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The proteinaceous hormone 6-nerve growth factor (B-NGF) acts on plasmalemmal receptors to
cause neural differentiation in uncommitted cells, and growth and maintenance of neural processes.
Responding cells show high and low-affinity binding of the hormone. Low-affinity binding is
mediated by a transmembrane protein, p75LNG .

B-NGF was measured in human benign prostatic hyperplastic (BPH), adenocarcinomatous and
normal tissues using an enzyme-linked immunosorbent assay. Concentrations were 1992pg/g wet
weight in BPH tissue (SD = 684pg/g), 3100pg/g in adenocarcinomatous tissue (SD = 1503pg/g), and
2690pg/g in normal tissue. mRNA transcripts for B-NGF were demonstrated in prostate tissues by
reverse transcription-polymerase chain reaction showing that the B-NGF measured in prostate tissue
was endogenously produced. Western blotting allowed the demonstration that immunoreactive 6-
NGF in the prostate represented dimeric B-NGF and not heavier B-NGF-like proteins which have
been described elsewhere. Immunohistochemistry for B-NGF localised the hormone to the prostate
epithelium in BPH, cancer and normal tissue. This epithelial localisation was confirmed by video-
assisted tissue morphometric studies. Thereby it was shown that specimen B-NGF concentrations
correlated well and statistically significantly with specimen prostatic glandular content.
Morphometric studies also allowed the expression of B-NGF concentrations in terms of each
specimen's contained, B-NGF secreting, glandular tissue. Thereby it was demonstrated that BPH
glandular tissue produced greater concentrations of B-NGF (1597pg/100mg glandular tissue, SD =
788pg/100mg) than did malignant glandular tissue (1058pg/100mg glandular tissue, SD =
559pg/100mg), in spite of the higher concentrations of B-NGF found grossly in adenocarcinomatous
tissue. B-NGF concentrations did not correlate with differentiation of adenocarcinomas or with the

degree ofneuroendocrine differentiation therein.
It was not possible to demonstrate the presence of specific binding of B-NGF in prostate membrane
preparations by ligand exchange assays. It is thought that the explanation for this was that p75LNGFR
was present in only very small amounts in the prostate gland. Immunohistochemistry for p75LNGFR
failed to show the widespread epithelial staining for this receptor which has been reported
elsewhere. Instead p75LNGFR was localised to sporadic tiny areas of the prostatic stroma thought to
represent p75LNGFR-bearing nerves.
These data suggest that 6-NGF in the human prostate is an endogenous epithelial product which
acts on prostatic stromal elements, most likely adrenergic nerves. B-NGF expression seems to be
reduced in malignant prostatic epithelium. It has been suggested that B-NGF is responsible for
paracrine growth promotion of prostate epithelia. This thesis does not support this view. Rather it
suggests that human prostatic B-NGF has a role similar to that described in other tissues. That is the
maintenance and stimulation of adrenergic nerves. This may be relevant to the widespread use of
sympatholytic drugs in the treatment of BPH.
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Chapter 1

Introduction.

THE PROSTATE GLAND.

The prostate gland lies inferior to the urinary bladder, and surrounds the upper

urethra. The presence of the gland was recognised by the Greeks. Herophilus
described the gland and named it 7ipoaTaxai a8r|voei8r|£, meaning: "the gland
which stands in front". The term "prostate" has since been variously used to describe
the prostate, the seminal vesicle and even the epididymis. Bartholin introduced the
term for the prostate gland as it is presently understood [1],

THE EMBRYONIC PROSTATE AND A STROMAL EPITHELIAL

RELATIONSHIP.

The prostate develops in the urogenital sinus in the twelfth week of intrauterine life

[2], The endodermal lining of the sinus was noted by Glennister to contain an

admixture of mesodermal epithelium, "spilling" from the Wolffian and Mullerian
ducts where they enter the urogenital sinus [3], Lowsley first described the

development of the prostate by budding from this mixed epithelial lining into the

surrounding mesenchyme [4], More recently, Timms has described a distribution of
such buds in keeping with modern ideas of the anatomy of the adult prostate [5],
The primordia of the urogenital tract, including urogenital sinus epithelium, have an

innate tendency to develop into the female urogenital tract. Conversely male
differentiation of the genitalia is an active process depending on the activity of
testicular androgens [6], The major androgen product of the testis is testosterone

which is active at the androgen receptor. Many androgen target tissues, however,

require the conversion of testosterone by an enzyme, 5a-reductase, to a more active

metabolite, 5a-dihydrotestosterone, before responding fully to androgenic
stimulation. The derivatives of the urogenital sinus behave in this way.
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The dependence of prostatic development on androgens is illustrated by the

conditions of testicular feminisation and 5a-reductase deficiency. In testicular
feminisation a deficiency of functional androgen receptors is demonstrable [7,8],

Such individuals fail to develop a prostate gland. In 5a-reductase deficiency the
derivatives of the Wolffian duct (epididymes, vasa deferentia and seminal vesicles,)

develop normally. However, the genital derivative of the urogenital sinus - the

prostate - is impalpable [9],
Cunha has demonstrated that the interaction of urogenital sinus epithelium with its

surrounding mesenchyme is a further requirement for normal prostate development.
Cunha separated epithelium and mesenchyme from the urogenital sinus and seminal
vesicles of embryonic rats by trypsinisation and microdissection. Integumental

mesenchyme was also obtained. The mesenchymes and epithelia were recombined in
various combinations and grown in vitro for two to three days before being

transplanted to adult male rats.

When urogenital sinus epithelium was grown with urogenital sinus or seminal
vesicle mesenchyme, typical prostatic structures developed. In combination with

integumental mesenchyme, however, urogenital sinus epithelium formed a

keratinised epithelium and failed to develop ductal structures [10,11]. Cunha also
noted that some non-urogenital sinus epithelia formed typically prostatic structures

in heterotypic recombinants with urogenital sinus mesenchyme. Clearly the

urogenital sinus mesenchyme is not only necessary to support prostate development,
but is also able to induce such development.
Cunha suggested that urogenital sinus mesenchyme mediated the effects of

androgens on developing prostatic epithelium. This was confirmed by Lasnitzki and
Mizuno [12], They made recombinants of urogenital sinus mesenchyme and

epithelium from normal mouse embryos and embryos with the testicular
feminisation (Tfm) syndrome. The Tfm mesenchyme failed to support prostate

development in normal or Tfm epithelium. Conversely the normal urogenital sinus

mesenchyme supported prostatic development in both normal and Tfm epithelium.
So androgen responsiveness was necessary in the mesenchyme, but not in the

epithelium, for normal prostate development to occur.
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The ease with which embryonic mesenchyme and epithelia are separated and
cultured has allowed the study of their interaction as described. It is illuminating to

contrast the position in studies of the adult human prostate. There, there is no

shortage of hormonal candidates to mediate a stromal-epithelial relationship.

Conversely, as Franks pointed out [13], the separation, culture and co-culture of
adult epithelium and stroma is technically difficult. The developmental potencies of
these tissues has not been studied in the same way as in embryos. Nevertheless the

concept of a stromal-epithelial relationship in the adult human prostate is widespread
as is the idea that androgens may act indirectly on some elements of the adult gland

[14].

ADULT PROSTATIC ANATOMY.

Gross Anatomy.
The adult organ is cone shaped. Superiorly the base of the prostate is related to the
bladder neck. Along the superior border of the gland posteriorly, lie the seminal
vesicles. The vasa deferentia penetrate the gland immediately medial to each seminal
vesicle near the midline [15],

The gland receives parasympathetic and sympathetic innervation from the presacral
and pelvic plexuses. Nerve fibres run from the plexuses with the inferior vesical

artery as the cavernous nerves which run down the postero-lateral border of the gland

throughout its length, contributing fibres to the gland throughout this course [16],

Parasympathetic ganglia lie on the surface of the gland [17], The blood supply to the

gland is derived from the inferior vesical artery.
The Internal Structure of the Prostate.

McNeal's concept of zonal prostatic anatomy has replaced Lowsley's concept and its

developments which were based on Lowsley description of development of the gland

[4].

In his initial studies McNeal examined histological sections cut from 325 adult

prostates [18,19], Two zones were distinguished (figure 1). The central zone was

formed from the prostatic ducts arising around the verumontanum. It formed a

wedge with its base superiorly. The peripheral zone was formed by prostatic ducts
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Figure 1: The internal structure of the prostate. The view is from the right
anterolateral aspect and most of the gland is transparent. The upper prostatic urethra
(U.) is surrounded by the preprostatic sphincter (P.P.) in the substance of which lie
the periurethral glands. The transition zones (T.Z.) extend through this sphincter,
anteriorly in its lower part. They embrace the fibromuscular septum (not shown) in
the midline between the urethral tissue and the anterior border of the gland. The
central zone (C.Z.) forms a wedge posterior to the urethra. It forms most of the base
(superior surface) of the gland and embraces the ejaculatory ducts (E.D.) The
peripheral zone (not shown) arises from the urethra in its lower half and forms most
of the rest of the gland substance.
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arising below the verumontanum on either side. This zone surrounded the central

lobe posteriorly and passed forwards on either side to the anterior surface of the

gland. The central zone was yellowish while the remainder of the gland was grey.

The central and peripheral zones were separated by a thin layer of fibrous stroma and

were distinguished by their architecture: in the central zone prostatic ducts branched

frequently and had large glandular acini; in the peripheral zone branching was less
exuberant and acini were smaller.

