e. proxi-
modistally.

On following each complex distally using serial sections it was found that a
number of neighbouring myelinated fibres turned into it at different levels along
its length (Fig. 1). Generally, within a distance of 5 to 10 /im of entering a com¬
plex the myelin sheath came to an end. Axons were also observed to acquire
myelin sheaths and emerge from the complexes within a similar distance. Both
sets of fibres seemed normal in all respects in their course proximal and distal to
the complexes. Their calibre spectrum showed a wide range, though the majority
were relatively thin. Myelin sheaths were of a thickness appropriate to axon
calibre both as they approached and entered the complexes and after they had
emerged from them.

Where the myelin sheath was ending, whether it belonged to an entering or
an emerging fibre, it closely resembled a typical paranodal region. It was
surrounded by a basement membrane (Fig. 2, inset) which was invaginated
around the fibre and was in continuity with that surrounding the surface of the
complex. Up to the level of their termination the processes of the myelinating
cell were separated by the basement membrane from the processes of the cells
belonging to the complex.

The cross sectional area of the processes of the complexes gradually dimin¬
ished from without inwards (Figs. 2, 3). The outer ones contained all the nuclei
observed and formed an interrupted sleeve around the others. Intermediate
processes tended to be either rounded or narrow and elongated in appearand
(Fig. 3). Those closest to the axons were almost always thin and flattened,
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Fig. 2. To illustrate the overall electron microscopic appearance of one unmyelinated
complex (X 2,975). A = Axon; M = Myelinated fibre entering complex. Inset: To illustrate
a myelinated fibre (M) which has just invaginated itself into the complex immediatelj'prior to losing its myelin sheath. It is surrounded by a basement membrane (X 14,300).

arranged as sets of interrupted concentric rings or spirals about individual
axons (Fig. 3). Such spirals never consisted of more than 214 turns. In no case
did these show any signs of condensation to form compact myelin. No collagen
whatever was present between the processes. No highly regular stacks of
processes, such as were observed by Ochoa & Vial (7) in chronic neuropathies,
were seen.

The 4 /im length of one complex which was examined in serial, ultrathin sec¬
tions was found to consist of parts of two cells. Processes belonging to both
cells underwent extreme changes in shape and size over this short distance. They
were deeply interlocked with one another in an apparently haphazard manner.

The cytoplasm of the processes differed from that of adjacent Schwann cells
enveloping myelinated or normal unmyelinated axons (Fig. 3). It was paler,
with a lower density of organelles; granular endoplasmic reticulum was much
more sparse, being mainly restricted to the outer processes; mitochondria were
markedly larger and contained relatively dark granular material in the inner
chamber; scattered vesicles apparently represented smooth endoplasmic retic¬
ulum of rather open mesh; Golgi complexes were frequently present. Scattered

t'l i



Fig. 3. To illustrate typical features of unmyelinated complexes. Note diminution in
of processes from without inwards. Processes apposed to axons tend to be flattened (*i&j
3a), sometimes forming short spirals (Fig. 3b). Arrows indicate a common pattern of a1
tribution of clusters of filaments (Fig. 3c). S = Schwann cell; N = Nucleus of cell belong
ing to complex. Magnifications: (a) X 14,300; (b) X 14,000; (c) X 17,000.
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cytoplasmic granules may represent glycogen. The processes also contained
clusters of cytoplasmic filaments (diam. ca. 100 A). These were most commonly
found in central processes of more rounded profile (Fig. 3). They also frequently
occurred as an interrupted layer under the external plasma membrane of the
layer of flattened processes bounding the whole complex (Fig. 3c).

Cytoplasmic processes of the complexes extended proximal to the level at
which the first fibre joined them and distal to that at which the last emerged.
These processes were orientated in the long axis of the root and gradually
tapered to an end. Their central ends were in no case closer than 50 /im to the
spinal medulla.

Axons occurring in normal parts of the root and having a calibre similar to
that of axons within the complexes were surrounded by a thick myelin sheath.

As the myelin sheath came to an end the axoplasm usually became darker and
tended to remain so as long as the axon was bare (Fig. 4). Neurotubules, neuro¬
filaments and amorphous flecks of low electron density within unmyelinated
segments in the complexes were all more densely packed than in myelinated
axons. The density of packing was similar to that at normal nodes.

Very frequently, large bundles of parallel neurotubules and neurofilaments
were sectioned obliquely or longitudinally in an axon of approximately circular
outline within a complex (Fig. 4). This gave the impression that the bundles
had a more haphazard than usual orientation in the axoplasm. The axolemma
was more dark-staining than the plasma membrane, of the processes of the
complex (Fig. 4) and, as is also the case at normal nodes (9), was usually
somewhat undulant.

Fibres adjacent to but outwith the complexes seemed normal in all respects.
Neither the animals themselves, their littermates, nor their parents showed

any impairment of normal function.

Fia. 4. Transverse sections of axons within one complex, showing (a) the common tend¬
ency for bundles of neurofilaments to be arranged in a haphazard manner and (b) the dark
staining undulant axolemma (X 14,300).
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DISCUSSION

In contrast to the case of the dorsal spinal nerve roots and the cranial nerves,
into which glial cells and central myelin may penetrate for some distance (5,
6, 10), central myelin and glial cells terminate at approximately the plane of
attachment of the ventral nerve root to the plane of the spinal medulla1 (1).
Thus, the unmyelinated complexes described above were clearly distal to the
locus of the central-peripheral transition zone.

The cells surrounding the axons in the complexes described above closely
resemble those of the glial zone projecting into the dorsal spinal nerve roots
(10). The presence of many clusters of filaments in their cytoplasm suggests
that they may be astrocytes. Other features which are in accord with the
features of astrocytes given by Wendell-Smith et al (17) and by Peters, Palay
and Webster (8) include the pale cytoplasm, the large size of the mitochondria
and the sparsity of the granular endoplasmic reticulum. Thus it is likely that
the cells making up the unmyelinated complexes described above are neuroglia,
and are probably astrocytes.

The glial dome projecting into the central part of the trigeminal sensory root
has been described in the Macaque by Maxwell et al (5). These authors found
it to consist principally of astrocytes, though some oligodendrocytes were also
present. Axons passing through it were myelinated. Possible islands of glial
tissue further along the root were found by these authors to have a similar
structure to that of the dome. Both of these regions differ from the complexes
described above in that they contain not only astrocytes but also oligodendro¬
cytes. The latter may be responsible for the myelination of axons passing
through them. No compact myelin whatever was present within the complexes
described above. In these structures the closest resemblance to any stage of the
myelination process was provided by the occasional formation of a cytoplasmic
spiral around an axon by an astrocyte process. Glial islands have been described
at light microscope level in human cranial nerves by Tarlov (11). These occurred
as far distally as 2mm from the central-peripheral transition site. This author
observed them to contain both oligodendrocytes and astrocytes.

The unmyelinated complexes described above presumably arose as a result
of the migration of glial cells or their precursors out of the spinal medulla to
give rise to islands of glial tissue which enveloped segments of maturing axons.
The boundary between these islands and the adjacent root tissue is clearly
marked by a basement membrane. Axons are not myelinated over the segment
passing through the tissue. Thus each contains a bundle of parallel unmyelinated
axon segments. The exact lengths of the latter cannot be measured since it is
not possible to trace individual axons through the complexes. However, their
lengths are of the order of hundreds of microns.

These complexes represent unmyelinated segments of fibres which possess a
myelin sheath and seem normal in all respects both proximally and distally-
They differ in many respects from the "onion bulb" complexes found in seg-

1 Fraher, 1974. Unpublished observations.
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mental demyelination of axons in peripheral neuropathies (12, 13, 14, 15, 16).
These differences include the complete absence of collagen from within them.
Also, individual processes are not surrounded by a basement membrane. No
myelin is observed within them, nor is there any axonal degeneration. Their
features also differ considerably from those given by Bradley & Jenkinson (2)
in their description of the sciatic nerves of dystrophic mice in which large num¬
bers of unmyelinated axons were packed together with no visible intervening
material.

The constituent processes of the unmyelinated complexes described above
interweave with one another in a haphazard and disorganized manner, but tend
to be more orderly in the immediate vicinity of an axon. This raises the possi¬
bility that some organizing influence may be exerted upon them by the axon.

The generally confused pattern of processes may result from simultaneous
attempts by more than one cell to envelope the same segment of the axon and
perhaps also by a given cell to envelope more than one segment. Clearly, the
normal 1:1 relationship between enveloping cell and axon segment does not
exist. Even if the relationship were basically 1:1, there can be no doubt from
serial sections that the cytoplasmic processes are so confused that cells en¬
croach on one another's territory. For example, a process of one cell may

partly envelope an axon together with the immediately surrounding sleeve of
processes produced by another. This arrangement is associated with the absence
of basement membranes separating the individual cells of the complexes.

Acknowledgements: I am indebted to Professor G. J. Romanes for his helpful advice and
criticism, to Mr. R. MacDougall and Mr. T. Patterson for their technical assistance and to
Mrs. G. Liddle for typing the manuscript.
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INTRODUCTION

During various studies dealing with the maturation of rat cervical ventral roots
(Fraher, 1972, 1973, 1974<y, b), cells resembling active macrophages were frequently
observed within the ventral roots and in relation to the leptomeninges.

As the ventral nerve root crosses the subarachnoid space it is covered by a multi-
layered sleeve of flattened cells, the root sheath, by means of which the pia is con¬
tinuous with the arachnoid. The deeper layers of the root sheath are continuous
peripherally with the perineurium (Haller, Haller & Low, 1972). The ultrastructural
features of the pia, arachnoid and root sheath have been described by Pease & Schultz
(1958) and by Waggener & Beggs (1967). Further details of the ultrastructure of the
root sheath have been provided by McCabe & Low (1969), Haller & Low (1971) and
Haller et al. (1972). The ultrastructure of the perineurium has been described by
Shanthaveerappa, Hope & Bourne (1963).

The ultrastructure and form of ventral root and leptomeningeal macrophages have
been reported briefly (Fraher, 1975). The present paper sets out the findings more
fully.

MATERIALS AND METHODS

A total of 42 fetal and postnatal rats were used in the present study. Of these, 34
were of the Wistar strain, bred and reared under standard animal house conditions.
Of the remaining 8, 4 (17 days postnatal) were germ-free* and 4 (21 days postnatal)
were specific pathogen-freef.

The ages of the animals examined were as follows:
Fetuses: 17, 19 and 20 days post coitum.
Postnatal: newborn, 1, 2, 3, 4, 6, 8, 12, 17 and 21 days.
Four adults: 21 months.

The methods of fixation and embedding of tissues have been previously described
in detail (Fraher, 1972). Having been anaesthetized with ether, animals were perfused

* Obtained from MRC Laboratory Animals Centre, Woodmansterne Road, Carshalton, Surrey,
SM5 4EF.

t Obtained from Edinburgh University Centre for Laboratory Animals.
These animals were free from infection with all pneumococci, Klebsiella pneumoniae, Listeria mono¬

cytogenes, Streptobacillus moniliformis, Bordetella bronchiseptica, all pasteurellae, all pathogenic helminths
and all species of mycoplasma.
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through the left ventricle with a solution at 4 °C of 4 % paraformaldehyde and 0-5 %
glutaraldehyde in phosphate buffer at a pH of 7-2.

The first 12-14 spinal medullary segments, together with their attached roots, the
most proximal parts of the spinal nerve trunks, and the meninges covering all of these,
were exposed by bilateral laminectomy and were isolated and removed en bloc after
the spinal nerve trunks had been cut across. During this procedure the outer aspect
of the dura was continually bathed in the fixative solution. After osmication the
specimen was subdivided into its member segments by transversely sectioning the
spinal medulla between the points of attachment of rootlets belonging to adjacent
roots. Segments were then dehydrated in ethanol and placed in epoxypropane.
Following this they were embedded in Araldite.

All sections were cut on a Porter-Blum MT1 microtome. Transverse and longitud¬
inal sections were made of spinal medulla and ventral roots, using opposite halves of
the same lower cervival segment. In each case thick (0-5—1 0 /mi) serial sections were
made over a length of 50-150 /«m. At 5-20 /mi intervals along this length ultrathin
sections were made. Thick sections were stained with a mixture of 0-8 % toluidine
blue and 0-2 % pyronin B. Ultrathin sections were stained with 0-2 % lead citrate for
two minutes and then with uranyl acetate (saturated solution in 50 % ethanol) for 10
minutes. Both types of section were examined for the presence of macrophages.
Ultrathin sections were examined with A EI EM 6 and Corinth 250 electron

microscopes.

OBSERVATIONS

The cells to be described below resembled macrophages very closely (Figs. I, 2).
Such cells were seen projecting into the spinal subarachnoid space from the surface of
the root sheath and the pia mater (Fig. I), but were much less common on the arach¬
noid. Similar cells were also found between the layers of the pia mater (Figs. 1 A, 2 A)
and within the ventral roots (Fig. 2B). In the latter situation the cells were present
between the nerve fibres and also close to the outer surface of blood vessels.

In the 18 and 19 day fetuses the spongy endomeninx had not yet been fully ex¬
cavated to form the subarachnoid space. Macrophages were present in the interstices
of this spongework. Some were also found in the extradural connective tissue.

Sessile macrophages were present on the leplomeninges in all animals examined
between the ages of 19 days fetal (cct. 2 days before birth) and 12 days postnatal.
During this period the number of macrophages studded over the surface of a single
root was of the order of a few tens. Their density over a similar area of pia was

roughly the same. Though usually distributed fairly uniformly, they sometimes
occurred in clusters of up to eight on the roots. After 12 days the macrophages

Fig. 1. A, Light micrograph showing (i) sessile macrophage adherent to surface of pia, and (ii)
rounded macrophage between layers of pia. B and C, Electron micrographs of sessile cells on
ventral root sheaths. Note: (i) highly irregular cell surface; (ii) large empty spaces (5), some at
least being deep invaginations of cell surface; (iii) large numbers of coated vesicles, some ap¬
parently continuous with cell surface; (iv) amorphous material between macrophage and root
sheath and between the layers of the latter (C); (v) profusion of micropinocytotic vesicles in
deeper layers of root sheath in (C).
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Fig. 2. A, Rounded macrophage between layers of pia. B, Longitudinal section of ventral root
showing macrophage between nerve fibres.
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Fig. 3. A, B and C, To show examples of apposed thickenings of plasma membranes of macro¬
phages (M) and root sheath cells (S). Note underlying area of increased cytoplasmic density in
both types of cell and also accumulation of electron-dense intercellular material. Note also
coated and micropinocytotic vesicles and desmosome-like structures in relation to root sheath
cells. D, E and F, The membranes of what appear to be coated vesicles in continuity with the
plasma membrane at basal part of macrophages (M). Note excrescence of sheath cell (5) pro¬
jecting into apparent coated vesicles (E, F). G, Section through macrophage (AT) within root, and
perineurial cell (P). Three profiles in the lower part of the former resemble large coated vesicles
with a core of perineurial cell cytoplasm.
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seemed to be less frequent. Though a few were present on 17 and 21 day roots, none
was seen on any of the four adult roots examined, each root coming from a different
animal.

The sessile cells were approximately hemispherical in shape. The flat base lay in
contact with the free surface of the pia or root sheath, while the convex aspect pro
jected into the subarachnoid space (Fig. 1). Those within the layers of the pia were
more rounded in outline (Fig. 2 A). Diameters varied from 10 to 15 /im.

By light microscopy the cytoplasm of both types of cell showed numerous deeply
staining granules, as well as paler inclusions and what appeared to be vacuoles
(Fig. 1A).

Electron micrographs of the sessile cells showed that free surfaces were highly
irregular, being thrown up as finger-like processes, cytoplasmic veils, flaps, and
anastomosing ridges between which were deep pits (Fig. 1). Near-serial ultrathin
sections showed that at least a proportion of the large empty spaces resembling
cytoplasmic vacuoles (Fig. I) were in fact sections through deep invaginations of the
cell surface. Towards the periphery of the base of the cell the surface was also very ir¬
regular, being separated from the underlying cells of the pia, root sheath, or arachnoid
by anastomosing channels or invaginations of the macrophage. In these large spaces
masses of amorphous material were frequently present (Fig. 1 C). Similar material was
often seen between the layers of the underlying root sheath (Fig. 1 C). Spaces were

generally absent under the central part of the base. Here the cells tended to be separated
by a relatively shallow gap which in places was as little as 20 nm. However, in some
areas the apposed plasma membranes were thickened and the subjacent cytoplasm
was dense in both cells (Fig. 3 A, B, C). In these regions the amount of material between
the two cells was usually increased, and the distance between the apposed plasma
membranes was somewhat greater than in surrounding areas (Fig. 3 A, B, C).

The cytoplasm of the macrophages was rather dense and granular. Golgi com¬

plexes were well developed, though granular endoplasmic reticulum was not
prominent. Large numbers of profiles were present which could well have been
sections through an agranular endoplasmic reticulum of rather close mesh whose
cisterns contained amorphous or faintly granular material.

A striking feature was the high density of coated vesicles in the cytoplasm (Fig. 1).
The bounding membrane of many of these was in continuity with the plasmalemma
of both free and attached surfaces (Figs. 1, 3D-G). The contents of coated vesicles
varied in electron density from pale to moderate. A proportion of what appeared to
be coated vesicles forming in relation to the basal surface, partially enveloped small
excrescences of the subjacent cell (Fig. 3E-G). In a number of instances the nearby
leptomeningeal cell plasma membrane seemed to be broken (Fig. 3E, F).

Some macrophages possessed coated vesicles or invaginations of similar size con¬

taining material which seemed to be cytoplasm of adjacent perineurial or root sheath
cells, and was sometimes seen to be in continuity with it. In this type of vesicle the
cytoplasmic material was separated from the spiked coat of the vesicle or invagination
by a paler zone (Fig. 3G).

A variety of inclusions were present in the cytoplasm (Fig. 4). These belonged to a
number of different classes which were fairly distinct from one another, though inter¬
mediate forms were seen. One class of relatively homogeneous electron-dense
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Fig. 4. To show various forms of inclusion present in the macrophages. A, Homogeneous dense
body. B, Pale homogeneous body, apparently lacking a limiting membrane over the greater part
of its circumference; there is a suggestion of a limiting membrane in a few places. C, Macrophage
containing many apposed bodies resembling (A) and (B) above. D, E, Heterogeneous bodies.
F, Note lamellated material in a moderately dense body. G, Granular inclusion bounded by a
single membrane interrupted in places.
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Fig. 5. To show (a) macrophage within ventral root containing a very large heterogeneous in¬
clusion and (b) a similar adjacent mass enveloped by cytoplasmic processes. Inset. Two
examples of a type of inclusion lacking a bounding membrane; these were found only in
macrophages within ventral root.

inclusion was generally circular or oval in outline (diameter; 0-3-0-8 /tm) and was
bounded by a single unit membrane (Fig. 4A). Underlying this was a narrow, re¬

latively paler zone, deep to which the main bulk of the contents consisted of fine
granules surrounded by a slightly paler matrix. In scattered patches both granules and
matrix had a greater electron density than elsewhere.

Also frequently present were large rounded profiles (diameter: 0-5-1-0 /tm) which
seemed to lack a bounding membrane over most of their surface (Fig. 4B). Their
contents were almost homogeneous and were of a low electron density. Numbers of
mitochondria or stretches of granular endoplasmic reticulum were frequently close to
their perimeter. In a few cases the dense homogeneous bodies appeared to fuse with
these paler structures. There was often more than one pale inclusion in a single cross
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Fig. 6. To show an intercalated short Schwann cell (51). Note dystrophic myelin forms in cyto¬
plasm. The cytoplasm on the lower surface of the axon belongs mostly to the adjacent Schwann
cell (52) whose turns are ending on the left hand part of the axon.

section of a cell. In some cases they were packed so tightly that their apposed
surfaces were facetted, or even appeared to be fusing with one another (Fig. 4C).

Heterogeneous dense bodies bounded by a single limiting membrane were of many

types (e.g. Fig. 4D, E). A few lamellae were present near the surface in a few of them
(Fig. 4F).

Various other forms of inclusion were present. One type (diameter: ca. 2 //m)
contained granular material of moderate electron density and was bounded by a

single limiting membrane which was interrupted in places (Fig. 4G).
Nuclei were frequently folded or kidney-shaped. Chromatin tended to be clumped

under the nuclear membrane.
The macrophages lying between the ventral root fibres lacked a basement mem¬

brane. They were elongated in the long axis of the root (Fig. 2 B) and fitted among the
surrounding fibres. These cells were commonly present during the first week after
birth. After the second week they became rare.

The majority of these cells in the roots had smooth surfaces, though some showed
long processes and deep invaginations. The cytoplasm, with its organelles and in¬
clusions, closely resembled that of the leptomeningeal macrophages. However, some
ventral root macrophages contained homogeneous, faintly granular inclusions with
an irregular outline consisting of darker granular material (Fig. 5, inset). These lacked
a bounding membrane. They frequently possessed a pale centre, perhaps due to
extraction of material during fixation. Some ventral root macrophages also contained
relatively large masses of apparently degenerating material (Fig. 5).

Grossly abnormal Schwann cells were also observed in the immature ventral roots
over the first two weeks. These surrounded very short (10-20 /.on) segments of axons
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which in longitudinal and serial transverse sections of the roots were seen to be
normally (and often heavily) myelinated at other levels. Dystrophic, disordered
myelin sheaths or myelin forms were present in their cytoplasm (Fig. 6). Such cells
frequently surrounded the first or second peripheral internodal segment of the axon.
Cytoplasmic processes of adjacent Schwann cells frequently extended parallel to the
axon over almost the whole length of the abnormal cell (Fig. 6). The frequency of
occurrence of these cells at various ages closely followed that of macrophages within
the root substance. They were most frequent during the first week after birth, but
became rare after the second week.

In a proportion of myelinated axons of a 6 day old animal the most proximal
peripheral internodal segment was surrounded by a short Schwann cell which
appeared normal, but showed no evidence of myelin formation. All such axons
observed were heavily myelinated in a normal manner at distal levels.

DISCUSSION

The ultrastructural features of the cells described above suggest very strongly that
they are macrophages. The homogeneous and heterogeneous dense bodies resemble
primary and secondary lysosomes respectively. The high density of vesicles, lyso-
somes and other inclusions, together with the extreme irregularity of the cell surface,
indicate that many of these macrophages are highly active (see descriptions by Carr,
1968, 1970, 1973; Stuart, 1970; Nichols, Bainton & Farquhar, 1971).

Other workers have mentioned the occurrence of macrophages in various parts of
the spinal leptomeninges (Klatzo el al. 1964; Waggener & Beggs, 1967; Himango &
Low, 1971; Cloyd & Low, 1974; Malloy & Low, 1974).

The role of macrophages during the development of the leptomeninges and ventral
roots has remained obscure. It may be that they play a part in remodelling by the
removal of material which degenerates or becomes redundant during development.
Degenerative changes and remodelling occur widely during development
(Gliicksmann, 1951), and have been claimed to take place normally during the
maturation of chick spinal ganglia (Flamburger & Levi-Montalcini, 1949). Bodian
(1966) observed cell death and subsequent phagocytosis by macrophages in fetal
monkey spinal cord.

The following possibilities as to the function of the macrophages described above
may be considered: they may take part (i) in the removal of effete or redundant lepto-
meningeal cells, Schwann cells or connective tissue elements, (ii) in the excavation
of the subarachnoid space, (iii) in the removal of material from the cerebrospinal
fluid. Their presence could also be in response to infection.

Macrophages may phagocytose effete cellular or extracellular material during the
maturation of the leptomeninges. Sessile macrophages on ventral roots, particularly
those present in clusters, may be removing dead or redundant cells still in position in
the sheath. Some of the evidence presented above (Fig. 3E-G) is compatible with the
hypothesis that they ingest fragments, not only of sheath cells, but also of perineurial
cells. Fig. 3G may depict stages in the formation of an unusual type of coated vesicle
with a cytoplasmic core. If this is so, however, it is not clear whether the core con¬
sists of normal or redundant material. An alternative interpretation of the forms in
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Fig. 3G is that they represent deep invaginations of the macrophages by cellular
processes. However, if they are simply invaginations it is difficult to explain why they
are coated.

The great majority of presumptively myelinated rat cervical ventral root fibres
begin to acquire their sheaths during the first week after birth (Fraher, 1972).
Abnormally short Schwann cells containing irregular and distorted sheaths (Fig. 6)
may represent failed attempts at normal myelination. It has been suggested that
Sqhwann cells of this type lose contact with their segment of axon (Berthold &
Skoglund, 1968; Berthold, 1974). The extension of processes of adjacent Schwann
cells along the internode occupied by the abnormal cell (Fig. 6) may represent a stage
in such a loss of contact. That loss of contact may be followed by distintegration of
the sheath is suggested by the presence within macrophages of inclusions resembling
lipid (Fig. 5), such as are found in Schwann cells and macrophages during Wallerian
degeneration (Williams & Hall, 1971). The macrophages may be derived from blood
monocytes (van Furth, 1970), and may have migrated to the site to engulf the rem¬
nants of the sheath, possibly together with the Schwann cell which produced it
(Fig. 5). Dystrophic sheaths were rarely seen after the end of the second week after
birth. The parallel decline observed in the numbers of interstitial macrophages would
be expected if these cells were involved in the removal of abnormal sheaths or Schwann
cells. The end result of this remodelling process could well be the achievement of
uniformity between successive internodes along the same fibre.

Macrophages may take part in the excavation of the subarachnoid space. In its
definitive form few trabeculae cross this space in the region examined. It is well known
that before the open subarachnoid space develops the central nervous system is sur¬
rounded by a connective tissue spongework (endomeninx) through the interstices of
which cerebrospinal fluid percolates. The interstices gradually enlarge as the trabeculae
of the spongework progressively disappear. The active macrophages in the interstices
of this spongework in the 17 and 19 day fetuses may be involved in clearing away
the material of the trabeculae, so helping to produce the open subarachnoid space.

Sessile macrophages on the leptomeninges are well placed to ingest material from
the cerebrospinal fluid. This applies particularly to those on the nerve roots, since the
latter stretch across the subarachnoid space at right angles to any longitudinal flow of
cerebrospinal fluid. The surface of the macrophage facing the subarachnoid space is
very complex and has a greater density of coated vesicles related to it than the
surface in contact with the root sheath or pia. This suggests that the macrophages are

highly active in removing material from the cerebrospinal fluid, perhaps desquamated
lining cells, their fragments, or molecules derived from them. Coated vesicles may be
associated with cellular ingestion of protein (Roth & Porter, 1964; Friend & Farquhar,
1967). It is known that macrophages in relation to the subarachnoid space can take up

protein under certain conditions; Klatzo et al. (1964) showed that they ingest
fluorescein-labelled serum proteins from the cerebrospinal fluid. The profusion of
coated vesicles in the sessile macrophages raises the possibility that these cells play
some part in removing protein from the cerebrospinal fluid, at least during develop¬
ment. The significance of any such removal, however, remains obscure.

Sessile macrophages and sheath cells frequently showed increased density of
apposed areas of plasma membrane and underlying cytoplasm (Fig. 3A-D). Many
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such areas of membrane resembled coated vesicles fused with the plasmalemma. In
these places the plasma membranes of the two cells often diverged from one another,
the extracellular space between them containing electron-dense material (Fig. 3 A-D).
Coated vesicles containing dense material were commonly present close to the
attached surface of the macrophage. These facts suggest that material may be trans¬
ferred between the two types of cell, though in which direction is not clear.

The possibility that the macrophages described might have accumulated as part of
an inflammatory response is unlikely for thefollowing reasons. There was no evidence
of infection in any of the animals studied. Moreover, macrophages were frequently
observed in similar sites in germ-free and specific pathogen-free animals.

SUMMARY

In immature rats active macrophages were frequently seen projecting into the
subarachnoid space from the surface of the leptomeninges. They also occurred
between the layers of the pia and within the nerve roots. They were most frequent
during the first two weeks after birth, which is a period of rapid neural growth and
myelination in ventral roots. In contrast, they were much fewer at later stages.

The ultrastructural characteristics of these cells are described.
It is suggested that these cells take part in tissue growth and remodelling by the

removal of material which degenerates or becomes redundant during development.
For example, they may ingest effete leptomeningeal cells or fragments of them. Those
within the ventral roots may phagocytose abnormal Schwann cells, or the myelin of
sheaths which have failed to develop normally. It is also suggested that macrophages
may be involved in the excavation of the subarachnoid space. Another possible
function in which they may be involved is the ingestion of material, possibly of a

protein nature, from the cerebrospinal fluid.
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INTRODUCTION

In the peripheral nervous system, unmyelinated axons are ensheathed and segre¬
gated from one another by Schwann cells. Early in development these appear as
clusters of polygonal cells lying alongside the axon bundles (Cravioto, 1965; Peters &
Muir, 1959). Processes stemming from these insinuate themselves among the axon
bundles and subdivide them into fascicles which consist of progressively fewer axons
as development proceeds.

The vomeronasal nerves contain the axons of neurons whose perikarya are located
in the neuroepithelium of the vomeronasal organ (Moulton & Beidler, 1967). These
run in the nasal mucosa before passing through the cribriform plate of the ethmoid
bone to enter the cranial cavity, where they are attached to the accessory olfactory
bulb.

All axons in the vomeronasal nerve of the rat are unmyelinated and are arranged
in bundles enveloped and subdivided by sheath cells. In the course of investigations
into the structure of the transitional zone between the central and peripheral nervous
systems (Fraher, 1978), the ensheathing cells in vomeronasal nerve branches running
in the nasal mucoperiosteum were found to possess a number of unusual features
(Fraher, 1980). The present study describes the maturation of these cells and the
manner in which they segregate axons of the vomeronasal nerve branches into
bundles.

Definitions
(a) Those cells which surround the axon bundles and are equivalent to Schwann

cells elsewhere in the peripheral nervous system will be referred to as sheath cells.
(b) Each bundle of axons in the vomeronasal nerve comes to be surrounded by

a cytoplasmic sleeve consisting of sheath cell perikarya and processes. These pro¬
cesses will be termed sleeve processes. From them and from the perikarya, septal
processes extend in between the axons of the bundle, tending to subdivide them into
smaller fascicles.

(c) The majority of the profiles comprising the bundles enveloped by sheath cells
possessed the characteristics of axons. A small proportion, however, may not have
been axons, being instead cylindrical processes stemming from the sheath cells.
Nevertheless, all features comprising the bundles will subsequently be referred to as
axons, despite the fact that a small proportion of them may in fact be of a different
nature.



150 J. P. FRAHER

MATERIALS AND METHODS

Vomeronasal nerves were examined in three Wistar albino rat litter mates at each
of the following ages, all ages being known to an accuracy of 1 hour: 15, 17, 18 and
20 day fetuses; newborn, 3 days, 7 days, 14 days and 12 weeks postnatum. The nerves
were studied where they lay in the submucosa at the junction of the middle and
posterior thirds of the nasal cavity.

Fetuses were prepared as follows: the pregnant females were anaesthetised with
chloroform. Following delivery by Caesarian section, fetuses were immediately
killed by decapitation and the heads were immediately cut transversely into serial
1 mm thick slices. The slice containing that part of the nasal mucosa under study was
placed in fixative (4 % paraformaldehyde and 0-5 % glutaraldehyde in phosphate
buffer at pH 7-2) for 2 hours.

Postnatal animals were anaesthetised, using chloroform, and then perfused through
the left ventricle with the above fixative at a temperature of 38 °C. The dorsal wall
of the nasal cavity was lifted off and the mucoperiosteum removed from the right
side of the nasal septum as far back as the level at which the nerves passed through
the cribriform plate to enter the cranial cavity. The posterior third of the muco¬
periosteum was placed in the above fixative for 2 hours.

After osmication and dehydration, specimens were embedded in Araldite. All
sections were cut with a Reichert OMU4 ultramicrotome. Blocks containing trans¬
verse sections of fetal heads were mounted and trimmed so as to contain only the
right half of the nasal septum and the mucoperiosteum covering it. These, as well as
the specimens of mucoperiosteum from the postnatal animals, were then cut so as to
give transverse sections of the vomeronasal nerve bundles at the junction of the
middle and posterior thirds of the nasal cavity at all ages. Longitudinal sections of
the mucosa were made from 20 days fetal and 12 weeks postnatal animals.

Thick (1 /im) sections were stained with 1 -0 % toluidine blue for orientation pur¬
poses. Thin (40 nm) sections were stained with 0-2 % lead citrate and then with
uranyl acetate (saturated solution in 50 % methanol) and were examined in an AE1
Corinth 500 electron microscope. At each age, photographic montages were made
of entire cross sections of vomeronasal nerve bundles at a print magnification of
x 24 000. The exact magnification was calculated using prints of a calibration grid
photographed under the same conditions of magnification as the micrographs com¬
prising the montages. Using a Reichert MOP AM04, the cross sectional areas of all
axon bundles, comprising the montages and the diameters of 500 randomly chosen
profiles with features typical of axons, were measured in the 17 days fetal, newborn
and 12 weeks postnatal animals.

OBSERVATIONS

15 and 17 day fetuses
Sheaths

In the early stages of the segregation process, clusters of polygonal sheath cells
were present at the surface of vomeronasal nerve branches (Fig. 1 a). Small bundles
of axons were sometimes found in the angles between these. These cells possessed
pale nuclei containing reticular nucleoli, anastomosing networks of rough endo¬
plasmic reticulum and abundant polyribosomes in a cytoplasm of moderate to low
electron density.

Sheath cells which had begun to invade the nerves varied considerably in form.
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Fig. 1. 15 day fetus, (a) Cluster of sheath cells at periphery of vomeronasal nerve branch.
(6) Bundle of axon profiles enveloped by early sheath cell processes (lower left). A septal
process can be seen threading its way between the profiles in the bundle.
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Fig. 2. 17 day fetus. Sheath cell perikarya and processes derived from them form an interweaving
network dividing the whole nerve into axon bundles. While no basal lamina separates adjacent
sheath cell processes in most areas, in some, small amountsof wispy material are present. Clusters
of membrane-bound profiles (*) are common at this stage.
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Some remained polygonal, while others had sent out septal processes which were
beginning to thread their way among the axons (Fig. 1 b). A poorly defined basal
lamina was present around the nerve as a whole, though none had yet appeared in
relation to individual sheath cells and their processes.

Subsequently, as sheath cells produced more processes, bundles of axons were
progressively segregated from one another. The overall picture was one in which the
sheath cell perikarya and processes deriving from them formed an interweaving
network subdividing the whole nerve into axon bundles (Fig. 2). The processes between
emergent axon bundles were commonly derived from two or more sheath cells.
Conversely, processes derived from one sheath cell contributed to the sleeves sur¬
rounding several axon bundles.

Over this interval, a few bundles became delineated from their neighbours and the
cytoplasmic processes forming their sleeves were less commonly shared with those of
other bundles. In such cases, over three quarters of transverse sections of bundles
passed through the nucleus of an enveloping sheath cell (Fig. 3 a). Occasionally two
nuclei were present in one sleeve at the same level. The majority of bundles were
further subdivided by a diametric septal process (Fig. 3 a) which generally arose
from the perikaryon, crossed through the axon bundle, subdividing it into two
roughly equal parts and, on reaching the surface at a point opposite its origin,
bifurcated into two branches which formed part of the sleeve. Occasional short,
unbranched septal processes projected between the axons within the bundles. At
this stage, most sleeves consisted over most of their extent of a single layer of cyto¬
plasm. Where two component processes of the same sleeve abutted on one another,
there was commonly loose interdigitation of branches derived from their ends. In
these areas, overlap was sometimes extensive (Fig. 3 a). The majority of sleeve pro¬
cesses varied considerably in thickness at this stage.