Anteriorly the right and left halves of the peripheral zone were separated by a

fibromuscular septum which was continuous with the bladder muscle. In the lower

part of the gland it contained striated muscle.

McNeal further described a sphincter surrounding the upper half of the prostatic
urethra which he termed the pre-prostatic sphincter. In this tissue, and between it and
the urethra, lay further small glands with few branches or secretory units - the
urethral glands. In a later paper [20] McNeal described a further transitional zone in
the prostate. The ducts of this small zone arose from the urethra laterally,

immediately below the urethral ducts. They fanned out anterosuperiorly towards the
bladder and formed two wedged shaped zones. While the ducts of the transition zone

resemble those of the peripheral zone, the smooth muscle is more compact and

coarsely textured than in the rest of the gland.
McNeal's concept is supported by the histological distinctions apparent in the adult

gland. Further, Timms has found an embryological basis for McNeal's zones [5] and

pathological changes in the gland conform to the zones: benign hyperplasia arises

only in the transitional zone and urethral glands [20]; adenocarcinomas of the

prostate arise largely in the peripheral zone [18], McNeal stresses the parallels
between central zone gland architecture and that of the seminal vesicle, and believes
that the central zone and seminal vesicle are both Wolffian duct derivatives.

Prostatic Histology.
McNeal has described the histology of the normal gland [17] and it is represented in

figure 2.
The epithelium lies in two layers. The basal layer contains cuboid cells which retain
a proliferative capacity [21], They are believed to replace themselves and the
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N.E.

Figure 2: Diagrammatic representation of prostatic histology. The columnar
secretory epithelial cells (S.E.) rest on the proliferative cuboid basal epithelial cells
(B.E.) A granulated neuroendocrine cell (N.E.) lies amid the epithelial cells. The
epithelium is separated from the underlying stroma by the basement membrane
(B.M.) In the stroma smooth muscle cells (S.M.) lie in bundles amongst the
fibroblasts (F.) The stroma bears blood vessels (B.V.) and autonomic nerves (A.N.)
which innervate the smooth muscle and epithelial cells.
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overlying secretory cells. These cells do not appear secretory. The luminal layer of

epithelium is columnar and show typical features of secretory cells - basal nuclei and
luminal vesicles and granules. In the epithelium lie occasional granulated
neuroendocrine cells which will be discussed further in relation to prostate

adenocarcinoma.

The basement membrane is around lOOnm thick and is composed of a complex
mixture of collagen fibres (types IV and V), glycosoaminoglycans, polysaccharides
and glycolipids. It is in continuity with a diffuse matrix of similar composition

forming a scaffold around stromal cells. This system was previously thought to be of
a structural nature only. More recently it has been described as an active component

of the tissue. It is believed to confer polarity to its contained cells, and to mediate

communication between them [22],

The prostatic stroma contains predominantly fibroblasts and smooth muscle cells.
The fibroblasts contribute fibrous tissue to the substance of the stroma and remain

capable of differentiation to other cell types. Smooth muscle cells lie in bundles.
These are generally oriented to surround the prostatic ducts and acini. They are

responsible for the contraction of the gland at emission/ejaculation. The stroma also

bears blood vessels, reticulo-endothelial and immune cells and the processes of the

parasympathetic and sympathetic nerve systems [23],
The ducts and acini of the gland are distinguished only by their architecture. Their

epithelia and surrounding stroma are morphologically similar.

PROSTATIC PHYSIOLOGY.

The Prostatic Secretions.

At emission the contraction of the prostate expels its contents into the urethra. The

prostate fluid contributes to the ejaculate. Spermatozoa and prostatic fluid are in
contact for only the briefest period before ejaculation. It is questionable whether the
constituents of prostatic fluid have time to effect the spermatozoon [24], Certainly
the constituents of prostatic fluid are not critical to fertility as the removal of its

analogues in the mouse does not abolish fertility [25], The only definite functional
contribution of the prostate to normal fertility is that of volume. Mating is only
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feasible when spermatozoa are diluted in a suitable volume of fluid [26], It is,

therefore, impossible to speak teleologically of the functions of individual prostatic
fluid components.

The prostate fluid amounts to 0.5 to 1.0ml of the ejaculate (i.e. 15 to 30%.) The pH

is around 6.5. Average anionic concentrations are: Na+ 153mM; K+ 48mM; Ca++

30mM; Mg++ 20mM; Zn++ 5mM. Cationic constituents are: CI" 38mM; Citrate

1580mM; Ascorbate 0.5mM [27], Calcium and zinc concentrations are high in

comparison to other body fluids. Zinc is known to be absorbed by spermatozoa.

Calcium is taken up by the spermatozoa and is required for their motility [26],
Citrate is present in very high concentration but its function is not understood.
The proteins in human seminal fluid feature enzymes which can produce fructose

(the major energy source of sperms) from other sugars, phosphatases, metal ion

binding proteins (caeruloplasmin and transferrin) and hormones (prostaglandins,

thyrotropin releasing hormone and inhibin-like molecules, epidermal growth factor
and relaxin) [28], The prostate also produces lipids, phospholipids, cholesterol and
the polyamines; spermine, spermidine and putrescine which may have antibacterial
effects in semen [29],

The best understood function of the seminal proteins is seminal coagulation and

coagulum dissolution. After ejaculation, human semen clots within five minutes. The
structural proteins are products of the seminal vesicle - semenogelin and fibronectin.
The liquefaction of the clot takes a further 15 to 20 minutes. It is caused by

proteinases produced by the prostate. The biological advantage of seminal

coagulation is not clear, however cases of infertility have been attributed to impaired
dissolution of the coagulum and a subsequent immobilisation of spermatozoa. One
of the proteinases involved in dissolution, prostate specific antigen (PSA), is further
discussed in relation to prostate adenocarcinoma.
It is surprising that sexually active women do not develop hypersensitivity to sperm

proteins. Seminal fluid demonstrates an immunosuppresive action which may

explain this [30], Most immunosuppresion is mediated by E series prostaglandins
which have the capacity to inhibit the proliferative responses of blood lymphocytes
and NK-cell-mediated cytotoxicity [31], However a further mechanism is the

18



production, by the prostate, of prostasomes. These membrane-bound particles inhibit

lymphocyte proliferative responses and both phagocytosis and intracellular killing by

leucocytes [32],

EXTERNAL CONTROL OF PROSTATIC FUNCTION.

Hormonal Influence on the Prostate - Androgens.

Steroid hormones containing 19 carbon atoms (C j 9 steroids,) are termed androgens.

The most important circulating androgen is testosterone. The Leydig cells of the
testis produce 6-7mg/day, representing 95% of circulating testosterone [33,34], The
rest is produced by the adrenal. Both adrenal and testis also produce other C\g

steroids, particularly dehydroepiandrosterone [35],
Just as androgens are required for embryonic prostate growth, so they are required
for the maintenance of prostatic size and function in the adult. Behre et al have
studied men with low circulating testosterone concentrations. They found that the
administration of testosterone to such men restored both prostatic volume and

secretory function to that of normal men [36], Oesterling et al have examined the

prostates of men with panhypopituitarism (i.e. absent adrenocortical and testicular

androgenic influence,) and those of patients with hypogonadism (i.e. absent
testicular secretion but normal adrenocortical function.) The prostates of both groups

were uniformly atrophic. That is, adrenal androgens were unable to support prostatic

growth [37],

Production of testosterone depends on stimulation of Leydig cells by luteinising
hormone (LH) synthesised by the anterior pituitary [38], Which is, in turn,

stimulated to synthesise LH by a hypothalamic hormone - luteinising hormone-

releasing hormone (LH-RH). LH release is pulsatile, with a periodicity of one and a

quarter hours [39], In contrast, testosterone concentrations are non-pulsatile but show

a circadian rhythm with peak concentrations in blood between 01^0 and 1 p0 [40],
Sex steroids reduce the secretion of both LH-RH and LH to complete a negative-

feedback loop (figure 3) [41], It is of note that androgen target organs, for example
the prostate, have no means of feedback on androgen production. In the adult man,
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TESTOSTERONE.

LUTEINIZING HORMONE-
RELEASING HORMONE

LUTEINIZING HORMONE.

Figure 3: The negative feedback loop controlling testosterone secretion. Inhibitory
influences are represented by the broken arrows, while the filled arrows represent
stimulatory influences.
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circulating testosterone remains essentially constant and does not function to control

actively the size or secretion of the prostate. Its function is, in effect, permissive.

Androgenic Mechanisms in the Prostate - 5a-Reductase and the Androgen

Receptor.

After entering prostate cells, testosterone is metabolised. Most of the products of this
metabolism are increasingly polar, water soluble and inactive androgens. However

one product of androgen metabolism - 5a-dihydrotestosterone (DHT) - is essential
for androgenic action in the gland [42],
The production ofDHT by the prostate was first described by Farnsworth and Brown

and depends on the enzyme 5a-reductase [43,44], It has been demonstrated that
inhibition of 5a-reductase activity leads to a reduction in prostatic DHT

concentration, and a reduction in prostate size [45,46], Two isoenzymes of human
5a-reductase have been described. Type I is the predominant enzyme in non-

androgen dependent tissues - e.g. liver. Type II predominates in the prostate [47], 5a-
reductase activity is associated with the nuclear portion of subcellular fractions from
the prostate [48], This is in keeping with the immunohistochemical localisation of

type II 5a-reductase in the gland to the perinuclear regions of stromal and basal

epithelial cells. The secretory epithelium does not contain the enzyme [49]
Both testosterone and DHT act by combining with the androgen receptor, a member
of the family of nuclear receptors. Such receptors interact with the genome after

ligand binding. The androgen receptor differs from other members of this family as it
binds two ligands - testosterone and DHT - as opposed to one [50-52], The binding
of both ligands to one receptor raises the question of why these ligands have
differential actions. Certainly the complexes of receptor and testosterone are less

stable, and have a lower affinity for DNA, than do complexes with DHT. It may be,

simply, that testosterone dependent genes are very sensitive to the androgen receptor.

The brief binding of testosterone and the subsequent low affinity interaction of

receptor with the DNA is enough to increase transcription of those genes, but not
those that are DHT dependent [53],
In the human prostate, immunohistochemical staining for the androgen receptor is
most intense in epithelial cells [54], Iwamura et al have shown that such staining is
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confined to the secretory cells and is absent from the basal cells [55], The prostate

stroma also contains cells staining positively for the receptor. In human benign

hyperplastic prostate explant cultures autoradiography shows androgen binding in

prostate stroma and the secretory epithelium, while the basal epithelium bound little
or no androgen [56],

It is interesting to compare the distribution of androgen receptors and 5a-reductase.
Both are required for androgenic action on the prostate. They co-localise only in
stromal cells. It is particularly striking that basal epithelial cells do not appear to

contain androgen receptors, although they are responsible for epithelial growth and

replacement, which are androgen dependent processes. It may be that androgenic
influence on the epithelium is mediated, at least in part, by stromal cells.
Other Humoral Influence on the Prostate.

In addition to the androgens, two other circulating hormones' actions have received

particular attention in the prostate - oestrogens and prolactin.

Oestrogens were previously commonly used in the control of prostate cancer. They
caused tumour arrest or diminution in tumour burden. Conversely, in the castrate

dog, the administration of oestrogens in addition to 5a-dihydro-androgens leads to an

enhancement of growth. The mechanisms of these actions are unclear. Only low
concentrations of oestrogens circulate in the male, while the prostate contains low
levels of the oestrogen receptor. [29],

Huggins suggested that prolactin is required for testosterone uptake by prostate cells

[57], Prolactin receptors are present in the prostate [58] and it has been shown that,
after hypophysectomy (abolishing testicular androgen secretion,) the ventral prostate
volume of the rat is only restored by the administration of prolactin in addition to

testosterone [59],

Neural Influence on the Prostate.

The nerve supply of the prostate has attracted attention because of the use of a-

adrenoreceptor antagonists in benign prostatic hyperplasia (BPH) [60], From the

ganglia lying on the surface of the gland, nerve processes ramify into the prostate

gland substance.
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The sympathetic nerves are distributed to the smooth muscle bundles of the prostate

stroma and capsule. Typical sympathetic nerve endings, with dense cored granules,
are seen in relation to the smooth muscle cells there [23,61], These nerves form the

major motor supply of the gland. Adrenergic nerves are not distributed to the

epithelia of the glandular acini of the gland. The distribution of the post-ganglionic

para-sympathetic is more contentious. Vaalasti [61] was unable to identify

acetylcholinesterase-positive cells directly in relation to the epithelium. Gosling [23]
describes such nerves endings, but these lie, in fact, in the stroma immediately deep
to the basal lamina of basal epithelial cells (0.5-1 .Oum from them). Gosling considers
these to be secretomotor nerves while Vaalasti does not consider the gland to possess

such an innervation. Both authors describe the distribution of parasympathetic nerve

fibres to the smooth muscle of the prostate stroma but the motor effects of these
nerves is unclear.

The importance of the adrenergic nerves in prostate smooth muscle activity has been

stressed by in vitro and in vivo pharmacological studies. Caine el al studied the

response of strips of prostate tissue to noradrenaline (i.e. a-adrenergic stimulation,)

isoproterenol (i.e. B-adrenergic response,) and acetylcholine (i.e. cholinergic

response) [62], They found that the tissue of the substance of the human gland, at
least in BPH, responded by contraction to noradrenaline but not the other agents.

Furuya studied the response of the prostatic muscle (as reflected by urethral

pressure,) to a-adrenoreceptor blockade with phentolamine and found that the

urethral pressure dropped in response to that agent [63], They estimated that 40% of

the contribution of the prostate to urethral pressure was attributable to a-

adrenoreceptor mediated smooth muscle tone. Chappie et al [64] confirmed the

potential for a-adrenoreceptor mediated muscle contraction. In the prostate stroma

and, by implication in relation to smooth muscle, they found that aj-adrenoreceptors

predominated while a2-adrenoreceptors were more commonly related to blood

vessels and the basal laminae of glandular units. It is of interest, in relation to the

question of the presence of secretomotor nerves in the prostate, that they found
muscarinic cholinergic receptors in the prostate epithelium.
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Sympathetic nerves, then, are responsible for contractile responses in the prostate to

which the cholinergic nerves may also contribute weakly through their distribution to

the prostate capsule. Cholinergic nerves may reach the epithelium or terminate

immediately below it. They influence it to increased secretion and size.

Vaalasti and Hervonnen described a third group of nerve endings in the prostate in
an electron-microscope study. In addition to granulated sympathetic and vesicular

parasympathetic terminals there are nerve-endings with larger granular vesicles [65],
These are believed to represent neurones releasing polypeptide neurotransmitters -

the peptidergic nerves. The exact role of these nerves is unclear but there is a great

variety of them in the gland. Crowe el at have described the presence of nerves

containing neuropeptide-Y, [metjenkephalin, [leu]enkephalin, calcitonin gene-

related peptide, vasoactive intestinal peptide and, additionally, the amine serotonin

(5-hydroxytryptamine) [66], Finally there is a population of sensory nerves in the

gland. Gosling has described Pacinian-like nerve endings in the capsule of the adult

gland [23], Sensory nerves in the substance of the gland have not been described.

INTERCELLULAR COMMUNICATION IN THE PROSTATE.

Peptide Growth Factors.

Intercellular communication in the prostate may mediate androgenic action on cells
which are not directly responsive to androgens. Further, the underlying mechanisms
of intercellular communication may mediate the prostatic epithelial-mesenchyme

relationship in the embryo and the putative adult equivalent of that relationship.
The prostate produces a variety of diffusible substances which control its local
milieu - prostaglandins, histamines, serotonin, kinins [67], Most interest, however,
has been in abnormalities of prostate growth, and has concentrated on proteinaceous

agents which directly stimulate cellular growth and division - peptide growth factors

[68],

The growth factors are typically small proteins with molecular weights of less than

30,000Da [69], They differ from classically described endocrine hormones in that
their production is not confined to an anatomically defined gland. Rather, they are

produced in a wide variety of tissues and their receptors are likewise widespread
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[70,71], Growth factors do not act on target organs distant from their sites of

production. Instead they act on cells neighbouring their cells of production or even

on the producing cell itself - "paracrine" and "autocrine" functions (figure 4) [69],

Growth factor action is mediated by cell surface receptors which consist of an
extracellular domain for ligand binding, a trans-membrane domain, and a

cytoplasmic domain for the transduction of the ligand-binding signal to its
intracellular targets [72], On ligand binding the receptors, which have tyrosine kinase

(TK) activity, phosphorylate their own tyrosine residues - autophosphorylation. A
number of intracellular proteins associate with the bound receptor, including

phospholipase C-y 1, p21ras GTP-ase activating protein (GAP), and other tyrosine
kinases [73,74],

When activated, phospholipase C-yl liberates diacyl glycerides (DAG) and inositol

2,4,5-triphosphate (IP3). IP3 stimulates calcium release from intracellular stores and

the influx of calcium from extracellular fluid to the cell. Both DAG and calcium

activate a further enzyme - protein kinase C (PKC) - upon which many signalling

pathways converge. p21ras signal transduction is also related to PKC. PKC is a

central enzyme controlling gene transcription through phosphorylation of

transcription factors directly, or indirectly through its kinase activity on further

protein kinases [75,76],

GROWTH FACTORS IN THE PROSTATE.

Studies on the peptide growth factors in the human prostate are complicated by the

poor availability of prostate tissue, and particularly normal prostate tissue. Many of
the studies cited here are on other species, primary or immortalised cultured cell

lines, or pathological human tissue. Some of the conclusions, then, must be guarded,
as these various tissue and cell sources are not comparable. However the scope of

growth factors' possible actions in the gland can be understood.

Epidermal Growth Factor.
EGF is composed of 53 amino-acid residues and has a molecular weight of 6045Da.

Although it has been extensively sought in the prostate it has proven to be elusive
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Endocrine.

Paracrine.

Autocrine.

Figure 4: Varieties of hormonal action. In classical endocrine action hormones are
secreted into blood and circulate to reach distant target organs where they act. In
Paracrine action, hormones are secreted into the interstitial space and reach
neighbouring targets without entering the general circulation. In autocrine action
hormones act upon the secreting cells themselves.
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there. Elson et al [77] demonstrated EGF immunoreactivity in 113 specimens of
seminal fluid in concentrations of 5-150ng/ml. They also assayed EGF

immunoreactivity in autopsy prostate tissue and found a concentration of 4. lng/g of
tissue there. Their results, however, were in contrast to those of Hirata and Orth, and

Elder et al [78,79] who were unable to demonstrate EGF in human prostate tissue.