Initially, when no basal lamina covered individual sheath cell processes, these
were separated from one another by a shallow (20 nm approx.) gap (Fig. 3 c). Sub¬
sequently, as definitive segregation of axon bundles from one another progressed,
the sleeves surrounding individual bundles began to be separated from one another
by small clumps of wispy material, occasional fine filaments and small clusters of
collagen fibres (Fig. 3 c,d).

Features of sheath cells which had sent out processes to segregate axon bundles
differed from those of earlier stages (Fig. 3a, b). Nuclei contained denser chromatin
than previously, especially beneath the nuclear membrane. Nucleoli were less pro¬
minent. Perikaryal cytoplasm remained plentiful. It, together with the thick stems
of sleeve and septal processes, contained abundant ribosomes and rough endoplasmic
reticulum containing moderate amounts of finely granular material in its cisternae.
Many mitochondria containing dense granular material were present. Some were

very large (diam: 1 pm) (Fig. 3 b), while others were twisted, bent, or even ring-
shaped. Golgi complexes were relatively small. Some primary and secondary lyso-
somes as well as coated vesicles were present.

The more slender parts of sleeve and septal processes contained markedly fewer
inclusions (Fig. 3 a, c). Among these were small bundles of microfilaments which
were mostly randomly arranged. Desmosomes and hemidesmosomes commonly
occurred between adjacent sleeve processes and between sleeve processes and their
contained profiles.
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Axons

The majority of profiles comprising the bundles could be identified as axons. There
was considerable variation in the number of axons in the early emergent bundles.
These axons varied considerably in size; diameters of the largest were up to ten times
those of the smallest. In the 17 day fetus, the mean diameter was 0-4 /<m. Initially,
axons were relatively loosely packed (Fig. 1 b), especially in smaller bundles. Out¬
lines varied from round to oval. In the 17 day fetus, the number of axons per bundle
averaged 155.

As axons were subdivided into bundles they became more tightly packed (Fig. 2).
The larger ones tended to become polygonal in outline, adapting their shape to that
of adjacent structures. Though most bundles contained a wide spectrum of axon
sizes, this varied between bundles. Small axons predominated in some, while in
others a greater proportion of large axons was present.

Some of the largest profiles contained little apart from uniformly granular back¬
ground cytoplasm (Fig. 1 b). Others contained irregular crumpled or flattened mem¬
brane-bound inclusions. The smallest contained 3-5 microtubules, but few if any
microfilaments. Occasional coated vesicles were present both in the cytoplasm and
as specialisations of the bounding plasma membrane.

18 and 20 day fetuses
Sheaths

By 20 days, most vomeronasal nerve branches had become subdivided into a
number of discrete axon bundles, each surrounded by a complete cytoplasmic sleeve.
The sleeves of adjacent bundles had become separated from one another, over an
increased proportion of their circumference, by basal lamina which was present as

clumps of wispy material over parts of each bundle's circumference (Fig. 3 c). Small
amounts of interfascicular collagen were sometimes present in such areas. However,
basal lamina remained absent over segments of the circumference of all bundles.
Here, the sleeve processes of adjacent bundles were closely apposed to one another
and occasionally passed from one sleeve to another. Single processes common to
adjacent sleeves were less frequent than previously. Diametric processes remained
conspicuous.

At this stage, densely packed clusters of membrane-bound profiles, packed in the
dilated end of a sleeve or septal process, were most common (Figs. 2, 3d). These
profiles contained material of low electron density separating a pale centre from the
bounding membrane. The appearance and position of some of these suggested that
they were fusing with the surface membrane of the process (Fig. 3d).

In many regions at the external surfaces and tips of sleeve processes, the plasma
membrane and the underlying cytoplasm were both of increased electron density as
compared to surrounding areas, and could not be distinguished from one another

Fig. 3. 20 day fetus, (a) Transverse section through a vomeronasal nerve branch to illustrate a
diametric process (*). For details see text. (b) Large mitochondria (diameter: 1 /tm) are commonly
present in the early stages, (c) Cytoplasmic sleeve processes (PI, P2) bound adjacent bundles. At
either end they are separated by a shallow intercellular gap. In the middle, wispy basal lamina
(*) separates them. (d) During the most rapid phase of production of processes, densely packed
clusters of membrane-bound profiles are commonly seen. Some of these profiles are fusing with
the bounding plasma membrane. In many areas (arrowed) the plasma membrane and underlying
cytoplasm are both dense and cannot be clearly distinguished from one another.
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Fig. 4. (a) Transverse section through vomeronasal nerve bundle of newborn. The nuclei of
two or more sheath cells are present at the same level of many bundles at this age (bottom).
(b), (c) Transverse section through nerve bundles of 3 days old specimen. Note the increased
number of septal processes between the profiles within the bundle. Such processes are
particularly common in smaller bundles (c).

(Fig. 3 d). Coated vesicles were commoner than before, especially in relation to the
surfaces of processes facing the axon bundles.

Axons

There was still great variation between bundles in the number and calibre spectrum
of the axons contained within bundles. However, the proportion of small axons was
greater than previously. Neurofilaments, though still infrequent, were commoner
than previously.
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Newborn, 3 and 7 days postnatal specimens
Sheaths

At birth, individual bundles were more closely packed than before (Fig. 4a). Basal
laminae surrounding the bundles became more distinct and more uniform in density
(Fig. 4b, c) and collagen was present in increasing amounts in the spaces between
bundles as age advanced.

Transverse sections through over 80 % of bundles passed through sheath cell
nuclei (Fig. 4). In some sleeves more than one (Fig. 4a), and occasionally up to four,
sheath cell nuclei were present at a single level of section. Many perikarya extended
deeply into the bundles, though nearly all formed at least a small part of the sleeve.
Longitudinal sections showed that individual sheath cell perikarya had a modal
length of 26 /«m. Sheath cells had a modal circumferential dimension of 16 /on.
Bundle cross sectional area varied considerably. Its mean value was 68 /<m2.

Septal processes became more numerous over the first postnatal week (Fig. 4b, c)
and gave rise to more side branches, some of which became apposed to one another.
Thus, most bundles were subdivided into a number of fascicles. However, the
majority of processes merely threaded their way among the axons, incompletely
partitioning them from each other (Fig. 4b). Septal processes were most numerous
in small bundles (Fig. 4 c).

Over this period, bundles became further separated from one another. While some
were completely surrounded by a basal lamina, in a majority the basal lamina was

incomplete over one or more short segments of the circumference (Fig. 5 a, b, c).
On serial sections, most bundles presented both of these appearances at different
levels. Where the basal lamina was absent, the sleeve processes of the adjacent
bundles came into close apposition with one another. Processes commonly branched
and were exchanged between bundles. Their branches interdigitated, often in a

complex manner, with one another.
At three days and subsequently, the sleeve surrounding each bundle consisted, at

any given level of section, of several processes which in most cases were derived from
more than one sheath cell. Sleeve processes became increasingly complex in the post¬
natal period. Many were branched. Over the postnatal period, another sort of com¬
plex first appeared (Fig. 5 d). In this, several processes bounded a wide, irregular gap
lined with basal lamina and containing collagen fibrils.

The cytoplasmic features of sheath cells continued the trends which were apparent
before birth. Perikarya contained less cytoplasm than before and processes were
more slender (Figs. 4, 5). Inclusions were fewer: no giant mitochondria were seen.

Large numbers of free ribosomes as well as rough endoplasmic reticulum with
moderately dilated cisternae were still present. Patches of dense plasma membrane
and underlying cytoplasm were commoner than before, especially at the tips of
septal and sleeve processes, including where the latter formed complex interdigita-
tions (Fig. 5 c, d). During this period, sleeve and septal processes came to contain
progressively paler background cytoplasm consisting of sparse, scattered, granular
or fluffy material containing only occasional ribosomes, mitochondria and small
bundles of generally randomly oriented microfilaments.

In the newborn, a few examples were found of cilium-like structures containing
microtubules, having a diameter of about 0-15 pm and a length of about 0-7 pm,
which projected from perineurial cells and invaginated into sheath cell cytoplasm
(Fig. 5e). Serial sections showed that the tip of the structure reached to the bottom
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of a cylindrical invagination into the sheath cell, and extended to within 25 nm of
the nuclear membrane.

Axons

During the early postnatal period the axons varied less than previously in calibre
(Figs. 4, 5). In the newborn, the number of axons per bundle varied considerably, it
averaged 216. Axon diameter averaged 0-4 microns. Most axons were densely packed
and tended to be polygonal in outline, containing two to nine microtubules and
occasional clusters of microfilaments. Only a few were an order of magnitude larger.
Occasional axons contained transversely sectioned dense mitochondria whose calibre
was considerably less than that of the axon in which they lay (Figs. 4b, c, 5a).

At three and seven days postnatum, unusual profiles were not uncommon. These
consisted of central, round or oval structures, surrounded by apparently concentric
(Fig. 5f g) or spirally wrapped (Fig. 5 h) sheets of cytoplasm. The cytoplasm of the
central features was granular, that of the outer features was considerable paler.

2 and 12 weeks postnatal specimens
Sheaths

Bundles had a similar appearance at 2 and 12 weeks postnatum. While bundle
cross sectional area varied more than previously, its average at 12 weeks (69 /<m2)
was similar to that in the newborn (Fig. 6 a). Bundles were more clearly separated
from one another than previously; basal laminae were better defined and more

collagen fibrils (mainly running longitudinally in the nerve) lay between adjacent
bundles (Fig. 6b). The majority of bundles continued to be linked to their neighbours
at at least one part of their circumference in the same manner as during the first week
postnatum. Sleeves were more complex than before. In transverse section, those
around all bundles consisted of several distinct processes which, in many cases, could
be traced to the perikarya of two or more different sheath cells. Where adjacent
sleeve processes met, their relationships with one another varied a great deal. At
simpler junctions, one overlapped the other, often over a considerable length, no
basal lamina intervening (Fig. 6b). Desmosomes commonly occurred in these areas.
In some areas, the interrelationship was much more complex: the two (or sometimes
more) processes gave rise to several branches which intermingled intricately with one
another (Fig. 7 c). Where these consisted of flattened sheets and lacked a surrounding
basal lamina, they formed stacks of processes up to eight layers thick. The

Fig. 5. (a), (b) Showing apposed sleeves of two adjacent bundles from 3 days postnatal specimen.
Over most of their extent, the cytoplasmic sleeve processes of both bundles are covered by basal
lamina and separated from one another by an interfascicular space containing collagen fibrils.
At the upper and lower parts of the illustration, basal lamina is absent and sleeve processes of the
two bundles either come into apposition with one another or pass from one sleeve to the
other (b). Patches of dense plasma membrane and underlying cytoplasm are common (arrows),
(c) Transverse section through branch of 7 days postnatal specimen showing perineurial cells, fine
collagen bundles and elastic fibres (E). Note that cells of nasal mucoperiosteum are close to
superficial perineurial cells (left). (d) At 1 day after birth, occasional areas are present where
several processes covered by a continuous layer of basal lamina bound a wide irregular gap con¬
taining collagen fibrils. (e) Showing two cilium-like structures projecting from a perineurial cell
of a newborn specimen. One of these deeply invaginates the cytoplasm of a sheath cell, its apex
reaching close to the nuclear membrane of the latter. (/), (g), (h) In the first week after birth,
features consisting of central, round or oval profiles containing granular material and surrounded
by paler, apparently concentric or spiral cytoplasmic sheaths are not uncommon.
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Fig. 6. 12 weeks postnatum. (a) Transverse section through a vomeronasal nerve showing the
range of variation of cross sectional area of the bundles. Compare with Fig. 4(a) at similar magni¬
fication. (b) Showing the complex form of sheaths at 12 weeks of age. Apposed processes may
overlap over considerable distances (arrow). Processes may project from the surface of the bundle
into the interfascicular space (crossed arrow). Sleeve processes projecting into the interfascicular
space may branch and have a very irregular form (*). Bundles of collagen fibrils frequently lie in
tunnels which are connected to the interfascicular space by means of a mesaxon-like structure
(double arrows).

labyrinthine complexes first observed in the one day animal had become considerably
more elaborate even by two weeks. Their appearance varied (Fig. la,b)\ In all
examples, the processes were covered by basal lamina and collagen was present in
the space bounded by them. Some of the processes were flattened, and bounded
spaces of relatively even depth (Fig. la). Other processes were contorted and showed
no preferential orientation. The spaces surrounded by these were correspondingly
more irregular in form (Fig. la, b). The labyrinths bounded by processes of each of
the above types commonly extended deeply into the nerve bundles, in some cases as
far as their centres. Some communicated in the plane of section with the interfas¬
cicular space surrounding the bundle. Features such as these occurred in all but the
smallest bundles. On average, one per bundle was found in each transverse section
of the nerve.

Other less striking irregularities of the sleeve were common. Many consisted of
depressions or clefts, some rounded, some more complex in section, lined by basal
lamina and generally containing collagen fibres (Fig. 6b). Some of these depressions
communicated freely with the space between adjacent bundles, while others com¬
municated with the space by means of mesaxon-like shallow channels (Fig. 6b).
Tongues, sometimes consisting of two or more sleeve processes closely apposed to
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one another and surrounded by a common basal lamina, were commonly found
projecting tangentially from the surface of a bundle into the interfascicular space
(Fig. 6b).

The sleeves of over half of all bundles sectioned contained the nucleus of one or

more sheath cells. Subdivision of axons within the bundles appeared more pro¬
nounced than earlier: septal processes were longer and branched more profusely
than before. They were thickened at branch points. Most branches arose from the
sides of the main stems, though the latter occasionally bifurcated. Some side branches
themselves reached the surface of the bundle and become incorporated into its
sleeve. Almost every process, whatever its order of branching, could be traced into
continuity with the sleeve process from which it ultimately arose. The larger pro¬
cesses, together with their ramifications, permeated through an area up to half that
of the bundle in which they occurred. Despite the extensive branching of most pro¬
cesses, the resulting subdivision of profiles was mostly incomplete. However, a
greater proportion of processes than before did come into apposition with one another
to isolate groups of profiles from the remainder in the bundle, at least at the level of
section. As before, segregation of profiles from one another tended to be most pro¬
nounced in bundles of smaller size, a large proportion of spaces containing five pro¬
files or fewer.

Cytoplasm was paler and contained fewer organelles than previously (Fig. 7 c).
Numerous short lengths of the external plasma membrane of sleeve processes,
commonly located adjacent to one another, were of increased electron density
(Figs. 6b, lb, c). That of the underlying cytoplasm was also increased. As a result,
the two could not be clearly distinguished from one another. Microfilaments were
common.

Axons

At 12 weeks the number of axons per bundle varied from 20 to several thousand
and averaged 466. Axons within the bundles were smaller and of more uniform
calibre than with fetal, newborn or 3 days old animals (Fig. 6b). Their average
diameter was 0-2 microns. They were tightly packed, so much so that in some areas
they were arranged in hexagonal array when viewed on cross section (Fig. 6 b).
Microtubules resembled those at three days. Microfilaments were more common
than before, though they remained absent from many profiles. The diameter of
mitochondria at this stage was closer than previously to that of the profiles in which
they occurred. The unusual features seen during the first week postnatum were no
longer found among the axons.

Ensheathment

Over the postnatal period studied, the larger vomeronasal nerve branches were
ensheathed by 3 to 10 lamellae of flattened cells (Fig. 5 c). The number of lamellae
commonly varied between different points on the circumference of the same branch.
These were markedly attenuated in places, sometimes being less than 0-1 //m thick.
The inner cellular layers resembled typical perineurial cells. These contained abundant
vesicles (mean diameter: 0 09 ^m). A prominent basal lamina was present on the
inner surface of the innermost perineurial layer. Elsewhere, the perineurial basa
lamina tended to be interrupted and was absent where perineurial cells were closely
apposed to one another. In such places tight junctions were sometimes found be¬
tween perineurial cells. Occasional perineurial cells were dovetailed into one another.
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Where the perineurial cells were more widely separated, the spaces between them
contained collagen fibres, sometimes arranged in bundles. Occasional elastic fibres
were also present in the perineurial spaces. The outer cellular layers of the sheath
resembled fibroblasts. Only small amounts of collagen were present between, and
external to, these cells, which in many areas were closely apposed to cells of the
nasal mucoperiosteum. Sheaths around smaller nerve branches consisted of corre¬
spondingly fewer cellular lamellae. During development, the basal lamina was poorly
developed in relation to perineurial cells.

DISCUSSION

The vomeronasal nerve belongs to the peripheral nervous system. Its CNS-PNS
transitional zone lies in the region of the cribriform plate of the ethmoid bone. As
its development was studied distal to that level, its sheath cells would be expected
to be Schwann cells. They resemble these closely during early axonal segregation:
the polygonal sheath cells occur in clusters towards the surface of the nerve branches
and are very similar to the early Schwann cells described by Cravioto (1965) in
developing sciatic nerve. The sheath cells then insinuate themselves between the
axons and give rise to processes which segregate the axons into individual bundles.
The high level of cellular activity during this period is reflected in the presence of
high concentrations of ribosomes and rough endoplasmic reticulum. The clusters of
membrane-bound profiles may represent sites of plasma membrane production, as
some of them were fusing with the plasma membrane covering the cell (Fig. 3c/).

Subsequently, the features of the sheath cells become progressively different from
those of typical Schwann cells in other sites. The arrangement of the sheath cells
which first delineate axon bundles from one another is unusual. They form a network
in the interstices of which lie the emergent axon bundles. Each sheath cell is not
confined to the sleeve around a single bundle. Its perikaryon and processes commonly
contribute to the septa between several adjacent bundles.

As maturation progresses, each sheath cell becomes more restricted in its distribu¬
tion and eventually becomes largely confined to the sleeve surrounding one axon
bundle. The sleeves surrounding adjacent bundles are progressively separated from
one another as basal lamina and interstitial collagen are laid down at the surface.
The separation process remains incomplete at one or more points on the circumfer¬
ence of the majority of bundles. In these areas, basal lamina is absent and sleeve
processes of adjacent bundles become closely apposed to or even interdigitate with
one another. Complexes of this sort occur between a given bundle and one or more
of its neighbours at a majority of levels. Thus, the component bundles of vomero¬
nasal nerve branches have a plexiform arrangement. However, most exchange
between bundles consists of cytoplasmic processes rather than groups of axons.

Developmental gradients in the vomeronasal nerve differ significantly from those
in the peripheral nervous system generally or in the autonomic nervous system. In
both these locations, maturing unmyelinated axon bundles contain a progressively

Fig. 7. 12 weeks postnatum. (a) A number of clefts are present in this transverse section of a
bundle. They are lined by basal lamina and contain collagen fibrils. Towards the centre of the
bundle is a complex labyrinth of highly irregular shape. This is bounded by tortuous processes
covered with basal lamina and contains collagen fibrils (enlarged in b). (c) Parallel stacked inter-
digitating branches of adjacent sleeve processes uncovered by basal lamina. In (b) and (c),
numerous areas are present where the plasma membrane and the underlying cytoplasm are both
dense and difficult to distinguish from one another.
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decreasing number of axons and tend to become surrounded by processes of a single
sheath cell at many or most levels of section. By contrast, in vomeronasal nerve
bundles, the average number of axons increases between two and three times over
the period studied and, at any given level of section, the sheath surrounding most
bundles consists of parts of two or more sheath cells. Also, at all ages including the
12 weeks old stage, the sheaths of many vomeronasal nerve bundles include the
nuclei of two or more sheath cells at the same level. These differences may reflect
opposing trends in axon and sheath cell numbers in the vomeronasal nerve, com¬
pared with other locations. In the rat sympathetic chain, where the majority of axons
also remain unmyelinated throughout life, two Schwann cell nuclei are found in
relation to the same level of a given axon bundle only during early development
(Aguayo & Bray, 1975), and absolute axon numbers decrease during early develop¬
ment (Aguayo, Terry & Bray, 1973).

In addition, in the olfactory nerves of the rat, which the vomeronasal nerves
closely resemble, there is evidence that new axons continue to grow out of the
neuroepithelium during postnatal life (Graziadei & Monti Graziadei, 1979). Such
changes would tend to increase the axon:sheath cell ratio in the vomeronasal nerve.
This ratio is also influenced by the mitotic rate of vomeronasal sheath cells. None of
these was seen undergoing cell division over the period studied. The mitotic rate of
vomeronasal sheath cells may therefore be set at a distinctly lower level than that
of peripheral Schwann cells generally, and this could account, in part at least, for the
upward developmental trend in the axon-sheath cell ratio. Sheath cell activity is
directed towards the production of sleeve and septal processes rather than towards
an increase in cell numbers.

The essentially squamous form of the sheath cells in the vomeronasal nerve differs
markedly from that of typical Schwann cells enveloping unmyelinated axons. The
latter tend to be roughly cylindrical in form, each transmitting one or more unmyelin¬
ated axons in longitudinally running trenches sunk into the surface (Aguayo, Terry
& Bray, 1973; Aguayo, Bray, Terry & Sweezey, 1976). By contrast, the sheath cells
comprising the sleeves of vomeronasal nerve bundles come to form a patchwork of
overlapping cells. Their perikarya are arranged on the external surface of the fibre
bundle as curved sheets. They have irregular edges which overlap and interdigitate
with those of their neighbours at all stages of development. Single cross sections
through nerve bundles fail to show the continuity between their cytoplasmic sleeve
processes and the perikarya from which they stem in an increasing number of cases
as development proceeds. This suggests that sheath cells become increasingly
irregular in outline with maturation. Longitudinal and transverse sections of nerve
bundles of similar size indicate that, during the period studied, sheath cells are
slightly elongated in the long axis of the nerve bundle. The mean longitudinal dimen¬
sion of sheath cell perikarya exceeds the mean circumferential dimension by a factor
of 1-5 in the 20 day fetus and of 2-0 at 12 weeks postnatum. Vomeronasal sheath
cells are shorter than Schwann cells in the sympathetic chain. The modal length of the
former is about 25 fim in the 20 day fetus and increases to around 40 /<m by 12 weeks
postnatum. These values are less than half those found by Peyronnard, Terry &
Aguayo (1975), who estimated cell length using internuclear distance. These authors
found that modal Schwann cell length in rat cervical sympathetic trunk increased
from 50 /iim to 100 //m between 10 days and 16 weeks postnatum.

Where sheath cells or their processes are apposed to one another on the surface
of an axon bundle, they show an increasingly complex interrelationship as they
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mature. They develop features differing markedly from those of typical Schwann
cells. Overlap of processes is marked throughout development; some axon bundles
are surrounded over their entire circumference by two concentric processes. From
the earliest stages, sleeve processes give rise to numerous branches. Initially, these
interdigitate loosely with one another. With maturation, these areas come to take
one of two general forms: in some, in which basal lamina is not produced, the
branches become closely interlocked with one another, with only a shallow inter¬
cellular gap of about 20 nm intervening. In the more highly developed examples,
these complexes consist of six or more cytoplasmic sheets stacked in parallel array.
This striking degree of interdigitation is much more elaborate than that found where
serially adjacent Schwann cells come into relationship in unmyelinated peripheral or
autonomic bundles generally (Eames & Gamble, 1970). It bears some resemblance
to that occurring between astrocyte processes at the surface of the central nervous
system. In other complexes, a basal lamina covers the processes which bound
collagen-containing spaces of widely varying shape and size. Some of these are
rounded on cross section and represent tubular invaginations into the nerve bundle.
Others are markedly irregular in outline and form deep clefts, often extending as far
as the centre of axon bundles. Serial sections indicate that these clefts change rad¬
ically in appearance over short lengths of nerve.

The initial subdivision of axon bundles occurs in a characteristic manner in many
cases: a diametric process stems from the perikaryon and traverses the bundle, sub¬
dividing it completely into two roughly equal parts before reaching the sleeve at a
point opposite its origin. Here the process bifurcates and each of its branches contri¬
butes to the sleeve. As bundles mature, processes of this sort become less prominent.
When they persist, they come to lie towards one side of the bundle, no longer sub¬
dividing it equally. Less elaborate septal processes extend in and terminate among
the axons but do not cross the bundle to reach the sleeve. These increase in number
and branch more profusely with maturation, giving rise to second, third and fourth
order branches. Some branch so extensively that they permeate through half or
more of the cross sectional area of the whole bundle. Despite this, most septal pro¬
cesses and their branches come to a free end among the axons, failing to isolate
bundles of axons from the rest by coming into apposition with one another. As a
result, the degree of subdivision of axons into distinct groups decreases with matura¬
tion. Almost all septal processes could be traced into continuity with a process be¬
longing to the sleeve. This suggests that they do not branch significantly in the long
axis of the nerve and that their longitudinal extent may decrease gradually as they
pass inwards into the bundle. This is confirmed by longitudinal nerve sections which
show that septal processes tend to taper as they extend into the bundle.

Compared with typical Schwann cells, vomeronasal sheath cells possess a paler
background cytoplasm which more frequently includes giant mitochondria. Clusters
of microfilaments are relatively common in sheath cells. These are found in Schwann
cells, however (Schroder, Thomas & Ballin, 1970). Their presence therefore does not
allow positive identification of sheath cells as belonging 'to the astrocyte family' as

suggested by Kreutzberg & Gross (1977).
Thus, while vomeronasal sheath cells closely resemble Schwann cells just prior to

the segregation phase, they become progressively different from them in many
respects as development proceeds and the differences become extensive as maturity
is approached. This suggests either that the sheath cells represent an extreme varia¬
tion of the Schwann cell form, or that they belong to a different class of cell.
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The general appearance of the sheath cells in the mature vomeronasal nerve
resembles the corresponding features of the olfactory nerve in mammals (Gasser,
1956), birds (Bedini, Fiaschi & Lanfranchi, 1976), and fish (Easton, 1971; Kreutz-
berg & Gross, 1977). Both differ markedly from typical Schwann cells in peripheral
nerves generally. The vomeronasal and olfactory systems are also unusual in that
the cell bodies of their primary receptor neurons are located in the nasal epithelium
and are capable of regeneration (Barber & Raisman, 1978; Graziadei & Monti
Graziadei, 1979). If, as is likely to be the case with olfactory neurons (Graziadei &
Monti Graziadei, 1979), new vomeronasal axons grow centrally from the neuro-

epithelium during postnatal life, this could account for the observed increase in the
average number of axons found in vomeronasal nerve bundles as maturation pro¬

gresses.

Despite the differences between vomeronasal sheath cells and typical Schwann
cells, the general features of vomeronasal nerve branches resemble those of an

unmyelinated peripheral nerve in most other ways. Occasional fibroblasts occur
among the endoneurial collagen between fibre bundles. The nerve branches are
surrounded by a delicate epineurium and perineurium. Compared with peripheral
nerves generally, the endoneurial collagen fibres in vomeronasal nerve branches are
much fewer in number and less densely packed. Collagen is also present in quite small
amounts in the sheaths surrounding the nerve branches and tends to lie between the
cellular layers of the perineurium, rather than external to it. Epineurial collagen is
very sparse and is not arranged in the lamellar pattern characteristic of peripheral
nerves generally (Thomas, 1963). The distribution and arrangement of collagen
fibres in the vomeronasal nerve branches, as described in the present study, bears a
closer resemblance to that in spinal nerve roots (Gamble, 1964; O'Sullivan, 1980)
than to that in the typical mixed peripheral nerve.

In the earlier stages, the profiles comprising the bundles enveloped by sheath cells
are more variable in calibre and much more loosely packed than in more mature
nerves. Interstitial space forms a correspondingly greater proportion of bundle cross
section initially. It is likely that most of the profiles within bundles are axons, for
the following reasons: the ultrastructure of the great majority was typical of de¬
veloping or mature unmyelinated axons as described by Kreutzberg & Gross (1977),
Ochoa (1976) and Tennyson (1970). Occasional irregular or elongated profiles within
transversely sectioned bundles lack continuity with sleeve or septal processes. In
most cases these can be classified according to their cytological features either as
sheath cell processes or as axons which are branching in the transverse plane of the
bundle. A few resemble projections from growth cones as described by Tennyson
(1970). Only a small proportion of profiles cannot be readily classified into one or
other of the above groups. The decrease in axon diameter during development is
similar to that noted in mouse olfactory axons by Cuschieri & Bannister (1975), and
at the more mature stages resembles that in the olfactory nerve of mammals (Gasser,
1956), birds (Bedini el aL 1976) and fish (Easton, 1971; Kreutzberg & Gross, 1977).

SUMMARY

Maturation of the vomeronasal nerve was studied in fetal, newborn and 3 months
old rats. Early in development, each nerve consists of large numbers of bare axons
with clusters of polygonal sheath cells lying at the periphery. The latter insinuate
themselves between the axons which they segregate into bundles. The sheath cells
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and their processes which first delineate axon bundles from one another form a
network in the interstices of which lie the emergent axon bundles. Each sheath cell
is not confined to the sleeve around a single bundle. Its perikaryon and processes
commonly contribute to the septa between several adjacent bundles. Eventually,
each bundle comes to be surrounded by its own proper sheath which consists of
processes of more than one Schwann cell. These developmental trends, of a pro¬
gressive increase in the number both of axons per bundle and of Schwann cells
associated with each bundle, are the reverse of those found in the PNS generally,
where bundle size decreases and axon size increases with maturation. As individual
bundles separate from one another, interfascicular collagen appears between them
and each comes to be surrounded by a basal lamina. Separation is rarely complete,
however; even at the mature stage, processes are exchanged between adjacent
sheaths at one or more points on their circumferences. Schwann cell processes
surrounding individual bundles become increasingly complex with maturation.
Where adjoining processes meet, they commonly branch profusely and interdigitate
intricately, forming stacks of closely apposed layered processes. In other areas, the
branches are covered by basal lamina and bound intricate labyrinths which com¬
monly extend deeply into the bundle and contain collagen fibrils.

I am grateful to Mr D. O'Leary for his technical help and to Ms M. O'Reilly for
typing the manuscript.
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Experimental traction injuries of ventral spinal nerve roots. A
scanning electron microscopic study

The aims of this experimental scanning electron microscopic study were to
identify the levels at which cervical ventral nerve roots, or the rootlets by
which they are attached to the spinal cord, rupture under traction and to
document the resulting damage. This information would provide the basis
of a rationale for repairing rootlet avulsions which may follow brachial
plexus traction injuries in man and which cause severe impairment of
upper limb function.

Traction was applied to C4 to T1 ventral roots until rupture occurred,
in 10 freshly fixed and three living anaesthetized Wistar albino rats and in
one human post-mortem specimen. Rupture occurred at the rootlet-cord
junction in 80% of cases. Most individual myelinated fibres broke at the
central-peripheral nervous system (CNS-PNS) transitional node which, in
the cervical region, lies at the bottom of an endoneurial invagination
surrounding each fibre and extending deep to the cord surface. Fibre
rupture at more distal levels occurred internodally, and a length of axon

commonly protruded well beyond the level of sheath rupture. Some sheaths
broke cleanly across but the torn surfaces of others tapered, perhaps
because of rupture at Schmidt-Lanterman incisures. The cellular and
connective tissue rootlet sheaths ruptured where they were continuous
with the pia mater. Ruptured fixed and unfixed tissues were

ultrastructurally similar.
It is clear from the findings of this study that regeneration would take

place entirely in a PNS environment. The endoneurial invaginations would
ensure that sprouts emerging from transitional nodes would be guided
distally into rootlets surgically apposed to the torn transitional zone.

Correspondence to: Professor J.P. Fraher, Department of Anatomy, University College, Cork,
Ireland.
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Introduction

In man, cervical nerve root avulsion from the spinal cord may follow trauma
to the neck and shoulder region which involves transmission of traction
forces from the upper limb nerves and brachial plexus to the spinal nerve
roots. Severe impairment of upper limb function results (Bonney, 1959;
Sunderland, 1974, 1976). The treatment of such lesions has been largely
conservative and the prognosis is poor if they are extensive (Sunderland, 1978;
Wynn Parry, 1984).

Microsurgery has, however, developed rapidly over the last two decades
with improvements in surgical microscopes, suture materials and operating
instruments (Narakas, 1982; Rand, 1984). In order to apply these advances to
the treatment of ventral spinal nerve root avulsion, it is necessary to have a

thorough knowledge, firstly, of the normal structure of the root-cord junction
and, secondly, of the alterations produced in it by traction injuries. The
normal morphology of root-cord junctions is well documented at light and
electron microscopic levels (Fraher, 1978; Fraher & Kaar, 1982; Fraher &
Cremin, in preparation). Ventral roots are attached to the cord by a series of
rootlets (Figure la), each of which emerges approximately at a right angle
through the cord surface and after a short distance bends sharply laterally.

Figure 1. a, Diagrammatic view of the ventral spinal cord surface showing general
arrangement of ventral cervical nerve rootlets (r), aggregated rootlet bundles (arb)
contributing to a root and showing levels of rupture (arrowheads) following traction, dr, dorsal
root; drg, dorsal root ganglion; snt, spinal nerve trunk; AB, plane of section of Figure lb. b,
Diagrammatic longitudinal section through the CNS-PNS transition of a typical lower cervical
ventral rootlet in a plane at right angles to the cord surface (AB in a). The central ends of
transitional Schwann cell internodes (above) are invaginated deep to the cord surface (below).
Astrocytic tissue, dots; rootlet sheath, arrowheads; spinal cord surface, arrows; 0,
oligodendrocytic myelin sheath; S, Schwann myelin sheath.



Cervical root traction injuries 551

The transitional zone between the central and peripheral parts of the nervous

system lies at and just deep to the spinal cord surface and so coincides with
the rootlet-cord junction (Figure lb). The central end of the most proximal
Schwann cell of the peripheral nervous system (PNS) extends deep to the
plane of the surrounding cord surface to lie in an astrocyte-lined invagination
at the bottom of which is the CNS-PNS transitional node (Figure lb).

As yet, the morphological changes associated with rootlet avulsion have
not been determined. Sunderland (1976) stated that avulsed roots break at or
close to their junctions with the spinal cord. Experimental cervical traction
injuries in cadavers (Destandu, Micallef & Rabischong, 1986) indicated that
the spinal cord surface was macroscopically undamaged following avulsion. A
similar conclusion was reached in a biomechanical study of mouse lumbar
root avulsion (Beel, Stodieck & Luttges, 1986). None of these investigations
included microscopic examination of the specimens and so the associated
degree of disruption of rootlet structure was not determined.

On the basis of its morphology, it has been proposed that the CNS-PNS
transitional zone is intrinsically weak (Fraher, 1978; Fraher & Kaar, 1986).
However, biomechanical studies (Sunderland & Bradley, 1961; Beel et al.,
1986) have shown that nerve roots are also delicate and are more susceptible
than peripheral nerves to damage by traction forces. This is probably largely
because of the relatively small amounts of collagen in the roots (Gamble,
1964). Accordingly, it is possible that when roots are subjected to traction,
their rootlets could be avulsed from the cord at the transitional zone, or

rupture could occur at more distal levels.
The aims of the present study are firstly to accurately determine the

relative frequencies by which avulsion or more distal rupture occurs
following traction of ventral spinal nerve roots, and secondly to describe the
structural alterations so produced. The findings would provide the basis of a
rationale for repairing traction injuries to roots or their constituent avulsed
rootlets. Ventral roots are examined because the morphology of their
transitional region has been determined in detail (Fraher, 1978; Fraher &
Kaar, 1982, 1986) and allows close comparison with avulsed or ruptured
material. Furthermore, regeneration following resuture would take place in a

peripheral nervous system environment. This could eventually lead to
effective regrowth of nerves and restoration of function. A similar outcome
would be most unlikely following dorsal root resuture since regeneration in
that case would take place in a central nervous system environment.

Materials and methods

MATERIAL

The study was carried out using 10 freshly fixed and three living anaesthetized male Wistar
albino rats, aged between 95 and 105 days, as well as one male human post-mortem specimen
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from a patient aged 65 years. There are several major technical limitations to the use of unfixed
tissue, which make it impossible to determine accurately the level of root rupture and details of
the accompanying morphological changes (see Discussion). Accordingly, the study was carried
out mainly using freshly fixed material.