Kasselberg et al, in an immunohistochemical study, only demonstrated EGF

immunoreactivity in a single focus of inflammatory change in the human gland [70],
Mori et al [80], reported a study of growth factor gene expression in human prostate

tissue measured by northern hybridisation. They demonstrated the mRNA transcripts
of a number of growth factors in prostate tissue but EGF was not among them. More

recently, however, Ching et al [81] have demonstrated the presence ofmRNA for the

growth factor in the human prostate (in BPH tissue).
In contrast to EGF hormone, there is little doubt that EGF receptors are found in the
human prostate and that EGF may effect prostate cells. McKeehan et al
demonstrated that the prostate cells of normal Sprague-Dawley rats in primary
culture were dependent on EGF in pico- to nano-molar concentrations [82], Maddy
et al have demonstrated specific binding of EGF to membrane preparations from
85% of BPH specimens examined, and localised the EGF receptor by

immunohistochemistry to the basal layer of prostate epithelial cells [83], The

presence of these receptors is confirmed by others, both in the human [84], and other

species [85],

The presence of these EGF receptors, while EGF itself proved difficult to

demonstrate in the gland, raised the possibility that another ligand is active at the
EGF receptor in the human prostate. The likeliest candidate is transforming growth

factor-a (TGF-a).

Transforming Growth Factor-a.

TGF-a and the TGF-B family of hormones, in spite of their names, are not closely
related proteins. Mature TGF-a is a protein of 5600Da which is structurally similar

to EGF and which acts on the EGF receptor [76,86,87], TGF-a has been described in
the ventral prostate of the rat [88] and more recently in benign hyperplastic human

tissue [89], In the rat the TGF-a and EGF receptors are both localised to the
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epithelium by immunohistochemistry, suggesting an autocrine action for this growth

factor in the gland [90], while male transgenic mice which overexpress TGF-a

demonstrate hyperplasia of the coagulating gland - one of the prostatic analogues in
that species [91], In human BPH tissue TGF-a has been measured at mean

concentration of 92ng TGF-a/g protein [89] and its mRNA transcript has been
demonstrated [81],

Basic-Fibroblast Growth Factor.

Basic-fibroblast growth factor (bFGF) is the most ubiquitously described of these
hormones in the prostates of various species. The whole FGF family comprises
acidic and basic FGFs (FGF-1 and -2,) int-2 and hst oncogene products (FGF-3 and -

4,) FGF-5, FGF-6 and the keratinocyte growth factor. They are of various molecular
sizes. There are similarly a wide range of FGF receptors - FGFR1, 2, 3, 4 and K-sam,
all of which show sequence homology to one-another [92], The wide variety of FGF

receptors may explain the multiplicity of actions of the hormone.
The presence of a factor in BPH tissue which promoted rat osteoblastic growth was

described by Jacobs el al [93], and subsequently the identity of this factor with bFGF
was demonstrated by Story et al [94], They described a protein of 17,600Da. It has
further been demonstrated that mRNA transcripts for bFGF are present in normal and
abnormal human prostate tissue and so the hormone is endogenously produced in the

gland [80], The distribution of the growth factor in vivo is poorly described in the

gland. In primary cell culture studies, however, Story el al have demonstrated the

production of bFGF by prostatic fibroblasts and that the growth of the same cells is
stimulated by bFGF. bFGF, then, may modulate prostatic stromal growth in the same

way that the EGF/TGF-a axis described above may modulate epithelial growth [95],

bFGF is also angiogenic. That is, it induces the growth of blood vessels and may,

therefore, be responsible for the maintenance of nutrition to prostate cells in health
and disease [96],

Insulin-like Growth Factors.

The insulin-like growth factors - IGF-I and -II, (or somatomedins,) are components

of a complex system of growth controlling molecules. The whole system comprises
the two IGF hormones, their receptors (the insulin receptor and type I and II IGF
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receptor families,) and at least six IGF-binding proteins (IGFBPs) which bind 1GF-I
and -II with high affinity and which appear to effect the availability of the IGFs to

their receptors. The type 1 IGF receptor family appear to be the exclusive mediators
of IGF mitogenic potential. Peehl and her co-workers have demonstrated the

presence of all these components of this "IGF system" in the human prostate in

primary cultures of normal and abnormal prostatic fibroblasts and epithelial cells

[97] Most interestingly they have demonstrated that PSA acts as one of a number of

proteases which, by digesting IGFBPs can potentiate IGF action. They have further
demonstrated that IGFs are produced by prostatic stromal fibroblast cultures and are

powerfully mitogenic for prostatic epithelial cells in culture.

Transforming Growth Factor-B.
Interest in transforming growth factor-G (TGF-G.) is presently intense. As noted
above it is not closely related to TGF-a in spite of its name. TGF-B also differs from
the growth factors discussed thus far in that its action seems predominantly to be to

inhibit cell growth and indeed to stimulate cell death.
TGF-B is a dimeric protein and 5 closely related proteins have been identified as

members of a TGF-B family (TGF-B]_5.) TGF-B\ is a 25kDa protein which has been

the most fully studied in the prostate [98], Glynne-Jones et al have recently reported
a northern blot analysis of TGF-B \ in human prostate tissue and found TGF-B j

mRNA transcripts in all the tissues studied [99], They localised the growth factor to

secretory epithelium of epithelial cells by immunohistochemistry, but the most

intense staining was seen in relation to areas of inflammation in the glands
examined. The localisation of the growth factor to intra- and extra-cellular

compartments has varied, as reported by various authors, and seems to depend on

variability of the antibodies used, and the existence of two forms of TGF-B]. That is,

the mature, active hormone and a latent form where TGF-B] is non-covalently linked

to a fragment of its pre-hormone known as the TGF-B] latency-associated peptide

[99],

The actions of TGF-B on epithelial cells are both inhibitory and stimulatory in
various settings and the hormone and its receptors are widely expressed in epithelial
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tissues [100], Some of TGF-B's stimulatory actions are dealt with below in a

consideration of prostate cancer. The possibility that TGF-B may be an inhibitory
mediator in the prostate in vivo has been elegantly demonstrated by Martikainen et al

[101], They demonstrated that the administration of TGF-B\ directly to the ventral

prostates of rats caused a diminution of glandular size which was not dependent on

changes in circulating androgens and that a similar effect was demonstrable in vitro.
There TGF-B \ caused a dose-related diminution of cell growth in prostate glandular

cells in primary culture. The latter effect was of a comparable magnitude of that of
removal of androgens from the culture medium.
Other Growth Factors in the Human Prostate.

A number of other growth factors have been demonstrated in human prostate tissue.
Platelet-derived growth factor (PDGF) has been the target of much of the basic
research on the mechanism of growth factor action [102], but it has received

relatively little attention in the prostate. Gleason et al have demonstrated a dose-
related stimulation of prostate cells in primary culture by PDGF and expression of
PDGF in prostate tumour cells in culture has been shown [103,104],

Haemopoietic growth factors include erythropoietin (Epo), which stimulates red
blood cell precursors to the production of red blood cells and granulocyte and

granulocyte/macrophage-colony stimulating factors (G-CSF and GM-CSF), which
are self explanatory. They are not, or at least not purely, "growth factors" as

understood above. For example, erythropoietin produced in the renal medulla acts on

bone marrow in an endocrine manner. Nonetheless they may act locally. Lang et al

[105] have demonstrated a growth promoting effect for Epo and GM-CSF on the

prostate cancer cell line PC-3 and that both PC-3 and DU145, a further human

prostate cancer cell-line, contain GM-CSF as demonstrated by
immunoh i stochem istry.

Nerve growth factor has previously been demonstrated in the prostate and is

separately discussed below.
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GROWTH FACTORS AS MEDIATORS OF ANDROGEN ACTION AND A

PUTATIVE STROMAL EPITHELIAL RELATIONSHIP.

As noted above, in embryos androgenic influence on prostatic epithelium is mediated

through the prostatic mesenchyme. Further, such a relationship, and epithelial-
stromal communication, has been postulated in the adult.
While recombinants of adult tissues are difficult to grow, and the results of such
recombination are difficult to interpret, Cunha has reported data suggesting that adult

epithelium retains the capacity for differentiation and growth which are induced by

mesenchyme [106], Thus by recombining adult prostate epithelium with embryonic

urogenital sinus-epithelium, the adult epithelium was stimulated to grow at a

startling rate. Conversely adult prostatic stroma simulates urogenital sinus and
bladder epithelia to prostatic differentiation. The potency of embryonic mesenchyme
to influence epithelial growth is demonstrated by further work from Cunha's group.