Freshly fixed rat material

Ten young adult male Wistar albino rats were used. Each was anaesthetized by placing it in a

bell-jar containing a 1:3 chloroforrmether mixture and then perfusion-fixed using a fixative
composed of 2% glutaraldehyde and 2-5% paraformaldehyde in an orthophosphate buffer at
pH 7-2-7-4. Immediately following fixation, the skin and muscles overlying the dorsal aspect of
the cervical and upper thoracic vertebrae were removed. In all cases traction was applied to
roots on the right side and the normal morphology was examined on the left. A right-sided
laminectomy was performed on each of the C4 to T1 vertebrae. Each dorsal root ganglion
together with the proximal part of the spinal nerve trunk was further exposed and freed from
its attachment to adjacent bone. The nerve was transected using microscissors immediately
distal to the ganglion. The dural sleeve surrounding the roots was cut just proximal to the
ganglion. The ganglion was transfixed with a fine (8-0) nylon suture (Ethilon, Ethicon), which
was tied several times around it. In order to standardize the stress forces on the ventral root as

much as possible, and to minimize the number of variables involved, each dorsal root was
transected midway along its subarachnoid course. The free end of the suture was grasped with
a fine pair of needle holders and was gradually pulled laterally. This produced axial loading of
the roots which was gradually increased until ventral root rupture or avulsion from the cord
occurred. This usually took place within 1 to 3 seconds (and always within 5 seconds) after
commencing traction.

The left side of the spinal cord was then exposed by multiple laminectomies and the left
ventral and dorsal roots were cut using microscissors. The spinal cord was transected rostral to
the C4 segment and caudal to the T1 segment. The intervening length of cord was then removed
en bloc.

Material from living anaesthetized animals

Rootlet avulsion was also carried out on three living young male Wistar albino rats. The
animals were first anaesthetized with chloroform and anaesthesia was maintained throughout
the experiment with urethane (May & Baker) at a dose of 1 g/kg body weight intraperitoneally.
The right C4 to T1 ventral spinal nerve roots were exposed, the dorsal roots were cut and
traction was applied as described above until rupture or avulsion occurred. The animal was
then immediately killed under anaesthesia and perfusion-fixed as described above. Specimen
preparation and examination were carried out as for the fixed specimens.

Unfixed human post-mortem roots

The cadaver was examined three hours post-mortem. The right C4 to T1 spinal nerves were

exposed in a manner similar to that described for the rat. Because of the difficulty in obtaining
fresh post-mortem human material, and in order to mimic naturally occurring trauma as closely
as possible, both ventral and dorsal roots were left intact when traction was applied. Each
dorsal root ganglion was grasped with stout artery forceps and gradually pulled laterally until
the ventral and dorsal root either broke or were avulsed. The cervical spinal cord was then
removed en bloc. It was divided into spinal segments and each was immersion fixed in the
fixative described for the rat material above for 48 hours.
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SPECIMEN PROCESSING FOR SCANNING ELECTRON MICROSCOPY

Following primary aldehyde fixation, all specimens were washed in buffer, osmicated,
dehydrated in serial acetones, critical point dried using a Polaron E3000 apparatus (Cohen,
1974) and gold coated using a Polaron E5000 sputter coating apparatus. Specimens were
mounted on aluminium stubs and examined in a JEOL JSM-35 scanning electron microscope at
magnifications of from x 10 to x 5000. The spinal cord surface and the damaged roots were
examined on the right side. The left side of each specimen was also studied to determine the
normal pattern of attachment of ventral roots to the cord.

Results

NORMAL MORPHOLOGY OF CERVICAL VENTRAL NERVE ROOT

ATTACHMENT TO THE SPINAL CORD

The normal morphology of the cervical nerve roots and of their attachments
to the spinal cord were examined on the left side of each specimen (Figure la).
These were generally similar in rat and human specimens. In the rat, each
ventral root was derived from 12 to 20 rootlets which emerged from the cord.
Most ran obliquely before fusing in a variable fashion to form two or three
aggregated rootlet bundles. These then either ran separately to fuse with the
dorsal root or joined together to form a ventral root before doing so. By
contrast, in the human specimen, rootlets and aggregated rootlet bundles
were more numerous and ran separately for relatively longer distances than
in the rat. They commonly fused with each other only just proximal to their
junction with the dorsal root.

LEVELS OF RUPTURE OF VENTRAL NERVE ROOTS UNDER TRACTION

The frequencies with which ventral roots or their constituent rootlets
ruptured under traction, for each segment and for each type of specimen, are
given in Table 1.

Table 1. Levels of rupture of ventral nerve roots under traction in fixed rat and unfixed rat
specimens

Fixed Unfixed

Segmental Specimen no. Specimen no.
level 1 2 3 4 5 6 7 8 9 10 1 2 3

C4 tz tz tz tz tz tz tz tz tz tz tz rl tz

C5 tz tz vr tz tz tz tz rl tz tz tz — tz

C6 — tz tz tz tz vr — tz tz tz vr tz rl

C7 tz tz tz — tz tz tz tz tz tz rl — rl

C8 — — vr — rl tz tz tz tz tz — rl tz

T1 — — — — rl rl tz tz rl vr — rl rl

tz, rootlet-spinal cord junction; rl, rootlet-root junction; vr, along ventral root; —, specimen not
examined, or mixed pattern of rupture.
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Figure 2. (a-c) Scanning electron micrographs showing levels of rat ventral nerve root rupture
(arrows) a, at the rootlet-spinal cord junction ( x 19); b, at the rootlet-aggregated rootlet bundle
junction (x 20); c, more distally (x 17). (d-i) Scanning electron micrographs showing in rat
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Freshly fixed rat specimens

A total of 50 freshly fixed roots were ruptured under traction. Rupture took
place at one of three levels (Table 1):
1 at the rootlet-spinal cord junction (82%);
2 at the rootlet-aggregated rootlet bundle (ARB) junction (10%);
3 further distally along the ARB or along the root (8%) (Figures 1 and 2a-c).

In relation to the great majority (94%) of roots, rupture took place at only
one of the three levels. In the remainder in which a mixed pattern of rupture
occurred, the majority of rootlets broke at the rootlet-cord junction and the
rest at the rootlet-ARB junction.

Living anaesthetized rats

In living anaesthetized rats, the locations at which root rupture occurred
were similar to those in fixed tissue. However, the proportions which ruptured
at the various levels differed somewhat between fixed and unfixed specimens
(Table 1). Of the 14 roots examined, rupture took place at the rootlet-cord
junction in six, at the rootlet-ARB junction in seven, and further distally in
one case.

Human post-mortem specimen

In the unfixed human specimen all six roots from C4 to T1 ruptured at the
rootlet-cord junction.

MORPHOLOGICAL RESULTS

Ultrastructural features of ruptured rootlets are shown in Figure 2 and the
general patterns of rupture are summarized in Figure 3.

material d, Fibre rupture distal to the rootlet-cord junction; the rootlet sheath is torn off the
spinal cord attachment and the surrounding pia mater (asterisks) remains intact; x 320. e, A
number of rootlets have ruptured at the ventral root exit zone in an unfixed specimen; x 70. f, A
single rootlet exit zone showing honeycomb-like deficiencies out of which ruptured fibres have
been unplugged; the proximal ends of ruptured fibres project into some of the honeycomb
spaces (arrows); x 810. g, Honeycomb spaces, showing circumferentially ridged walls
(arrowheads) and portions of a torn axon ruptured at the transitional node (arrow) and
protruding into the depths of one space; x 3520. h, The ends of three cleanly transversely
broken fibres which show circumferential rings (arrowheads) externally, proximal to the level
of rupture; x 995. i, The distally tapering end of a ruptured myelin sheath (m) with the axon (a)
protruding from it. x 2340.
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Figure 3. Diagrammatic longitudinal sections
through fibres in a plane similar to that of Figure lb
showing patterns of fibre rupture following rootlet
traction (see text). Astrocytic tissue, dots; O,
oligodendrocytic myelin sheath; S, Schwann myelin
sheath.

Avulsion at the rootlet-spinal cord junction

Where rootlets were avulsed at the rootlet-cord junction, some of their
constituent nerve fibres were broken at levels distal to the cord surface
(Figure 2d). Others were unplugged from the cord, leaving honeycomb-like
deficiencies in its surface (Figure 2e-g). The astrocyte processes which made
up the wall of each cell of the honeycomb (Fraher, 1978) overlapped to
produce circumferential ridges (Figure 2g). The proximal ends of some
ruptured fibres protruded into the depths of the honeycomb spaces (Figure 2f).
Other fibres ruptured at the central-peripheral transitional node, the torn end
of which was observed at the narrowed proximal end of the honeycomb
(Figure 2g). The rootlet sheath broke at the level of its continuity with the pia
mater in both fixed and unfixed (Figure 2e) rat specimens. The surrounding
pia mater was intact and had a smooth edge around the periphery of the
ventral rootlet exit zone (Figure 2d, e).

Distal rupture

In those rootlets which ruptured distal to the rootlet-cord junction, their
constituent fibres broke at different levels. Two types of rupture were common
and took place at non-nodal levels. In one, the fibre broke relatively cleanly
across (Figure 2h). In the other, the severed myelin sheath tapered distally,
with successively deeper turns of the spiral rupturing at more distal levels
and a variable length of axon protruding from the tip of the ruptured sheath
(Figure 2i). This type of rupture was observed only in relation to large calibre
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fibres. In addition, one or more circumferential bands were present along the
myelin sheaths of some fibres proximal to the level of rupture (Figure 2h).
These appeared to be formed by overlapping torn myelin lamellae. The root or
rootlet sheaths were irregularly torn at the level of rupture.

Unfixed specimens

Unfixed specimens showed the same general features as those described
above, but ultrastructural details were more difficult to discern because the
ruptured proximal ends of the fibres recoiled towards the cord and adhered to
one another. Furthermore, details were obscured by extravasated
erythrocytes and webs of fibrin. Nevertheless, in those instances where the
ultrastructure of unfixed rat or human tissue could be examined, it did not
differ from that of fixed tissue.

Discussion

FIXED VERSUS UNFIXED MATERIAL

There are several major technical limitations to the use of unfixed tissue for
these experiments. Firstly, the ventral root tends to break at the point of
attachment of the suture and it is therefore very difficult to apply traction to
the root in a reproducible manner. Secondly, the unfixed specimens are
difficult to prepare for scanning electron microscopy. The resolution achieved
following sputter-coating is poor. Thirdly, the ruptured rootlets recoil and
their torn ends are generally obscured by blood cells and fibrin clots. As a
result it is not possible to determine accurately the level of rupture and the
details of the accompanying morphological changes.

However, where it was possible to examine the ultrastructural features of
ruptured unfixed material, many similarities were noted between it and those
of fixed material. For example, fibre rupture occurred at the transitional node,
the rootlet sheath ruptured at its junction with the pia mater, and axon

segments protruded distal to the level of myelin sheath rupture. Accordingly,
the features of rootlet avulsion and rupture in fixed material give a good
indication of the changes occurring in vivo.

LEVEL OF RUPTURE

The morphology of the CNS-PNS transitional zone of the ventral spinal root
suggests that it is intrinsically delicate (Fraher, 1978). Nodes of Ranvier are

likely to be points of weakness on nerve fibres. Since all fibres in a given
rootlet possess a node in that short segment of the rootlet which constitutes
the transitional zone, the latter is likely to be especially vulnerable to stress.
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However, a number of structural features of the zone may compensate to some
extent for this. For example, the nodes are markedly out of register with one
another (Fraher & Kaar, 1982; Fraher & Cremin, in preparation) so that any
tendency to snap is distributed along the length of the zone, and is not
concentrated at a single transverse plane of the rootlet. Furthermore, where
the central end of the transitional Schwann cell lies in the honeycomb
invagination of the cord surface, it is surrounded by a very thin extension of
the endoneurial space and the Schwann and astrocytic basal laminae lining
this are in some places fused or linked by spiralling collagen fibres. Also, close
apposition of the Schwann cell to the walls of the invagination may act as a
suction cup to resist distraction of the internode, thereby limiting tension on
the vulnerable node (Fraher & Kaar, 1986).

Blood vessels freely cross between the peripheral and central nervous
systems at all ventral spinal transitional zones studied to date (Fraher, 1978;
Fraher & Kaar, 1986; Kaar & Fraher, 1987) and at those of the third, fourth
and sixth (Fraher, Smiddy & O'Sullivan, 1988a, b), seventh (Fraher,
unpublished observations), eighth (Fraher & Delanty, 1987) and tenth
(Rossiter & Fraher, in preparation) cranial nerves. They do not cross between
dorsal spinal roots and the spinal cord (Berthold & Carlstedt, 1977; Carlstedt,
1981; Fraher & Sheehan, 1987). Accordingly, the presence of longitudinally
running blood vessels in both cervical roots and their transitional zones
would strengthen both regions against traction injury. Their absence from the
dorsal root transitional zone would render this differentially susceptible to
traction, compared with the ventral root. On the basis of their ultrastructure,
ventral spinal nerve roots also seem delicate (Gamble, 1964) and this is
confirmed by traction experiments (Beel et al., 1986; Destandu et al., 1986). The
present study shows that the transitional zone is more vulnerable to traction
injury than the ventral root, though the fact that a substantial proportion of
roots rupture at some level along their length, especially in unfixed tissue,
suggests that the resistance to tractile forces is not very markedly greater in
the ventral root. If it were, rupture should occur in all cases at the
transitional zone.

The four main patterns of fibre rupture observed are summarized in
Figure 3. Where unplugging from the cord occurred, rupture took place at the
transitional node or paranode. More distally, rupture generally occurred at
internodal levels. The presence of axon segments protruding from ruptured
myelin sheaths suggests that the sheath may be drawn off the axon following
rupture. This occurred with similar frequency in fixed and unfixed tissue.
That this occurs preferentially in large fibres suggests that their myelin
sheaths are less adherent to the axon than those of small fibres. The tapering
ruptured sheaths may result from rupture at Schmidt-Lanterman incisures.
Alternatively, this could occur because myelin lamellae undergo telescopic
elongation of their deeper lamellae as they break. This would be more likely
to occur due to changes in the lipids and proteins in the myelin induced by the
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action of the fixative and by the reduction in temperature in the interval
between fixation and rupture. Such elongation would perhaps be less likely to
occur in vivo, because of the liquid crystalline nature of myelin. Indeed,
tapering ruptured sheaths were not observed in unfixed material.

IMPLICATIONS FOR REGENERATION

This study shows that rootlet avulsion most commonly results in unplugging
of myelinated axons from the endoneurial invaginations of the cord, following
rupture at or just distal to the transitional node. The resulting empty
invaginations are visible as honeycomb spaces. These would provide guidance
pathways for distally regenerating axon sprouts and facilitate their
outgrowth into a rootlet brought surgically into apposition with the torn
transitional zone. Thus, regeneration would take place entirely within a PNS
environment.

Resuturing the rootlet to the spinal cord could damage the cord
(Sunderland, 1978; Wynn Parry, 1984) and in any case the fine rootlet sheath
(Kaar & Fraher, 1986) is unlikely to afford a strong anchor. Sutureless
appositional methods, such as the plasma clot method (Young & Medawar,
1940; Tarlov, 1945) are particularly useful for repairing small nerves, provided
tension at the anastomotic site is avoided. They have been,used successfully
for interfascicular nerve grafting (Millesi, Meissl & Burger, 1972). Other
appositional methods, for example a combination of the clot method and fibrin
film (Singer, 1945), or the use of micropore adhesive tape (Freeman, 1964)
could be applicable to rootlet-cord repair, provided that the cerebrospinal
fluid could be isolated from the site of coaptation and tension on the
anastomotic site avoided. The considerable laxity which nerve roots display
(Sunderland, 1978) suggests that tension and consequent distraction of the
apposed nerve faces could be avoided if the vertebral column were adequately
immobilized.
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Summary. Morphometric observations have been
made on the medial plantar division of the tibial nerve
(MPD) and on the motor branches of the tibial nerve
to the calf muscles (MBC) in rats ranging in age from
weaning (3 weeks) to 12 months. Axon size, assessed
by measurements of circumference and cross-sectional
area, increased rapidly until 3 months with further
slight increases between 3 and 9 months and a slight
fall between 9 and 12 months. Axon size distributions
were unimodal throughout in the MPD but bimodal
for the M BC except at 3 weeks. Distributions ofmyelin
thickness were bimodal throughout for both nerves.
Scatter plots of g ratios (axon diameter:total fibre
diameter) confirmed the presence of two fibre popu¬
lations: a group of small fibres with relatively thin
myelin sheaths, and a group of larger fibres within
which sheath thickness was relatively less on the larger
than on the smaller axons. These two fibres popu¬
lations were less easily separable in the MBC than in
the MPD nerves. These results document

morphometrically the normal growth changes in the
rat tibial nerve and also provide control data for the
analysis of the effects of experimental procedures on
the growth and maturation of peripheral nerve fibres.

Key words: Peripheral nerve morphometry —

Axons — Myelin — Growth changes

Interest in the relative growth of axon diameter and
myelin thickness dates back to Boughton [7], Dunn
[12] and Donaldson and Nagasaka [11], In adult mam¬
malian nerve, most earlier observers found either a
direct rectilinear correlation between myelin thickness
* Supported by an EEC Twinning Grant and by the Nuffield

Foundation
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and axon diameter [13, 32, 38] or a relatively greater
myelin thickness for fibres of small diameter [15, 26,
29, 36],

Electron microscopy provided a more accurate
means of assessing myelin sheath thickness, permitting
the counting of the number of myelin lamellae [6] and
relating this to axon circumference or area. Buchthal
and Rosenfalck [8] reported a proportionally greater
thickness in fibres of larger diameter in the human
sural nerve, as did Arbuthnott et al. [1] in the sciatic
nerve of the cat. A direct rectilinear relationship over
the whole fibre diameter range was found between
myelin lamellar counts and axon circumference for the
vagus nerve of rats and mice by Friede and Samorajski
[23], for the human sural nerve by Dyck et al. [14] and
for developing rat ventral spinal nerve roots by Fraher
[16, 17]. Friede and Bischhausen [22], Beuche and
Friede [3] and Friede and Beuche [20] established that
myelin thickness is related not only to axon diameter
but also to internodal length: for a given axon diameter,
myelin thickness is proportionately slightly less for
short internodal length.