Implants of Dunning experimental rat prostate adenocarcinoma will normally form

large tumour masses. After exposure to seminal vesicle mesenchyme the Dunning
tumour's growth rate are greatly reduced [107],
Tenniswood has laid out the arguments for a stromal-epithelial relationship in the
adult [14], These he based on the phenomenon of regrowth of prostatic ducts and
acini seen after androgen therapy in previously castrated rodents. He postulated that

androgenic influence on the gland was mediated by growth factors which stimulate

prostate cell growth but, in addition, by an inhibitory factor also modulated by

androgenic action. While considering the possibility of stromal-epithelial interaction

being mediated by the intercellular matrix (as argued by Getzenburg and Coffey

[22],) he stressed that diffusible factors are the most likely mediators of a stromal-

epithelial relationship. While some of the detail of Tenniswood's hypothesis is not

supported by subsequent data, the basic idea of a variety of stimulatory and

inhibitory factors interacting under androgenic control is supported by a number of
studies of prostatic growth factors and their relationships with the androgens.
Yan el al [108] reported an elegant study of primary co-cultures of epithelial and
stroma cells where the addition of androgens lead to an increase in epithelial cell

growth only. They were able to demonstrate that the stromal cells were stimulated to
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an increase in secretion of keratinocyte growth factor (KGF or FGF-7) while the

epithelial cells responded to androgens with an increase in synthesis of a splice

variant of one of the FGF receptors which specifically binds KGF.

Contemporaneously, however, Sherwood et al reported that the major fibroblast

growth factor in the prostate - bFGF (FGF-2) - was an improbable mediator of

stromal-epithelial interaction. Thus they found that, while epithelial cells in primary
culture stimulated stromal cell growth, this effect could not be abolished by anti-
FGF-2 antibodies. Although stromal cells respond mitotically to FGF-2, they
concluded that the low secretion of FGF-2 by the prostate made the significance of
that mitotic effect unclear [109], Recently this view has been supported by Geller et
al who were unable to demonstrate an effect of dihydrotestosterone on the secretion
of FGF-2 by prostate cells in culture. They were further unable to show a difference
in FGF-2 concentrations in BPFI tissue resected from patients at prostatectomy

whether or not they were treated with oestrogen before operation [110],
For other stimulatory growth factors a relationship to androgens has been more easily

shown. So Yang el al were able to show, at least in prostate cancer tissue, that

testosterone, and EGF and TGF-a were significantly positively correlated [89],

Equally Frydenburg et al have demonstrated a positive and significant correlation
between androgen and EGF receptors in BPFI tissue [111]. Fiorelli et al have studied
IGF-I functional receptors in patients with or without androgen depletion by LH-RFI

analogue treatment before prostatectomy. They have shown that, in BPH tissue,

androgen depletion leads to an increase in IGF-I receptors and their distribution to

the secretory epithelium while they are otherwise confined to the basal epithelium

[112].

It has already been noted that the major inhibitory growth factor in the prostate -

TGF-B2 - has similar effects to removal of androgens from rat prostate cells in
culture [101], An indirect relationship has been demonstrated between androgen

depletion and TGF-62 in the rat. Kyprianou and Isaacs have demonstrated a rapid
and intense increase in TGF-B2 mRNA levels in rats after castration and this increase

was rapidly reversed by the institution of androgen replacement [113],
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SUMMARY OF PROSTATIC PHYSIOLOGY.

It has been seen that the prostate acts to contribute to the ejaculate. Its functions are

the production and storage of prostatic fluid and its expulsion into the urethra by
contraction of the prostatic stroma. The control of contraction is by autonomic
nerves. These may also contribute to the control of prostatic secretion but the control
of secretion is but poorly understood.
Prostatic growth in the immature mammal and its maintenance in the adult is wholly

dependent on androgens which are also needed for all the functions of the gland. The
hormone responsible for most androgenic action in the gland is dihydrotestosterone
but its sites of production from testosterone and the distribution of its receptor raise
the possibility that its actions are not effected directly in all prostate cells.

Peptide growth factors are likely candidates as mediators of androgenic action on

cells which are not directly effected by androgens. A variety of growth factors are

produced in the prostate which expresses receptors for many of them also. Secretion
of the factors and the expression of their receptors are in some cases modulated by

androgens. Further, the distribution of peptide growth factors and their receptors

suggests that they mediate communication between stromal and epithelial cells in the

gland.

PROSTATIC DISEASE.

The prostate is subject to many inflammatory and neoplastic disorders but the great

bulk of prostate disease is caused by benign prostatic hyperplasia (BPH) and
adenocarcinoma.

Pathology of Prostate Adenocarcinoma and Benign Prostatic Hyperplasia.
Adenocarcinomas typically arise in the peripheral zone of the gland. McNeal [18]
described 36 autopsy cases of prostate adenocarcinoma. 26 were small enough to be
confined to a single zone and of these 20 were in the peripheral zone.
The tumour is composed of small epithelial cells infiltrating the surrounding stroma

of the gland. Mitotic figures are rare - in keeping with the slow growth of prostate
adenocarcinomas. Well differentiated tumours contain acinar structures like those of

the normal gland but with a single layer of epithelium. In less well differentiated
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tumours acinar structures are less frequent. In poorly differentiated tumours, sheets

of monotonous epithelial cells with dense chromatin are seen [114], Commonly
areas of differing differentiation are seen in a single tumour. The commonest system

for assessment of differentiation is that of Gleason whereby the dominant and

subsidiary levels of differentiation seen in a tumour are scored from 1 (well

differentiated) to 5 (poorly differentiated). The sum of the two scores is the "Gleason

score" [115],

Prostate specific antigen (PSA) immunohistochemistry may distinguish prostatic
adenocarcinomas from those arising in other sites [116,117], PSA is a 31kDa

protease which is localised to the endoplasmic reticulum and cytoplasmic vesicles of

secretory epithelial cells in normal and BPH tissue. In adenocarcinoma the protein is

similarly localised in epithelial cells and is also detected in macrophages of the

prostatic stroma. With a few rare exceptions PSA staining is specific for prostatic

epithelia. Circulating PSA can be measured by immunoassay and its estimation is
used as a means of the early detection of prostate cancer.

BPH tissue is often microscopically indistinguishable from that of the normal gland.
On the cut surface of prostates, however, nodules of tissue are perceived in BPH

[20,118,119], These nodules may be classified on the basis of their relative tissue
contents. Fibroblastic, fibromuscular, smooth muscle, fibroadenomatous and

fibromyoadenomatous types have been described [118], More simply McNeal
describes stromal nodules and glandular nodules, where stromal or epithelial tissues

predominate respectively [20],
BPH originates exclusively in the transitional zones and peri-urethral ducts. McNeal
described the earliest appearance of these nodules to consist of new branching and

growth of glandular ducts and acini [20], As nodules became larger and more

frequent their stromal content increased, some being predominantly composed of
stromal elements. Jones et al have studied nodules in microradiographs of

transversely sectioned prostates. They considered that glandular nodules arose from
the transitional zone while stromal nodules arose from the peri-urethral ducts in the

pre-prostatic sphincter [119].
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Bartsch and Rohr and their co-workers have extensively studied the contributions of
stromal and epithelial elements to the volume of BPH tissue. In mature BPH tissue

they conclude that, while the contribution of epithelium to tissue volume is similar to
that in normal prostatic tissue, the contribution of stromal tissue and glandular
lumina is significantly increased [120],
BPH and organ-confined prostate carcinoma commonly present with the obstruction
of the bladder outlet [121]. Prostate cancer invades tissues around the gland also.
The ureters are obstructed by sub-trigonal spread of tumour into the bladder in

roughly 5% of patients [122], Additionally advanced local disease may cause pain

[123],

Lymph node metastases do not necessarily pre-date distant, haematogenous
metastases. Saitoh et al describe lymph node metastases in only 63% of patients with

proven distant metastases. The tumour metastasises to the internal and external iliac

nodes and subsequently to the para-aortic nodes. Some cases will metastasise

directly to the para-aortic nodes [124], Contemporaneously or subsequently to lymph
node metastases, haematogenous spread occurs, most commonly to bone [125],
The Epidemiology of Prostate Adenocarcinoma and Benign Prostatic

Hyperplasia.

Epidemiological studies of the prostate have failed to reveal a single factor which
can be strongly implicated in the aetiology of adenocarcinoma or BPH [126], There
is little racial difference in the rates of histological diagnosis of adenocarcinoma, but
certain populations - most especially afro-americans - have very much higher rates of

clinically manifest disease than do matched Caucasian american populations [127], A
role for genetic factors in the aetiology of prostate adenocarcinoma is further

suggested by the finding that subjects with a first degree relative with prostate

cancer, have a relative risk of themselves developing prostate cancer of 2.41 [128],

Studies of migrant populations, however, would suggest that environmental factors
also have a role. So, while the incidence of carcinoma in Japan is low, the incidence
of the disease in Japanese populations in the United States approaches that of the

general populations there [127],
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Aetiology of Benign Prostatic Hyperplasia.
No primary causal event has been identified in prostate cancer. Similarly, a single
factor explaining why some men develop BPH has not been described. However, two

unequivocal statements can be made about its development. Firstly, that men

undergoing castration before the age of 40 years never suffer BPH [129], and

secondly, that BPH becomes commoner with increasing age - no BPH is found
before the age of 30 years while 42% of 51-60 year-olds, and 88% of octogenarians
have changes ofBPH [130],

Three hypotheses of the development of BPH which account for these findings have
been proposed; dihydrotestosterone, stem-cell, and stromal-epithelial interaction
theories [131].