The ratio axon diameter/total fibre diameter, g,
introduced by Bear and Schmitt [2] is useful for
assessing relative myelin thickness on fibres of differ¬
ent diameter. More detailed analyses of scatter
diagrams of the g ratio plotted against axonal area do
not reveal an entirely uniform distribution for all fibre
sizes. For a wide range of species the scatter diagrams
display a cornucopia shape [4, 18, 21], indicating the
presence of two fibre classes. There is a population of
small-calibre axons that have relatively thin myelin
sheaths with a higher g ratio. The majority of axons
of medium and larger calibre show a linear regression
between g ratio and axon diameter, thicker axons
possessing proportionately slightly thinner sheaths.

Schroder et al. [30, 31] found that, in developing
human nerves, myelin sheath thickness is relatively
less in comparison with axon diameter during early
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infancy. In later childhood, myelin sheath thickness
continues to increase up until the age of 16 —17 years,
without a commensurate increase in axon diameter, to
achieve the normal adult relationship. Similar age-
related changes in myelin thickness-axon calibre re¬
lationships occur during postnatal growth in the
phrenic nerve of the rabbit [24] and in gamma moto¬
neuron axons in rat lumbar ventral roots [19]. In both
examples, fibres in young animals possess higher g
ratios, indicating relatively thin sheaths for axon cal¬
ibre, as compared with adult animals. However, in
alpha lumbar ventral motoneuron axons there was
only a slight decrease in the g ratio in the first 2
postnatal weeks, with little change subsequently [19].

The tibial nerve in the rat is frequently used for
experimental studies on the effects of neurotoxic
agents or metabolic insults on the peripheral nervous
system. Such studies have been performed both on the
tibial nerve of the lower leg [33] and the branches to
the calf muscles [35] in which fibre size is greater. The
latter are more susceptible to distal axonopathies that
predominantly affect fibres of larger diameter. The
interpretation of experimental studies in the rat is
hindered by the occurrence of growth changes in this
species which continue until approximately 9 months
of age [5, 34], this comprising a substantial part of
the life span of the animals. The present study was
undertaken in an endeavour to resolve some of the

questions that remain unsettled concerning the rela¬
tive growth of the axon and myelin sheath in various
fibre-size classes, and to compare the growth patterns
of both in the medial plantar division (MPD) and the
motor branches to the calf muscles (MBC) of the
tibial nerve, in normal rats. Quantification of these
processes in normal development is necessary for in¬
terpreting the results of experimental studies in rats
undertaken before the cessation of the growth period.
In the companion paper [37] the effects of the induc¬
tion of diabetes at the time of weaning are considered.

Materials and methods

Animal maintenance

Male Wistar rats were used. They were reared in plastic meta¬
bolic cages and maintained on Oxoid 41 B diet (Oxoid Ltd.,
Basingstoke, Hants, UK) with an unrestricted food and water
supply. Body weight was recorded at regular intervals.

Tissue processing

The number of animals used was as follows: four at 3 weeks,
two at 6 weeks, four at 3 months, five at 6 months, two at 9
months and four at 12 months. The animals were weighed and
anaesthetised with ether. The tissue processing techniques were
similar to those employed by King et al. [28]. In brief, after
flushing with saline, the rats were perfused via the descending

aorta with 150 ml of dilute Karnovsky's fixative [27] at 36 "C in
0.1 M cacodylate buffer and then with 300 ml of the same fixa¬
tive at 4° C. The M PD of the tibial nerve in the lower leg between
the knee and ankle and the motor branches of the tibial nerve

to the calf muscles (MBC) were removed and fixed for a further
3 h in Karnovsky's fixative, cut into smaller pieces and washed
in the same buffer with 10% sucrose added. The specimens were
postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer
containing 5% sucrose for 3 to 5 h. After dehydration in increas¬
ing concentrations of ethanol, the specimens were embedded in
Araldite via 1,2 epoxypropane.

Tibial length was measured on the freshly dissected speci¬
mens with adjustable callipers with a vernier scale. The articular
cartilages were left intact.

Morphometric procedures
The following procedure was carried out for each specimen. The
nerve was sectioned transversely using a Reichert-Jung OMU4
ultramicrotome. Semithin sections were stained in toluidine blue
and examined and photographed in a Reichert Polyvar photo-
microscope. Thin sections were stained with uranyl acetate and
lead citrate and were examined and photographed in an AEI
Corinth 500 electron microscope at negative magnifications of
x 5000 to x 8000. Higher-power views for estimation of myelin
sheath thickness by lamellar counting were taken at negative
magnifications of x 18000. The precise magnification of each
electron micrograph was determined by photographing a stan¬
dard calibration grid under the same conditions ofmagnification
as the thin sections during each photographic session. Only
the fibres which had been sectioned transversely, according to
previously determined criteria [16], were examined.

All measurements were made on the electron micrographs.
Fibres in all parts of the nerve sectioned had an equal chance of
being sampled. Section ribbons and the grids on which they were
mounted had no preferred orientation or other relationship to
one another. Electron micrographs were made of the fibres in
the upper left quadrant of each grid square. All fibres of each
specimen photographed were numbered sequentially for each
animal and 90 to 120 fibres were selected at random from the
numbered series for morphometric examination.

For each fibre, the axon cross-sectional area and axon cir¬
cumference were measured in mm2 and mm, respectively, from
the electron micrographs using a Reichert-MOP AM03 semi¬
automatic image analysis system and were converted to pm2 and
pm. An estimate of the circularity of each axon (the index of
circularity) was calculated as the ratio between the measured
axon area and the area of circular axon profile having the mea¬
sured circumference. For each specimen, the frequency distri¬
bution of each circumference and means, together with standard
deviations (SD), were determined. At each age the overall distri¬
butions were also described as percentage frequency histograms.

The number of lamellae comprising the myelin sheath of
each fibre was determined as follows for each specimen, using a
dissecting microscope. The thickness of each sheath was mea¬
sured in mm from the electron micrograph negative at a point
on its circumference where its lamellae were clearly visible
throughout its entire thickness; 20% of the numbered series of
fibres of each specimen were selected at random. The number of
lamellae comprising the sheath of each fibre was counted from
that part of the sheath at which its thickness in mm had been
measured. Using these values a conversion factor was calculated
which enabled the number of lamellae comprising the sheath of
each fibre in the specimen to be calculated. This was a highly
accurate method of estimating myelin lamellar counts. Esti¬
mated and actual counts for individual fibres correlated very
well (r2 > 0.97). Estimated and actual mean lamellar sheath
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thickness values for individual animals were within 0.1 % ofeach
other. The g ratio was calculated for each fibre. Axon diameter
was calculated as the diameter of a circle having a circumference
equal to the axon circumference. Fibre diameter was calculated
using this and the measured myelin thickness. The g ratio was
plotted against diameter for each age group.

Statistical analysis

Myelin sheath thickness distribution was expressed as a fre¬
quency histogram for each specimen and for all animals of the
same age combined. For the MPD, the distributions for every
specimen were bimodal, indicating that large and small fibre

• classes were present. On the basis of probability plots, as de¬
scribed by Cox [9], each distribution was taken as a sample of a
mixture of a pair of normally distributed populations, with
separate means and variances. An iterative method based on the
EM algorithm [10] was used to assign to each fibre studied a
probability of belonging to the large or small fibre population,
as previously described by Kaar and Fraher [26]. Using these
probabilities, two slightly overlapping populations could be de¬
fined for the scattergrams of g ratios plotted against axonal area.

For the MBC, it was much more difficult to separate the
large and small fibre populations on the basis ofmyelin thickness
using the method described above. This was because of the
extensive overlap of the normal curves fitted to the large and
small peaks of the histograms. For this reason, the fibres were
divided into classes by percentiles. For comparison, this was also
undertaken for the MPD results. For each parameter (axon
circumference, axon cross-sectional area, myelin thickness) the
10, 25, 50, 75 and 90 percentile values were determined for each
animal. From these, the mean value for each percentile was
calculated at each age. Values for the 25 and 75 percentiles
were taken to indicate age changes in small and large fibres
respectively. Age changes in g ratio and the index of circularity
in small, medium and large fibre classes were determined by
assigning to these three size classes those fibres falling below the
25 percentile, between the 25 and 75 percentiles and above the
75 percentile values, respectively, on the basis of axon circumfer¬
ence. This was performed for each animal and the mean values
for each nerve at each age in each of the three size classes were
calculated.

Results

Age changes in axon circumference

Distribution. The frequency distribution of the circum¬
ference was unimodal for individual MPD nerves and
for all nerves combined at each age (Fig. 1 A —F). It
was bimodal for the MBC nerves at all stages except
at 3 weeks when it was unimodal (Fig. 1 G —L).

Means of upper and lower quartile values. At each
age, mean upper and lower quartile values for axon
circumference for individual animals varied somewhat
within each nerve. Age changes in these values for
each nerve are shown in Table 1. They followed very
similar courses in both nerves. Lower quartile values
increased gradually up to 3 months, less rapidly from
then until 9 months, and tended to decrease between

Table 1. Mean lower and upper quartile values (+SEM) for
axon circumference (in pm) in MBC and MPD nerves

Age
(months)

MBC MPD

Lower

quartile
Upper
quartile

Lower

quartile
Upper
quartile

0.75
1.5
3.0
6.0
9.0

12.0

7.7 + 0.2
9.1 ±0.3

11.8+1.3
13.4 + 0.5
13.3 + 0.5
12.9 + 0.7

12.3 + 0.4
17.4 + 0.4
22.5 + 1.2

23.0±0.4
25.1 + 1.1
25.4 + 0.8

5.8 + 0.1
7.9 + 1.2

10.6 + 0.4
10.8 + 0.3
14.8 + 0.7
11.0 + 0.5

8.6 + 0.3
11.7 + 1.0
16.1+0.2
16.8 + 0.7
20.2 + 0.6
18.5 + 0.6

MBC: Motor branches of the calf from the tibial nerve; MPD:
medial plantar division of the tibial nerve

9 and 12 months. Values for the MBC were generally
greater than for their equivalents in the MPD
(Table 1). The upper quartile values for axon circum¬
ference increased rapidly up to 3 months in both nerves
and again showed a further, less marked, increase up
to 9 months. A slight fall between 9 and 12 months
was evident only for the upper quartile in the MPD.
Values for the MPD were substantially less than those
for the MBC at all stages (Table 1).

Age changes in axon area

Distribution. Most axon area distributions within the
MPD were unimodal for individual animals and for
all animals combined at each age (Fig. 2 A —F). Those
for the MBC had a wide range and tended to be
bimodal with the most pronounced peak to the left
(Fig. 2G —L). Both sets of distributions gradually be¬
came broader and shifted to the right up to 9 months.

Means of upper and lower quartile values. As with the
circumference, mean upper and lower quartile values
for axonal area for individual animals varied within
each nerve. Age changes in these values for each nerve
are shown in Table 2. They followed very similar cour¬
ses in both nerves. Lower quartile values increased
gradually up to 3 months and varied somewhat there¬
after. For the upper quartile fibres, mean axon area
increased rapidly up to 3 months and more gradually
up to 9 months in both nerves. Values for the MBC
were generally greater than those for the MPD,
especially for the upper quartile (Table 2). There was
a tendency for values to decrease between 9 and 12
months, especially for the MPD (Table 2).

Age changes in myelin thickness
Distribution. Myelin sheath thickness distribution for
the MPD was bimodal at all stages after 3 weeks, both
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Fig. 1 A — F. Percentage frequency histograms ofaxon circumfer- calf muscles (MBC). A, G, 3 weeks; B, H, 6 weeks; C, I, 3
ence (pm). A —F, in the medial plantar division of the tibial months; D, J, 6 months; E, K, 9 months; F, L, 12 months
nerve (MPD); G —L, in the branches of the tibial nerve to the



368 J. P. Fraher et al.: Axon size and myelin thickness in rat tibial nerve

wmmm

Fig. 2A-
sectional

12 18 24 30 36 42 48 54 60 66 0 6 12 18 24 30 36 42 48 54 60 66

Axonal area (urn2)
-E. Percentage frequency histograms of axon cross- G, 3 weeks; B, H, 6 weeks, C, I, 3 months; D, J, 6 months; E,
area (|tm2). A —F, in the MPD; G —L, in the MBC. A, K, 9 months; F, L, 12 months
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for individual animals and for all animals of each

group at each age (Fig. 3 A — F). For the MBC it was
either unimodal and markedly skewed to the left, or
was bimodal with a small peak to the left (Fig. 3G —

L). The overall range was similar in both nerves.

Means ofupper and lower quartile values. Mean upper
and lower quartile values for sheath thickness for indi¬
vidual animals varied within each nerve. Age changes
in these values for each nerve are shown in Table 3.

Age changes for the lower quartile values followed

Table 2. Mean lower and upper quartile values (+SEM) for
axon cross-sectional area (in pm2) in MBC and MPD nerves

Age
(months)

MBC MPD

Lower

quartile
Upper
quartile

Lower

quartile
Upper
quartile

0.75
1.5
3.0
6.0
9.0

12.0

2.7 + 0.1
4.2 + 0.5
6.6 + 2.1
9.5 + 0.9
8.5 + 0.8
6.5 + 0.8

6.8 + 0.2
17.7 + 0.4
28.7 + 3.5
31.5 + 1.1
36.2 + 4.2
35.9 + 3.0

1.5 + 0.02
3.2+1.0
5.7 + 0.8
5.9 + 0.5

11.8 + 1.7
5.3 + 0.3

2.9 + 0.1
7.4+1.4

13.7 + 0.6
15.8 + 1.8
21.9 + 3.2
17.5 + 0.5

Table 3. Mean lower and upper quartile values (+SEM) for
myelin sheath thickness (no. of lamellae) in MBC and MPD
nerves

Age
(months)

MBC MPD

Lower

quartile
Upper
quartile

Lower

quartile
Upper
quartile

0.75
1.5
3.0
6.0
9.0

12.0

39.8 + 3.0
58.1 + 3.1
68.5 + 9.7
72.5 + 4.4
75.3 + 5.4
74.5 + 8.7

65.1+2.8
93.9+1.2

118.8 + 5.0
113.9 + 2.4
128.1+3.2
126.8 + 3.9

34.8+ 3.8
48.0 + 13.0
66.3+ 4.5
51.5+ 7.1
84.8+ 2.7
54.0+ 6.7

61.3 + 3.0
87.3 + 0.3

108.3 + 4.0
93.0 + 3.1

115.8 + 3.4
113.0 + 5.0

very similar courses in both nerves. Sheath thickness
increased rapidly up to 3 months. It changed little
thereafter but varied more with age in the MPD than
in the MBC. Values for the latter were generally
greater than those for the former (Table 3). The upper
quartile values in both nerves increased rapidly up to
3 months and fluctuated over each of the next three
intervals in a closely similar fashion in both. Values
for the MBC were consistently greater than those for
the MPD (Table 3).

Age changes in axon shape
Axon shape, estimated by the index of circularity, was
unimodally distributed in all instances. No clear or
consistent patterns of changes with age were found.

Age changes in g ratios
The relationships between the g ratio and axon circum¬
ference are shown as scatter plots for the MPD (Fig. 4)
and the MBC (Fig. 5). At each age in the former, the
plot for smaller Fibres was displaced upwards and to
the left relative to that for the larger fibres, reflecting
the tendency for small fibres to have relatively thinner
sheaths. The two populations had been separated stat¬
istically by the procedure detailed in the Methods
section. As was indicated there, it proved much more
difficult to separate the two populations for the MBC.
Their existence can be detected in the scatter plots in
Fig. 5, but they have not been delineated. The increase
in g ratio with increasing axon size for the large fibre
population is evident in the scatter plots both for the
MPD and the MBC.

Age changes in the overall mean g values for the
small, medium and large fibre classes (based on mea¬
surements of axon circumference) for each nerve, are

given in Table 4. In the MPD, the most consistent
finding was that the values of g for the large and small
fibres were significantly greater than those for the
medium fibres (P ranged from < 0.001 to < 0.02) at

Table 4. Mean g ratios (± SEM) for small, medium and large fibre classes" in MBC and MPD nerves

Age
(months)

MBC MPD

Small Medium Large Small Medium Large

0.75
1.5
3.0
6.0
9.0

12.0

0.72 + 0.01
0.69 + 0.01
0.69 + 0.01
0.71+0.01
0.70 + 0.01
0.72 + 0.01

0.69 + 0.02
0.70 + 0.01
0.68 + 0.004
0.71 + 0.004
0.70 ± 0.003
0.69 + 0.01

0.73 + 0.01
0.75 + 0.01
0.72 + 0.01
0.76 + 0.004
0.76 ± 0.004
0.75 + 0.01

0.70 + 0.02

0.71+0.01
0.71 ±0.01
0.74 + 0.01
0.69 + 0.004
0.75 + 0.01

0.66 + 0.01
0.67 + 0.02
0.66 ± 0.004
0.71 +0.01
0.69 ± 0.004
0.69 + 0.01

0.69 + 0.01
0.69 + 0.02
0.69 + 0.01
0.73 + 0.01
0.71 +0.01
0.71 +0.01

a See text for definitions
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Fig. 3A —F. Percentage frequency histograms of myelin sheath
thickness (nos. of lamellae). A —F, in MPD; G —L, in MBC at

the ages indicated. A, G, 3 weeks; B, H, 6 weeks; C, I, 3 months;
D, J, 6 months; E, K, 9 months; F, L, 12 months
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all ages except 6 and 9 months. When the values for
the small and large fibres were compared, little differ¬
ence was observed, although they tended to be slightly
greater for the former than for the latter. This differ¬
ence, however, was statistically significant only at 12
months (P < 0.05). This overall pattern reflects the
generally thinner relative myelin sheath thickness for
the smaller-diameter fibre population and for the
larger fibres of the larger fibre population.

For the MBC, the mean g ratio value was consis¬
tently greater for the large than the small fibres at all
ages (P ranged from < 0.0001 to < 0.019), except at
12 months when the difference between the two fibre
classes was smaller (P = 0.067) and at 3 weeks when
it was not statistically significant. A lower g ratio for
the medium class as compared with the small and large
fibre classes was less evident than for the MPD. This
reflects the less steep increase in the g ratio with increas¬
ing axon circumference in the MBC, evident if the
scatter plots of Figs. 4 and 5 are examined. This, how¬
ever, could not be tested mathematically as the large
and small fibre populations could not be separated in
the MBC.

Discussion

This study has confirmed that axonal size in the rat
tibial nerve, expressed either as area or circumference,
increases rapidly between 3 weeks and 3 months of
age. Further increases occur up to 9 months but these
are relatively small. Closely comparable changes affect
both the small and large fibre populations in both the
MPD of the tibial nerve and the MBC, suggesting the
operation of similar or common controlling factors
during growth. Axon size distribution was bimodal
for the MBC except at 3 weeks, but remained unimodal
throughout in the MPD. There was a slight reduction
in axon size between 9 and 12 months, this being more
obvious for the MPD. A decrease in total fibre size
was observed over the same time interval by Sharma
et al. [34]. This tendency requires further study at later
ages. It will be of interest to establish whether it is the
result of axonal atrophy or due to the selective loss of
larger fibres. No obvious reduction in the g ratio or
in the index of circularity to suggest the occurrence of
axonal atrophy was evident in the nerves from the 12
months animals. The most rapid increase in nerve
fibre size takes place up to the age of 3 months. The
increases that occur between then and 9 months are

considerably less. It would, therefore, be desirable to
undertake experimental studies in which the effects of
conditions, such as diabetes mellitus which retard
growth, are being investigated, in rats aged 3 months

or more. In Wistar rats, such experiments have often
been performed in animals considerably younger than
this, weighing about 250 g, at which stage they have
achieved only about half of the most rapid increase in
body weight and fibre size is not maximal.

We have confirmed the presence of two popu¬
lations of myelinated fibres in the peripheral nerves
examined, separable in terms of relative myelin thick¬
ness, as was demonstrated by Fraher and Kaar [19] in
rat lumbar ventral roots, by Beuche and Friede [4, 21]
in a variety of laboratory animals, by Jacobs and
Love [25] in human sural nerve and by Fraher [18]
in rat oculomotor, trochlear and abducent nerves. The
findings differed between the two nerves examined in
the present study in that the population of smaller
fibres with relatively thinner myelin sheaths was less
easily separable in the MBC from the large fibre
category, compared with the MPD. A major difference
between the two nerves is that in the MBC there is a

bimodal distribution of fibre size and an appreciably
greater maximal fibre diameter. At the same time, the
large fibre group shows a less steep increase of the g
ratio with increasing axon size than in the MPD. In
the MBC the mean value for g ratio for the large fibres
is significantly greater than for the small fibre class;
in the MPD there is no evidence of a difference. In

comparison with the smaller fibres, the larger fibres in
the MBC, therefore, have relatively thinner myelin
sheaths, whereas in the MPD they are approximately
equivalent. The significance of these differences is so
far uncertain, but they indicate variations in the matu¬
ration of the Schwann cells (and hence myelination)
and axons between fibre classes during growth and
between nerves. Such variations are also evident from

age changes in g ratio of large and small fibre classes
in rat lumbar ventral roots [19] and from differences
in axon-myelin relationship between mature rat oculo¬
motor, trochlear and abducent nerves [18], Presum¬
ably the evolution of these differences implies that
they have survival advantages in terms of peripheral
nerve function. Possibly they may influence the rela¬
tive timing of impulse transmission to and from prox¬
imal and distal parts of the peripheral nervous system.

In relation to disease states, a pathological process
could have differential effects on axonal and Schwann
cell function during development and thus influence
relative myelin thickness. The effects of a disease state
might, therefore, differ depending upon the degree
of maturity of the animal. Such effects have to be
considered when attempts are made to interpret the
abnormalities that occur when diseases are induced
either in immature or mature animals. This possibility
is further considered in the companion paper to this
study [37] on the effects of diabetes mellitus induced
in rats at time of weaning.



Axon diameter (jjm)
Fig. 4. Scatterplots of g ratio vs axon diameter for MPD. A, 3 the populations with thinner {upper left) and thicker {lower right)
weeks; B, 6 weeks; C, 3 months; D, 6 months; E 9 months; F, myelin sheaths (see text for explanation)
12 months. The lines define computer-derived separations on
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Axon diameter (p)
Fig. 5. Scatterplots of g ratio vs axon diameter from MBC. A, 3 weeks; B, 6 weeks; C 3 months; D, 6 months; E, 9 months;
F, 12 months
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Summary. The relative changes in the growth and
maturation of axon size and myelin thickness were
studied in the medial plantar division of the tibial
nerve in the lower leg and in the motor branches of
the tibial nerve to the calf muscles in rats in which
diabetes mellitus had been induced with strepto-
zotocin at the time of weaning. Observations were
made at 6 weeks and 3, 6, 9 and 12 months of diabetes
for comparison with age-matched controls. Similar
changes were observed in both nerves. Growth in body
weight and skeletal growth was severely retarded from
the time of induction of diabetes but at the 6-week

stage axon size was not reduced, suggesting that neural
growth may initially be relatively protected. At later
stages axon size was consistently reduced in the dia¬
betic animals as compared with the controls and
showed an absolute reduction at 12 months, as com¬

pared with 9 months, that was greater than in the
controls. Myelin thickness became reduced earlier and
was more severely affected than axon size so that
the fibers were relatively hypomyelinated. The myelin
changes were greater in larger than in smaller fibers.
The index of circularity of axons was reduced in the
diabetic nerves. These results show that induction of
diabetes in prepubertal rats produces effects on pe¬
ripheral nerve fibers which differ from those resulting
from diabetes induced in adult animals. The effects
also differ between large and small nerve fibres. These
observations may explain some of the disparate
findings obtained in previous studies on experimental
diabetes in rats.

Key words: Peripheral nerve — Morphometry — Dia¬
betes mellitus — Hypomyelination
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Reported observations on the relative changes in
myelin thickness and axon size in experimental dia¬
betes have been inconsistent. Jakobsen [22] found that
axon diameter in streptozotocin-diabetic rats, after 2
months of diabetes, was reduced to a greater extent
than external fibre diameter in comparison with age-
matched controls and referred to this as "dwindling",
although no absolute reduction in axon or total fibre
size was demonstrated. Sugimura et al. [38] also found
no statistically significant reduction in axonal or total
fibre size after 20 weeks of diabetes, but observed that,
although axon area was similar to that in their onset
control animals, total fibre diameter had increased but
not to the extent of that in the control group, in¬
dicating a greater effect on axon size than on myelin
thickness. The index of circularity of the axons in the
diabetic animals was reduced, so that there was a

greater reduction in axonal area than in circumfer¬
ence. This suggested to the authors the occurrence
of dehydrational shrinkage of axons related to tissue
hyperosmolality. An additional effect from matu-
rational retardation was not excluded.

Other observers have obtained contrary results for
relative changes in axon size and myelin thickness
in diabetic rats. Chockraverty et al. [7] reported an
increase in axonal size distally in motor nerves in
streptozotocin-diabetic rats. Medori et al. [29] found
a proximal increase and a distal decrease in relation to
myelin thickness. Mattingly and Fischer [27], although
finding a reduction in axon diameter in comparison
with controls, considered that there was an absolute
increase in myelin thickness, so that total fibre size
was preserved. The only studies to date that have
examined the effect on myelin thickness of diabetes
induced in prepubertal diabetic rats are those of Zemp
et al. [43] and Bestetti et al. [1]. The former study
yielded the conclusion that the increase with age in
myelin thickness is more affected than that in axon
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diameter, and the latter study that they are equally
affected.

Observations in recent years [3, 9—12, 14, 20]
have established that two morphometric populations
ofmyelinated nerve fibres are identifiable in peripheral
nerves: one consists of small fibres, commonly but not
always having relatively thin myelin sheaths; the other
consists of larger fibres of which the smaller cohort
has relatively thicker and the larger relatively thinner
myelin sheaths. Some of the reported differences in
the effects of experimentally induced diabetes on axon
size and myelin thickness may be attributable to the
age at which diabetes is induced; others may be related
to differential effects on these two fibre populations.
The present investigation has examined the relative
growth in axonal size and myelin thickness for large
and small fibres in rats in which diabetes was induced
with streptozotocin at the time of weaning.

Materials and methods

Induction of diabetes and animal maintenance

Diabetes was induced in male albino Wistar rats at the time of
weaning (body weight 75 — 80 g) by the intraperitoneal injection
of a buffered solution of streptozotocin at a dosage of 120 —

130 mg/kg body weight. The animals developed polyuria and
glycosuria in excess of 2% within a few days. They were reared
and maintained as previously described [11], Urinary glucose
was estimated with Diastix Reagent Strips (Ames Division, Miles
Laboratories, Slough, UK) and body weight was recorded at
regular intervals. The control animals were age matched and
were reared under identical conditions.

Tissue processing

The number of animals used was as follows: four at 6 weeks,
three at 3 months, seven at 6 months, four at 9 months and three
at 12 months. At the termination of the experiment the animals
were weighed and anaesthetized with ether. A sample of blood
was obtained from the femoral vein for estimation of the plasma
glucose concentration. A value of 35.6 + 0.30 (mean + SEM)
mmol/1 was obtained for the diabetic animals. The correspond¬
ing mean value for the control animals, studied in the companion
paper [11] was 7.9 + 0.20 mmol/1. After fixation by perfusion
as previously described [11], portions of nerve were removed,
specimens being taken from the motor branches of the tibial
nerve to the calf muscles (MBC) and from the medial plantar
division of the tibial nerve in the lower leg (MPD). The tissue
processing techniques were similar to those employed by King et
al. [25], Tibial length was measured as described in the preceding
publication [11],

Morphometric procedures
The morphometric procedures performed on the diabetic speci¬
mens were the same as those described for the normal specimens
[11], For each specimen the following data were obtained from
electron micrographs using a Reichert-MOP AM03 semi¬
automatic image analysis system for each of 90 — 120 randomly
selected, transversely sectioned myelinated axons: axon cross-
sectional area (in pm2) and circumference (in pm), and myelin

A

ConlrQl 1.38 1.60 1.24 1.16 1.31
uiaoeiic

Age (months)

B

Age( months)

Fig. 1. Changes with age in control (triangles) and diabetic ani¬
mals (circles) for tibial length (A) and weight (B)

sheath thickness as numbers of lamellae. For each fibre, an
estimate of axonal circularity (the index of circularity) and the
ratio of axon to overall fibre diameter (the g ratio) were calcu¬
lated as described in the companion paper [11], For each par¬
ameter the frequency distribution and means together with stan¬
dard deviations (SD) were determined for each specimen and
for all specimens of each nerve at each age.

Statistical analysis

Age changes in axon circumference, axon cross-sectional area
and myelin sheath thickness were examined at the 10, 25, 50,
75 and 90 percentile levels in diabetic animals and these were
compared with the corresponding values for the control animals
[11], some of which are incorporated in the figures and tables of
this paper. Age changes in g ratio and index of circularity in
small, medium and large fibre-size classes were examined using
mean values for all those fibres falling below the 25, between 25
and 75, and above the 75 percentile axon circumference values,
respectively.

Relative internodal myelin volume

Segmental demyelination and remyelination do not occur in
experimental diabetic peripheral neuropathy [22, 34], Since dia¬
betes was induced when myelination as well advanced in relation
to all myelinated fibres in the nerves under examination, it
follows that diabetic and control fibres of equivalent calibre
possess similar numbers of internodes along equivalent fibre seg¬
ments. Thus, the mean number of internodes per fibre between
the proximal and distal ends of the tibia would be similar in, for
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division of the tibial nerve (MPD) and motor branches of the
calf from the tibial nerve (MBC) nerves at the ages indicated

example, the small fibre class in both groups. Accordingly, the
ratio between the internodal lengths of equivalent sets ofcontrol
and diabetic fibres was the same as that between the tibial

lengths of the two groups. This value was used to calculate the
relationship between mean internodal myelin volumes in control
and diabetic animals, as follows. For each fibre, axon area
and total fibre area were calculated using the values for the
appropriate diameters which had been used to determine the g
ratio (see above). The cross-sectional area of the myelin sheath
was calculated as the difference of these two areas. The distri¬
bution of myelin sheath area was then determined for each
specimen at each age. For this, the 10,25, 50,75 and 90 percentile
values were calculated for diabetic and control groups at each
age in each nerve. Within each nerve, the ratio of myelin sheath
cross-sectional area of controls to diabetics was calculated for
each of the above percentile points. Multiplying that value by
the ratio of control to diabetic tibial length gave an estimate of
the ratio of internodal myelin volumes for each percentile point.

Results

Age changes in general dimensions
Mean tibial length (Fig. 1 A) increased slowly to a
maximum at 6 months in the diabetic group. It in¬

creased more rapidly and reached a larger Final value
in the controls. Ratios between mean control and dia¬
betic values varied from 1.16 to 1.60. Age changes in
weight (Fig. 1 B) varied in a fashion similar to those
for tibial lengths. The magnitudes of the differences
were greater, ratios being up to 6.2.

Age changes in axon circumference
Distribution. The frequency distribution of circumfer¬
ence was unimodal for individual animals and for all
fibres combined at each age within the diabetic MPD
nerves (Fig. 2 A). It was bimodal for the MBC nerves.
Comparison of the circumference distributions of dia¬
betic and control axons using percentile box plots
(Fig. 3) shows that the former were smaller than the
latter at all stages in both nerves except at 6 weeks,
when the diabetic axons were slightly larger than the
corresponding controls.

Means of upper and lower quartile values. At each age,
upper and lower quartile axon circumference values
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Fig. 3 A, B. Percentile box plots for axon circumference for con¬
trol ■ and diabetic H animals. A MPD nerves. B MBC nerves
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Fig. 4 A, B. Percentile box plots for axon area for control
diabetic H animals. A MPD nerves, B MBC nerves

Table 1. Mean lower and upper quartile values (± SEM) for
axon circumference (in pm) in diabetic MBC and MPD nerves

Age
(mo)

MBC MPD

Lower

quartile
Upper
quartile

Lower

quartile
Upper
quartile

1.5
3.0
6.0
9.0

12.0

10.0 + 2.0
10.3 + 0.1
12.9 + 0.4
11.7 + 0.3
11.2 + 1.1

17.6 + 1.8
21.4 + 0.5
22.6 + 0.5
22.5 + 0.9
21.6 + 0.8

8.6 + 0.5
10.2 + 0.4
11.8 + 0.6
12.0 + 0.6
9.9 + 0.5

12.6 + 0.5
15.0 + 1.2
16.4 + 0.5
15.9 + 0.4
15.3 + 0.9

MBC. Motor branches to the calf from the tibial nerve; MPD,
medial plantar division of the tibial nerve; mo, months

for individual diabetic animals varied somewhat
within each nerve. Age changes in these values for
each diabetic nerve are shown in Table 1. There were

no consistent differences between the lower quartile
values of the two nerves over the ages examined (Table
1). However, the upper quartile values for the MBC
nerves were consistently significantly greater than
those for the MPD nerves.

Lower quartile values for mean diabetic axon cir¬
cumference increased gradually to reach a maximum
at 6 months. These values were generally only a little

less in diabetics than in controls (Fig. 3). The upper
quartile valugs for mean diabetic axon calibre in¬
creased more rapidly up to 3 months and less rapidly
thereafter in both nerves (Table 1), reaching a
maximum at 6 months. Control values were larger
than those for the diabetics at all stages in both nerves
except at 6 weeks, when the reverse was true. Up to 6
months the differences between the two groups were
small compared with those at 9 and 12 months, when
the control means considerably exceeded those of the
diabetics in both nerves (Fig. 3).

Age changes in axon area

Distribution. Most diabetic axon area distributions
were unimodal for MPD nerves and bimodal for MBC
nerves (Fig. 2B) at each age. Both sets of distributions
gradually became broader and shifted to the right up
to 3 months. This trend was more marked among the
controls in which it continued up to 9 months (Fig. 4).
At all ages after 6 weeks, the diabetic distributions
were displaced to the left relative to those of controls.
Thus, diabetic axons lagged behind controls in area
growth. This difference between the two groups was
more clearly shown by the area measurements than
by those of circumference. The axon area range was
considerably less in diabetics than in controls. This dis¬
parity was more marked in the MPD nerves up to and
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Table 2. Mean lower and upper quartile values (+SEM) for
axon cross-sectional area (in pm2) in diabetic MBC and MPD
nerves

Age
(mo)

MBC MPD

Lower

quartile
Upper
quartile

Lower

quartile
Upper
quartile

1.5
3.0
6.0
9.0

12.0

4.0 + 1.5
4.4 + 0.3
6.5 + 0.5
5.5 + 0.4
5.1 + 1.1

15.1+2.9
23.1 + 1.5
26.7 + 0.8
27.5 + 2.1
23.8 + 2.1

3.5 + 0.2
5.1 +0.8
6.4 + 0.7
7.2+1.0
3.6 + 0.2

7.7 + 0.6
12.4+1.9
13.4 + 0.9
12.5 + 0.8
9.3 + 0.3

including 6 months and in the MBC nerves sub¬
sequently. Between 9 and 12 months both control and
diabetic distributions in the MPD nerves and the dia¬
betic distribution in the MBC nerves, became nar¬
rower and shifted to the left.

Means ofupper and lower quartiles. As with circumfer¬
ence, mean upper and lower quartile values for axonal
area for individual animals varied within each nerve.