The dihydrotestosterone hypothesis attempts to square the androgen dependence of
BPH with the fact that BPH occurs in later life, when circulating androgen levels
tend to fall, by postulating that supra-normal DHT concentrations are found in BPH

tissue. Early studies demonstrated increased 5a-reductase activity in the BPH

bearing areas of the prostate. These studies have more recently been questioned by
Walsh who found similar DHT concentrations in normal and BPH tissues [132], The

evidence for the dihydrotestosterone theory is at best equivocal [129], Another

theory holds that BPH development is dependent on an increase in the ratio of

circulating oestrogen to androgen concentrations. While testicular androgens
decrease in later life, circulating 176-oestradiol concentrations rise due to peripheral
aromatase activity. Oestrogens may potentiate the action of androgens in the prostate

by increasing liver sex-steroid binding globulin (SSBG) production. Prostatic

receptors for SSBG have been described [133],
The stem-cell hypothesis has been propounded by Isaacs and Coffey [134], All

prostates will regress when androgens are withdrawn with subsequent re-growth if

androgens are reinstituted. These authors describe more rapid re-growth of BPH
tissue in these circumstances than is observed during normal prostate growth or

spontaneous growth of BPH. Isaacs and Coffey consider that this increased growth

potential in BPH depends on an increase in the numbers of stem-cells in the gland in
BPH and that the mitosis of those cells is under androgen control. They further
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consider that the absolute number of prostate stem-cells is dependent on androgens
and is set at the end of normal prostate growth and that, therefore, those men

developing BPH are those with constitutionally high numbers of stem-cells. This

theory neatly explains the two absolute facts noted above: in individuals castrated

early in life the numbers of prostate stem-cells will always be low; even in the

presence of diminishing circulating androgen levels in later life, individuals with

high numbers of stem-cells will be liable to the development of enlargement of the

gland.

The theory of stromal-epithelial interaction depends on the observations of McNeal
that the earliest changes in BPH were the growth of new epithelial ducts and acini in

the peri-urethral and transition zone. This work and that of Cunha and Chung, has
lead to the theory that the stroma surrounding these new growths of prostate

epithelium induce that epithelial growth analogously to the induction of normal

prostatic epithelium by mesenchyme in embryonic life. Cunha has termed this

process "embryonic reawakening". Definite evidence that such stromal effects on

prostate epithelium may underlie the development of BPH has been elusive - co-

culture of formed adult prostatic stroma and epithelium is difficult. Further how the

developing epithelia of the new growths of BPH recruit smooth muscle and
fibroblast cells into the mature architecture ofBPH is not clear.

All these theories beggar the question of why BPH develops. So, why peri-urethral

prostate tissue should over-express 5a-reductase; why some men have an excess of
stem-cells and why the stroma of some men should induce "embryonic re¬

awakening" remains obscure.
Growth Factors in Prostate Cancer and BPH.

The stimulation of DNA synthesis by EOF has been discussed above. EGF and the
FGF family of growth factors stimulate the progress of cells in the cell cycle from GO
to Gl. The IGF family of proteins stimulate cells in the G2 phase (figure 5) [135],

Malignant change is a multiple-step process, but central to it is the abnormal mitosis
of cells - i.e. their progress from GO into the cell cycle to mitosis [136], The potential
for growth factors to participate in malignant change has therefore been the subject
of intense interest in many tumours including adenocarcinoma of the prostate.
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Figure 5: The cell cycle. Quiescent cells in GO enter G1 as biosynthesis begins. The
entry to G1 can be stimulated by FGF and PDGF. EGF and the IGFs stimulate DNA
synthesis (S).
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In northern blot analysis, Ching et al have demonstrated higher expression of EGF
and TGF-a mRNA in prostate cancer tissue than in BPH [81]. They were also able to

show that the expression of these mRNA's was higher in the androgen dependent

prostate cancer cell line LNCaP, than in the androgen independent lines DU145 and
PC-3. In a high-performance liquid chromatography study, MacDonald et al found
TGF-a and a number of EGF-like proteins in DU145 conditioned medium although
EGF itself was not found [137], Yang et al have demonstrated, in immunoassay, that
EGF and TGF-a concentrations rise with Gleason score (i.e. tumour de-

differentiation) [89], MacDonald et al have further shown that DU145 cells express

10-fold more EGF binding sites than do LNCaP cells and, in keeping with this, EGF

receptor mRNA has been shown to be increased in prostate cancer in comparison to

BPH, and most especially in androgen insensitive cell lines [138,139],
On the basis of these data it has been postulated that the development of androgen-

independent prostate cancer growth depends on the development of autocrine growth
stimulation by prostate cancers [68], Such postulates must be guarded however, as

some data conflicts with the view that de-differentiation and androgen insensitivity
are associated with increased EGF receptor expression: Mellon et al, and Turkeri et

al, using immunohistochemistry and in-situ hybridisation, suggest that the

development of malignancy is associated with loss of EGF receptor expression

[140,141], The oncogenic protein products C-erbB-\ and C-erbB-2 are closely
related to the EGF receptor. C-erbB-2 does not bind either TGF-a or EGF but rather
a 30kDa protein which is a product of some breast cancer cell lines [76], Mellon has
described its presence in 21% of prostate adenocarcinoma specimens [140],
Gleave et al have shown that bFGF is very much more mitogenic for LNCaP cells
than EGF or TGF-a [142], They related this finding to the various capacity of a
number of fibroblast cell lines to maintain the growth of LNCaP as transplants in
nude mice. Nishi et al have shown that heparin-binding growth factors (i.e. FGF's)
account for 84-96% of the growth promoting effects of prostate cancer extracts as

measured in bioassay in BALB/c 3T3 cells [143], Further, Mydlo et al have
demonstrated the presence of bFGF mRNA in prostate cancer tissue [144], In
addition to its mitogenic potential, bFGF has been implicated in prostate cancer cell
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motility which has been reported to be essential for prostate cancer metastases [145],
Pienta et al have shown that the motility-inhibiting effect of the anti-parasitic

naphthylurea Suramin on prostate cancer cells is reversed by the addition of excess

bFGF [146], The angiogenetic nature of FGF has already been referred to.

In addition to these studies of FGF, and EGF and its related hormones, other workers

have described a number of other roles for growth factors in prostate cancer growth
and metastasis: IGF-I as a mitogen [147]; TGF-B mediating the effects of castration

[148]; Haemopoietic growth factors as mediators of the preferential metastasis of

prostate cancer to the axial skeleton [105], No single growth factor is clearly seen to

have a causal role in prostate cancer. Rather the interaction of these factors may

explain some aspects of the disease.
Studies of peptide growth factors in BPH have stressed their possible role in the
induction of epithelial growth by prostate stroma and vice versa. Of the variety of

growth factors described in the prostate, the roles of the EGF/TGF-a axis, bFGF and

TGF-B have received most attention [149],

EGF, TGF-a and their receptor (EGFR) have been demonstrated in BPH [89,111], It
is postulated that these ligands act on the epithelial EGFR to stimulate epithelial

growth. Additionally, the BPH content of heparin-binding growth factor (i.e. bFGF)
is higher than that of normal tissue [143], Supporting these data are the findings of
Mori et al. In northern blots they were unable to demonstrate EGF mRNA but found
bFGF and TGF-B mRNAs in prostate tissues. BPH bFGF and TGF-B expression was

higher than that in normal prostate tissue [80],
Walsh has drawn together these findings, McNeal's morphogenetic work and Cunha's
theories of the stromal-epithelial relationship and embryonic reawakening. In
Walsh's view increase in bFGF and TGF-B production would lead to mitosis of
stromal cells. The resulting undifferentiated "mesenchymal" cells would then act to

induce growth of epithelial buds as Cunha has demonstrated for embryonic

mesenchyme. The production of bFGF and TGF-B by the nascent BPH nodule is then

postulated to explain the predominantly stromal content of the mature nodule - the

growth factors would act synergistically to promote stromal growth while the

inhibitory effects of TGF-B on the epithelium would temper the growth promoting
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effects ofbFGF there [150], The differential growth would lead to the predominantly
stromal mature nodule.

Mori and Nishi's work has been exceptional in that the majority of comparisons
between normal and BPH tissue have not demonstrated quantitative differences in

growth factor expression or concentrations. This may simply be because quantitative
measures of growth factors have depended on the processing, en masse, of prostate
tissue. Thereby changes in growth factor expression limited to isolated areas of peri¬
urethral tissue would be obscured. Perhaps the use of in situ techniques will allow
such subtle changes in prostate biochemistry to be revealed [80], While Griffiths has
concluded that changes in growth factor production are unlikely primary events in

BPH, they remain strong candidates as mediators of further growth and the

development of tissue architecture in BPH [129],
The Prostatic Nerves in BPH.

Examinations of the prostate nerves in BPH have been few. Vaalasti and Hervonen

studied 10 samples of prostate tissue removed for benign disease at open

prostatectomy. They refer to "normal" and "hyperplastic" tissue in these samples. It is
not clear how the distinction was made - but it is inferred that it was on the basis of

the nodular appearance of BPH tissue. They stained adrenergic nerves by

formaldehyde-induced fluorescence, and parasympathetic nerves by the Gomori

technique. They found dense adrenergic innervation in the smooth muscle of the

prostatic stroma especially around the openings of prostatic ducts into the urethra. In
discrete nodules of BPH, adrenergic nerves were rarely seen. The hyperplastic

prostate was poorly supplied with parasympathetic nerves but their distribution

largely reflected that of the sympathetic nerves [61],
The fullest description of the prostate nerves in BPH has been that of Chappie et al

[151], They studied normal tissue from patients undergoing radical

cystoprostatectomy for bladder cancer, and tissue resected for benign prostatic

hyperplasia with out-flow tract obstruction. They describe tissue as central or

peripheral on the basis of its position in the resection specimen (open or TURP.) It is
clear from their description, however, that both areas were within the resected tissue.
That is, in McNeal's model of BPH, their central and peripheral tissues would lie
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within abnormally enlarged peri-urethral/transition zone tissue, rather than in the true

central and peripheral zones. Tissue was stained with antibodies against

acetylcholinesterase (indicating of parasympathetic neurones,) dopamine B-

hydroxylase (post-ganglionic sympathetic neurones,) a range of transmitters

produced by peptidergic neurones (neuropeptide-Y, [metjenkephalin,

[leujenkephalin, calcitonin gene-related peptide, vasoactive intestinal peptide,) and
the amine serotonin (5-hydroxytryptamine). Histological sections were assessed

sem i-quantitatively.
Tissue from the patients with outflow tract obstruction showed a decrease in the

density of acetylcholinesterase positive nerves. There was a general decrease in all

innervation in the abnormal gland in comparison to controls except that the density
of dopamine B-hydroxylase (i.e. sympathetic) and [leu]enkephalin positive nerves in

peripherally resected tissue was increased.
The Need for a Prognosticator in Prostate Cancer.
After prostate carcinoma has spread beyond the prostate locally or by lymph node or

distant metastases, the disease may be controlled but cannot be cured. Therefore

there have been increasing efforts to diagnose prostate cancer at its earlier, organ-
confined stage when curative radiotherapy or surgery may be offered. In the past

such diagnosis depended on the digital rectal examination and digitally guided

prostate needle biopsy, or the co-incidental finding of adenocarcinoma in prostate

specimens resected for apparently benign disease. Using such techniques only 22%
of 820 prostate adenocarcinomas diagnosed in Edinburgh from 1978 to 1993 were

locally confined [122], More recently these techniques have been supplemented by
measurement of PSA in serum, transrectal ultrasound of the prostate (TRUS) and
TRUS guided needle biopsy [152], Using all three techniques in 1972 men, Mettlin
el al found asymptomatic prostate cancer in 5.4% of whom 72.2% had early stage

disease (AJCC stage A or B1 [153]) [154],
It is in the management of early stage, asymptomatic prostate cancer, unfortunately,
that the peculiarity of prostate cancer behaviour presents a dilemma. In other organs
the finding of histologically proven cancer is a compelling reason to start aggressive

therapy. This is not so in the case of the prostate as clinically manifest prostate
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cancer represents but a tiny proportion of histologically present disease. So,

malignant areas are found in the prostate at post-mortem examination in 15% of men

over 50 years of age, 30% over 60 years, 40% over 70 years and 50% ofmen over 80

years of age [155]. Assuming a 30% lifetime prevalence, Scardino has estimated that

only 1.05% of prostate cancer ever becomes clinically manifest and but 0.31% of

prostate cancers will cause the death of the patient [156], Clearly the management of
all early stage prostate cancer with radical prostatectomy or radiotherapy will involve

significant morbidity and mortality for many patients whose tumours would never

threaten them.

There is, then, a pressing need for a technique to distinguish early stage prostate

cancers which are likely to become significant, from those which are not.

Prognosticators in Early Prostate Cancer.
In practice the only features of prostate cancers reflecting likely tumour behaviour
which are commonly measured are histological grade and tumour volume. Stamey

and McNeal have propounded the use of these easily measured parameters in clinical
decision making. They argue that de-differentiation of tumours and increase in their
size are well correlated, and advise that tumours less than 0.5ml volume can be

considered to be non-significant [152,157], They stress that all prostate

adenocarcinomas are essentially similar. That is they have essentially similar

doubling times of 12 months or greater - by comparison most tumours have doubling
times of 2 to 4 months [158], So, the implication of a tumour volume of less than
0.5ml is that the patient will die of other causes before the tumour can threaten him.
This view is in contrast with the earlier concept of Franks who considered that

histological prostate cancer which never became clinically manifest was "latent" -

inherently, biologically different from clinical prostate cancer [155],
Miller and Cygan have questioned Stamey and McNeals' recommendations. In 151
radical prostatectomy specimens they found a trend to de-differentiation in larger

tumours, but many low-grade and small tumours had histological features of invasive
behaviour (particularly peri-neural and capsular invasion.) Miller and Cygan also
consider the implications of the multifocal nature of adenocarcinoma within the

gland. They consider that each focus of adenocarcinoma represents a de novo
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tumour. They further argue that the heterogeneity of differentiation in prostate

tumours is caused by the mingling of cells of different differentiation from separate

tumour foci in "collision" tumours. This model explains both the aggressive
behaviour of some well differentiated tumours, and the difficulty of reproducing the

histological grading of prostate tumours [159],

Other attempts to identify tumours which will become clinically significant have
been closer to Franks' ideas. Believing that prostate cancers which will progress are

inherently different from those which will not, many researchers have aimed to

measure specific features of prostate tumours which are associated with good and
bad clinical outcomes. For example, Umbas et al have recently described

immunohistochemical staining for the cell adhesion molecule E-cadherin [160], This

cell surface molecule is demonstrated at the plasmalemma in normal epithelial cells.
In a study of 89 patients with prostate cancer, Umbas et al showed that 33% of organ
confined adenocarcinomas but 63% of extracapsular tumours had aberrant E-

cadherin staining - that is negative staining, or cytoplasmic staining or heterologous

staining distributions.

The prognostic implications of the presence of neuroendocrine cells in prostate

adenocarcinomas has recently been the subject of a number of reports.

NEUROENDOCRINE CELLS IN THE HUMAN PROSTATE.

Granulated cells with the capacity to reduce ammoniacal silver in histological stains
are known as argentaffin cells while cells which fix such silver only in the presence

of added reducing agents are known as argyrophil cells. Such cells have been
identified as scattered populations in many tissues since the turn of the century [161],
Such cells were described in the prostate in the 1940's [162],
Pearse described the characteristics of argyrophil cells in the thyroid, known as C-
cells. They contain secretory vesicles, release a polypeptide hormone (calcitonin),
and have the capacity to take up and decarboxylate biogenic amine precursors (5-

hydroxytryptophan decarboxylated to 5-hydroxytryptamine). The latter capacity was

further described as a characteristic of cells in a number of other organs - amine-

precursor uptake and degradation, or APUD cells. Pearse considered that such cells -
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also known as neuroendocrine cells - constituted a diffuse "system" where

polypeptide or other hormone release was the major function, while amine-precursor

uptake and degradation was a para-phenomenon or atavistic character [163], Pearse
discounted earlier ideas that the diffuse neuroendocrine system (DNES) cells shared
a common progenitor in the neural crest.

Elegant experiments using quail neural crest transplants to the chick have
illuminated the ontogeny of DNES cells. Quail cells demonstrate chromatin
concentration at the nucleolus in interphase, while chick cells do not. Quail neural
crest cells in the chick's tissues are thereby easily identified [164], While adrenal

medullary cells, thyroid C-cells and carotid body type I cells with the quail nucleolus
have been identified in chick recipients, the other cells of the DNES have not [165].

They are believed to arise from endodennal cells locally, to form pancreatic islet

cells, gut and lung argentaffin cells, and the neuroendocrine cells of the prostate

amongst others.

Ultrastructurally the prostate neuroendocrine cells are seen to contain large numbers
of secretory granules. In a study where neuroendocrine cells were identified by

argyrophil staining and examined in serial sections with electron microscopy, di

Sant'Agnese has described three broad types of these granules [166], Small granules
were dense round bodies of around 120nm diameter with or without more lucent

haloes. Intermediate granules (180-250nm) were most commonly seen and were of
variable shape. Some contained dense cores, some mucin-like material and some

more amorphous material of uniform density. The largest granules were 350-400nm
and were similarly variable.
In normal prostate tissues neuroendocrine cells are of two anatomical types: "closed"

cells, as in figure 2, have a number of dendritic processes extending between

neighbouring cells; "open" cells additionally bear long apical processes which reach
the luminal surface of the prostate epithelium and bear microvilli on their luminal
border [167], Both cell types commonly abut on the basement membrane.
Neuroendocrine cells are distributed throughout the gland, but are particularly

frequent in ducts as opposed to acini. Their numbers vary widely between
individuals [168],
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In addition to the silver stains noted, neuroendocrine cells can be recognised by
immunohistochemical stains [169], Neuron-specific enolase, chromogranin A,

protein gene product 9.5 and synaptophysin are the most commonly used general
immunohistochemical markers [170], Enolase is a dimeric glycolytic enzyme, the y-

isoenzyme subunit of which (neuron-specific enolase, or NSE) is restricted to

neurones and neuroendocrine cells. It was the earliest neuroendocrine marker to be

identified which was not related to the cells' APUD characteristics. In spite of its
restriction to neural cells, immunohistochemical stains with antibodies raised against
NSE are notoriously non-specific in practice [169], Chromogranin A has been the
most extensively used of these markers in prostate neuroendocrine cells.

Chromogranin A is one of a family of proteins (A, B and C and subgroups,) which
are present in the secretory granules of neuroendocrine cells. It is a 48kDa acidic

protein and undergoes proteolysis in secretory granules to produce a range of

proteins of various lengths in vitro. It is known to bind calcium and biogenic amines
but may also act as a regulatory hormone in its own right in the pancreas.