Age changes in these values are shown in Table 2.
For the lower quartile fibres the pattern of age

changes in mean axon area was similar to that for
axon circumference. The differences between diabetics
and controls were similar and relatively small at all
ages (Fig. 4). For the upper quartile fibres (Fig. 4;
Table 2) mean diabetic axon area increased gradually
to near maximum values at 6 months. It decreased

subsequently in the MPD nerves and between 9 and
12 months in the MBC nerves. The values for the
controls exceeded those for the diabetics at all stages
in the MBC (Fig. 4). This was also true for the MPD
except at 6 weeks when the value for the diabetics
slightly exceeded that for the controls (Fig. 4). The
differences were greatest at 9 and 12 months when the
control values exceeded the diabetic values by 32% to
88%. The range of corresponding quartile values for
individual animals for both groups overlapped up to
and including 6 months; at 9 and 12 months all control
values exceeded all those of the diabetics. The differ¬
ences between diabetics and controls were not the
same at all ages (P < 0.05), being greater at older
ages. This pattern was similar to that found for axon
circumference.

Age changes in myelin thickness
Distribution. Diabetic myelin sheath thickness distri¬
bution in both nerves tended to be bimodal at all
stages, both for individual animals and for all animals
of each group at each age (Fig. 2C). The left hand

379

A

0 12 24 36 48

Age (weeks)

Fig. 5. Percentile box plots for myelin sheath thickness (no. of
lamellae) for control H and diabetic H animals. A MPD nerves,
B MBC nerves

Table 3. Mean lower and upper quartile values (+SEM) for
myelin sheath thickness (no. of lamellae) in MBC and MPD
diabetic nerves

Age
(mo)

MBC MPD

Lower

quartile
Upper
quartile

Lower

quartile
Upper
quartile

1.5
3.0
6.0
9.0

12.0

57.2+ 14.5
46.7+ 2.6
66.6+ 2.8
56.8+ 5.8
53.1 + 6.5

89.1+8.8
94.5 + 2.7

105.5 + 2.3
111.3 + 7.2
110.0 + 8.7

45.5 + 4.3
52.5 + 3.3
59.5 + 3.3
66.2 + 2.8
43.5 + 3.0

69.0 + 2.7
77.8 + 3.2
85.0 + 2.2
92.6 + 4.0
77.4 + 3.6

peak of the distribution was similar for both diabetics
and controls [11] at each age within each nerve. The
right hand peak was displaced to the left among the
diabetics relative to that among the controls. The over¬
all range was generally narrower for the diabetics than
for the controls. This tendency was more marked in
the MPD than in the MBC nerves.

Means of upper and lower quartile values. Mean upper
and lower quartile values for individual diabetic ani¬
mals varied within each nerve at each age. Age changes
in mean sheath thickness for upper and lower quartiles
are shown in Table 3. Among the lower quartile fibres
(Fig. 5; Table 3) mean sheath thickness increased
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gradually in the MPD up to 9 months but showed no
clear trend in the MBC. It increased rapidly up to 3
months among the controls in both nerves. It changed
little thereafter in the MBC nerves but varied some¬

what in the MPD. Control values were greater than dia¬
betic, except at 6 months in the MPD when the reverse
was true. Among the upper quartile fibres, all individ¬
ual animal mean values for controls were greater than
those for diabetics at all ages except at 6 months when
the ranges overlapped. Mean control sheath thickness
(Fig. 5; Table 3) increased to near maximum at 3
months and showed no clear trend thereafter. In the

diabetics, sheath thickness increased more gradually
to a maximum at 9 months in both nerves. The differ¬
ences between diabetics and controls were not the
same at all ages (/><0.01). In both nerves sheath
thickness was greater among controls than among the
diabetics at all ages. The difference was marked at
3 months; the two differed much less at 6 months;
differences were again marked at 9 and 12 months.
These differences were statistically significant
(P < 0.01) at all stages. The shortfall in diabetic sheath
thickness compared with the control values was more

evident in the MPD than in the MBC. Thus, the effects
of diabetes on sheath thickness differed between the
two nerves.

Age changes in axon shape
Axon shape, estimated by the index of circularity, was
unimodally distributed in all instances. It showed no
clear age-related trend. Accordingly, mean values for
small, medium and large classes of diabetic and con¬
trol fibres for each nerve are shown in Table 4. These
were generally greater among the controls than among
the diabetics for all three fibre size classes in both
nerves and differed by similar amounts between the
two groups. A test ofconsistency of difference between
groups over age did not show any significant differ¬
ence. The overall mean index of circularity was esti¬
mated to be higher among the controls than among
diabetics by 0.5 + 0.016 (SE), 0.07 + 0.015, and
0.08 + 0.016 for the lower quartile, median and upper
quartiles of the MBC, respectively, and by 0.3 + 0.02,
0.05 + 0.023 and 0.07 + 0.026 for the same size classes,
respectively, in the MPD.

Table 4. Mean values for index of circularity for small, medium
and large fibre size classes" derived from mean values for each
age, in MBC and MPB diabetic and control nerves

Group MBC MPD

Small Medium Large Small Medium Large

Control
Diabetic

0.62
0.57

0.69
0.62

0.70
0.62

0.63
0.60

0.68
0.63

0.64
0.57

" See text for definitions of classes

g ratios
For each age, the distributions of g ratios for all fibres
combined within the control and diabetic groups of
each nerve were unimodal. Age changes in overall
mean g values for small, medium and large fibre classes
of the diabetic and control groups are given in Table
5.

The g ratio showed no clear tendency to change
with age in any fibre size class of the diabetic or control
group in either nerve. Within the MBC, there was a

Table 5. Mean g ratios (+ SEM) for normal (A) and diabetic (B) MBC and MPD nerves for small, medium and large fibre classes"

Age (mo) MBC MPD

Small Medium Large Small Medium Large

A
0.75 0.72 + 0.01 0.69 + 0.02 0.73+0.01 0.70 + 0.02 0.66 + 0.01 0.69 + 0.01
1.5 0.69 + 0.01 0.70 + 0.01 0.75 + 0.01 0.71 +0.01 0.67 + 0.02 0.69+0.02
3.0 0.69 + 0.01 0.68 + 0.004 0.72 + 0.01 0.71 +0.01 0.66 + 0.004 0.69 + 0.01
6.0 0.71 +0.01 0.71 + 0.004 0.76 + 0.004 0.74 + 0.01 0.71 +0.01 0.73 + 0.01
9.0 0.70 + 0.01 0.70 + 0.003 0.76 + 0.004 0.69 + 0.004 0.69 + 0.004 0.71 +0.01

12.0 0.72 + 0.01 0.69 + 0.01 0.75 + 0.01 0.75 + 0.01 0.69 ± 0.01 0.71 ±0.01

B
1.5 0.72 + 0.01 0.71 + 0.01 0.75 + 0.004 0.73 + 0.02 0.70 + 0.01 0.73 + 0.01
3.0 0.74 + 0.01 0.75 + 0.01 0.77 + 0.01 0.74 + 0.01 0.73+0.01 0.75 + 0.01
6.0 0.72 + 0.01 0.72 + 0.01 0.76 + 0.01 0.73 + 0.01 0.71+0.01 0.74 + 0.01
9.0 0.73 + 0.01 0.71 +0.01 0.75 + 0.01 0.72 + 0.01 0.70 + 0.01 0.72 + 0.01

12.0 0.74 + 0.01 0.71+0.01 0.75 + 0.01 0.74 + 0.005 0.73 + 0.01 0.74 + 0.02

" See text for definitions of classes
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Fig. 6. Scatter plots for relationship between g ratio and axon diame¬
ter for MPD nerves at 6 weeks (A), 3 months (B), 6 months (C), 9
months (D) and 12 months (E)

general tendency for g to be greater among the dia¬
betics than the controls (Table 5). For the small fibres
the mean difference was 0.025 ± 0.007. This was sig¬
nificant (P < 0.001). For the medium fibres there was
a large difference between the groups at 3 months

(■P < 0.001), while the mean difference for the other
ages (0.013 + 0.005) was smaller but still significant
(P < 0.05). For the large fibres the g ratio for the
diabetics was again greater than for the controls at 3
months (P < 0.001) but there was no difference be-
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Fig. 7. Scatter plots for relationship between g ratio and axon
diameter for MBC nerves at 6 weeks (A), 3 months (B), 6

, months (C), 9 months (D) and 12 months (E)

Axon diameter (pm)

tween the groups at other ages. Within the MPD, there
was no group difference for g among the small fibres.
Among the medium fibres the differences were not
consistent over the ages (P = 0.05). The g ratio was

greater among the diabetics at 3 months (P = 0.007)
and at 12 months (P = 0.051). For the large fibres the
diabetics tended to have much higher g values than
the controls (P < 0.0001), the mean difference between
the groups being 0.027 + 0.007.

The relationships between the g ratio and axon
circumference are shown as scatter plots for the dia¬
betic fibre groups in Figs 6 and 7. For the MPD

(Fig. 6) the points representing the smaller fibres were
displaced upwards and to the left relative to those for
the larger fibres at each age, reflecting the tendency
for the former to have relatively thinner sheaths. The
plots had a similar general form to those for normal
fibres [11]. At 6 weeks and 3 months the part of the
distribution representing the smaller fibres among the
diabetics was displaced upwards and to the left relative
to that for the controls, reflecting the relatively thinner
sheaths and the smaller axon size of the former group.
At each subsequent stage the two distributions were
similar. The part of the plot representing the larger
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Table 6. Relative internodal myelin volumes for MBC and MPD
nerves. The ratio C/D of mean control (C) to mean diabetic (D)
internodal myelin volume is given for small (lower quartile) and
large (upper quartile) fibre size classes

Age (mo) MBC MPD

Small Large Small Large

1.5 1.1 1.3 1.3 1.6
3.0 3.3 2.4 2.2 2.6
6.0 1.2 1.4 0.8 1.6
9.0 1.9 1.4 1.9 2.0

12.0 2.0 1.6 1.8 2.3

fibres among the diabetics resembled that among the
controls [11]. Both were elongated to the right and
upwards. However, there was a tendency, least evident
at 6 months, for the diabetic plot to be shifted upwards
compared with that for controls, reflecting the rela¬
tively thinner sheaths of the former.

For the MBC, as in the normal nerves [11], the
small and large fibre populations were less easily sep¬
arable (Fig. 7), but the general shapes of the
scatterplots were similar to those of the corresponding
controls.

Internodal myelin volumes
Internodal myelin volume was greater in controls than
in diabetics in all cases except for the lower quartile
at 6 months in the MPD, when it was slightly greater
in the diabetics (Table 6). There was no clear tendency
for the relative difference in volume to be greater in
one quartile than in the other in the MBC. However,
the difference was consistently more marked in the
upper than in the lower quartile in the MPD,
suggesting that the internodal myelin volumes of large
fibres were more affected than those of small fibres by
diabetes. The difference in volumes was most marked
in all cases at 3 months, but by 6 months catch-up
growth had taken place in the diabetic group, to such
an extent in one case (the lower quartile in the MPD)
that the volume differential was reversed. Both
factors, tibial length and myelin sheath thickness, con¬
tributed in a similar sense to the volume differentials,
except at 6 months in the MPD series when tibial
length partly offset a relatively greater diabetic in¬
ternodal volume.

Discussion

Axon size, as estimated either by measurements of
circumference or cross-sectional area, differed little
between the diabetic and control animals at 6 weeks.

Except for the upper quartile value for the MBC area,
the diabetic values tended to be slightly higher than
the controls. Thereafter the values for the diabetic
nerves were consistently less than those for the con¬
trols, both in the MBC and the MPD, the differences
becoming more marked with time. In the early period,
after 6 weeks of diabetes, growth in weight and tibial
length were severly impaired in the diabetic animals.
The initial lack of a growth retardation effect on
axonal size suggests that, as for severe protein de¬
ficiency in young rats [31], the peripheral nervous sys¬
tem, like the central nervous system [30], enjoys some
degree of protection from the growth retardation
produced by diabetes in the earlier stages of postnatal
life. The retardation of axonal growth, after the early
stage, was relatively greater for the larger than for the
smaller fibres, although the trends were the same in
both fibre classes.

Myelin thickness was also less in the diabetic nerves.
This was much more evident for the upper quartile
values, there being only a possible tendency in this
direction in the lower quartile values. The shortfall of
myelin thickness was relatively greater than that of
axonal size and began earlier; g ratios were accord¬
ingly greater for the diabetic nerves. Whereas control
sheath thickness increased rapidly and reached near
maximum values at 3 months, diabetic values in¬
creased more slowly and reached a maximum value
much later, commonly at 9 months. Thus, the retar¬
dation of growth by diabetes was compensated for to
some extent by a prolongation of the growth period.
Diabetes, when induced in younger animals, therefore
appears to have a greater influence on Schwann cell
function and growth in myelin thickness than on
growth in axon size. This conclusion conforms with
the finding of Zemp et al. [43] that myelin thickness is
affected to a greater extent than axon diameter in the
radial nerve of rats made diabetic when prepubertal
and examined after 4 and 12 months of diabetes. In a

later study on the phrenic nerve, however [1], these
authors found that in the phrenic nerve after 12
months of diabetes induced prepubertally, myelin
thickness was reduced to a slightly greater degree than
axon diameter but this was statistically insignificant.

Friede et al. [2, 13] have shown that myelin thick¬
ness is related not only to axon size: there is also a
small influence from myelin segment length. Growth
in tibial length was reduced in the diabetic animals in
the present study. As segmental demyelination was
not demonstrated in rats made diabetic at weaning and
maintained for 1 year [35], it follows that internodal
length will be reduced in proportion to the growth
deficit in limb length [13, 15]. The calculations of in¬
ternodal myelin volume for our diabetic animals show
that there is a degree of hypomyelination when allow-
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ance is made for alteration in segment length. Most
studies in which diabetes has been induced in adult
rats have reported a greater effect on axon size with
consequent axonal atrophy (e.g., [4, 6, 21, 38]). Before
any general conclusions can be agreed concerning the
influence of diabetes on peripheral nerve structure, it
is, therefore, important to consider the possibility of
differential effects both in relation to the maturity of
the animals at the time of induction of diabetes and
in relation to fibre size.

As has been found by others [27, 35], there was a
slight absolute decrease in fibre size between 9 and 12
months after the induction of diabetes. In the present
study this also affected myelin thickness which was
reduced, rather than increased as had been claimed
by Mattingly and Fischer [27]. A similar reduction also
occurred in control fibres in relation to both axonal
size and myelin thickness, but was less than that found
in diabetic nerves over this period. As total fibre
counts were not undertaken, it is not possible to state
whether this indicates a selective loss of larger fibres
or whether there is some other explanation. Birren and
Wall [5] found no loss ofmyelinated fibres in the sciatic
nerve of rats at ages of up to 850 days.

Sugimura et al. [38] found that the index of circu¬
larity for myelinated axons was reduced in 4-month
streptozotocin-diabetic rats. The same was true for
the present results. In accordance with this, the re¬
duction in axonal circumference was less than that of
cross-sectional area. This change affected both large
and small fibre classes. Sugimura et al. suggested that
this was likely to be the result of tissue hyper-
osmolality, causing dehydrational axonal shrinkage.
Support for this came from acute experiments in which
hypertonic dextrose was infused intravenously into
cats [8]. This led to axonal shrinkage. Recovery exper¬
iments were not performed. Sugimura et al. conceded
that a growth effect could be the explanation for the
axonal shrinkage in their diabetic animals. It is not
yet established, however, that the relatively greater
reduction in axonal cross-sectional area is not related
to changes that occur during tissue processing and
which differ between diabetic and control nerves. At

present it is not possible to predict what these are
likely to be as the osmolality within axons in diabetic
animals is not known. The combined effect of the

osmolality of the fixative fluid and the diabetic tissue
fluid, and also the possible effects of alterations in
the protein content of the endoneurial fluid, cannot
be deduced. Morphometric observations on rapidly
frozen thin sections are required. Nevertheless, in
comparison with control nerves, neither the axonal
circumference nor axonal cross-sectional area were

reduced in the present study after 6 weeks of diabetes,
when blood glucose levels were already markedly elev¬

ated. This finding argues against an osmotic shrinkage
effect, either in vivo or during tissue processing.

The possibility that the reduced axonal circularity
could represent the result of a growth deficit might
imply a greater effect of the diabetic state on the
axonal cytoskeleton than on the axolemma. The main
structural component of the axon on which its diame¬
ter is largely dependent is the neurofilament lattice
[19]. It is known that slow component-a of axonal
transport in peripheral nerve, in which the neuro¬
filaments are transported, is slightly reduced in
streptozotocin-induced diabetes [23]. The mechanism
of this is unknown: it is not corrected by aldose re¬
ductase inhibitors [40] and is, therefore, not dependent
on alterations in the polyol pathway [16], but is cor¬
rected by insulin treatment [36].

Insulin has profound effects on growth. The deficit
in skeletal growth in streptozotocin-diabetic rats is
related to reduced somatomedin activity, secondary
to the presence of circulating inhibitors [32, 33, 39].
Treatment with insulin restores somatomedin activity
to normal and corrects skeletal growth [39]. It also pre¬
vents the reduction in nerve fibre size [28, 37], although
it is not claimed that this reduction is related to the

changes in somatomedin activity. Insulin receptors are
widely distributed in the central nervous system [17,
18, 24]. As CNS tissue is not dependent on insulin
for acute metabolic reactions, in particular glucose
uptake, it has been suggested that these receptors may
be involved in longer-term neurotrophic effects. Insu¬
lin receptors are also present in peripheral nerve tissue
[26, 41] where their role is again uncertain, because
peripheral nerve, like the CNS, is not dependent on
insulin for glucose uptake [42]. Possibly these recep¬
tors could also have a neurotrophic effect. It is an
interesting speculation that the axonal loss and
demyelination that characterize established diabetic
neuropathy might include changes related to an inter¬
ference with a- neurotrophic action of insulin, either
because of insulin lack or as a consequence of receptor
unresponsiveness.
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