PGP9.5 or protein gene product 9.5 (migrating at 9.5cm in the electrophoretic system

in which it was originally described) is a cytosolic monomeric protein of 23.6kDa
which is found in the great majority of neural and neuroendocrine cells [171]. It is a

neural cell-specific member of a family of hydrolase enzymes responsible for the

hydrolysis and liberation of ubiquitin from ubiquitin-histone conjugates. Free

ubiquitin is active in programmed protein degradation and a number of other cellular

processes [172], Synaptophysin is a membrane-bound monomeric protein of 38kDa
which is common to the presynaptic vesicles of neurones, and a population of
smooth vesicles found around the golgi apparatus of neuroendocrine cells and

amongst their secretory granules.
Of the specific products of prostate neuroendocrine cells, serotonin is the most

ubiquitous. Its concentrations in the prostate are comparable to those in those parts

of gastro-intestinal tract and brain which contain high serotonin concentrations (x =

1.42pg/g +/- 0.75) [173], di Sant'Agnese et al have shown that essentially all cells

staining positively with the argentaffin or argyrophil reactions, also stain positively
for serotonin [174],
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Calcitonin is the most common protein hormone secretion of these cells [175], It is

present in the prostate in concentrations comparable to those found in the thyroid (x
= 15.88ng/g +/- 10.1) [176], In some calcitonin positive cells, other protein products
of the calcitonin gene which may have hormonal actions are found - katacalcin and

the calcitonin-gene related peptide [177], Smaller numbers of neuroendocrine cells

containing bombesin [175] or somatostatin [178] have also been reported, while

thyroid stimulating globulin [179] and B-human chorionic gonadotrophin [180] are

contained by a few cells.

The function of prostate neuroendocrine cells in health is unclear. Calcium

concentrations in semen are high, and it can be postulated that calcitonin, a hormone

effecting calcium metabolism elsewhere, may be involved in the production of high
calcium concentration in the prostatic fluid. It is also clear that calcitonin, bombesin
and somatostatin are themselves present in significant concentrations in seminal

plasma [181-183], Again, however, the functions of the hormones in the ejaculate
are not apparent.

Perhaps the functions of prostate neuroendocrine cells are best understood by
inference from the functions of other endodermally derived neuroendocrine cells.
For example, gut neuroendocrine cells secrete peptides on the basis of changes in the

composition of the contents of the gut. The peptides, in turn, act on the general gut

epithelium to effect the absorbance of nutrients [184], The "open" neuroendocrine
cell's structure would suit it to such a role: its luminal processes detecting changes in

prostate luminal contents and its intra-epithelial processes transmitting these to the

secretory epithelium. Conversely the epithelium could effect the neuroendocrine
cells to release their granular contents to influence the milieu of the secretory and
basal cells.

A reduction in the numbers of prostate neuroendocrine cells in BPH have been

reported for many years [174,185], More recently Cockett et al have reported a fuller

study of these cells in BPH [186], They identified BPH nodules on the cut surface of

open prostatectomy specimens and confirmed their pathology microscopically. They
found that while larger, "mature" BPH nodules contained fewer serotonin-positive

cells, such cells were abundant in smaller BPH nodules which they postulated to be
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growing. They were also able to show that BPH tissue contained less serotonin than

did normal prostate tissue. In a previous paper this group had shown that BPH also
contains less calcitonin than normal prostate [176], Cockett et al suggest that
neuroendocrine cells represent growth foci in the growing BPH nodule. This view is

supported by the observation, by Bonkhoff et al, that growth in BPH epithelium - as

demonstrated by positive staining for the marker of proliferating epithelium, Ki-67 -

is concentrated around cells staining for chromogranin A [187],

Neuroendocrine Cells in Prostatic Carcinoma.

di Sant'Agnese has made a broad definition of "neuroendocrine differentiation in

prostate carcinoma" [188], This definition encompasses focal areas of
neuroendocrine cells in adenocarcinomas, small-cell and carcinoid tumours of the

prostate, and mixed adenocarcinomatoid/small-cell tumours, di Sant'Agnese also
includes any prostate tumour with evidence of neuroendocrine hormone or

neuroendocrine marker production. This discussion will concentrate on

adenocarcinoma of the prostate, as it is conventionally understood, with focal areas
of neuroendocrine differentiation.

The percentage of prostate adenocarcinomas described as showing neuroendocrine
differentiation has risen as stains for the DNES improved [188], Thus, Azzopardi
described such differentiation in 10% of 50 adenocarcinomas in 1971 using silver

staining [185], di SanfAgnese and Jensen found it in 47% of 53 adenocarcinomas in
1987 [189], while Abrahamsson found neuroendocrine cells in 100% of 40 tumours

studied [190], The degree and extent of neuroendocrine differentiation in
adenocarcinoma is highly variable. In their work, di SanfAgnese and Jensen graded
neuroendocrine differentiation from "1" to "3". Tumours with confluent and

widespread foci of neuroendocrine cells were graded "3". Five such tumours were

found among 53 examined [189], di SanfAgnese considers 10% of prostate

adenocarcinomas to show widespread neuroendocrine differentiation although all

prostate adenocarcinomas probably contain some neuroendocrine cells [188],
Small-cell tumours of the prostate are a much rarer entity than adenocarcinoma,

comprising less than 1% of all prostate adenocarcinomas [191], In a recent review of
27 small-cell carcinomas, Oesterling has reported positive staining for NSE, but
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negative staining for PSA (n=9). These tumours are very much more aggressive than
are prostate adenocarcinomas. Patients with them had a two-year survival of only

21.4%, in comparison to 80% for adenocarcinomas [191],

Cohen et al first described a prognostic role for neuroendocrine cells in prostate

adenocarcinomas [192], They studied 90 patients with stage B,C or D prostate

cancer, of whom 46 had died of prostate cancer, while 44 were alive or had

succumbed to non-cancer causes. Amongst the 46 deceased patients the tumours of
42 showed neuroendocrine differentiation demonstrated by NSE or chromogranin

immunohistochemistry. In the other 44 patients only 5 had tumours with
neuroendocrine differentiation. Cohen et al were able to show that neuroendocrine

differentiation was a better predictor of outcome than was Gleason scoring.
Other authors have found the demonstration of this predictive value of
neuroendocrine differentiation difficult. Cohen et al found that in 38 patients with

stage II prostate cancer (that is, organ confined but palpable disease [193],) neither
NSE nor chromogranin staining correlated with disease progression [194], Aprikian
et al studied 41 patients with advanced (stage Dl) prostate cancer. They found no

significant difference in disease-specific survival between chromogranin A positive
and negative tumours [195], Most recently Allen et al have reported the results of

staining of 120 prostate adenocarcinomas for chromogranin A and NSE. They found
no significant difference between the survival of neuroendocrine negative and

positive tumours [196],
Whether or not neuroendocrine cells can act as an independent prognostic variable,
there is little doubt that neuroendocrine cells are more common in poorly

differentiated, metastatic and hormone-escaped tumours, than in well differentiated,
localised and non-hormone-escaped tumours. Allen et al found that while 12% of TO
tumours showed neuroendocrine differentiation, 43% of T4 tumours did so [196],

Berner et al found that, while 12 of 47 tumour biopsies before androgen-depletion

therapies showed positive NSE staining, 18 of the 47 were NSE positive when

progressing after androgen-depletion [197], Aprikian found that 46% of pelvic lymph
node metastases and 52% of bony metastases in stage Dl carcinoma were positive
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for chromogranin A [195], These findings have suggested several possible roles for
neuroendocrine cells in prostate cancer progression.
In a study of the androgen receptor status of neuroendocrine cells in the prostate,

Nakada et al stained prostate tissue doubly for androgen receptor and chromogranin
A [198], They found that, while the majority of neuroendocrine cells showed nuclear

staining for androgen receptor, a subpopulation of these cells - both in benign and

malignant tissue - did not. Subsequent studies using a different antibody against the

androgen receptor have failed to show androgen receptor in any neuroendocrine cells

[199-201], It is clear then that at least some, and possibly all, neuroendocrine cells
do not depend on androgenic stimulation. In relation to the finding that EGF and
EGFR may be lost by progressing prostate cancers, it is of note that neuroendocrine

cells do express EGFR and C-erbB-2. Iwamura el al were able to demonstrate the

co-localisation of EGF receptor, and C-erbB-2, with chromogranin A in normal and
BPE1 tissue immunohistochemically [202],
There is some evidence that non-androgen-dependent neuroendocrine cells could
stimulate the further growth of epithelial prostate cancer cells. Serotonin, the
commonest product of prostatic neuroendocrine cells, may itself act as an analogue
to steroid hormones. Power et al have shown that serotonin will bind progesterone

receptors in chicken cells in vitro at a site other than that of progesterone binding,
with subsequent receptor cytosol-nuclear translocation of the receptor [203], An

antagonist of the neuroendocrine peptide bombesin has been shown to reduce the

growth of the Dunning R-3327H rat prostate cancer [204],
So it can be postulated that androgen depletion may give neuroendocrine cells a

relative survival advantage over other prostate cells. The production of growth

promoting substances by the neuroendocrine cells may then stimulate non-

androgenic-dependent prostatic growth.
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NERVE GROWTH FACTOR (NGF).

The presence of B-nerve growth factor and its low-affinity receptor in the human

prostate may be of relevance to a number of the topics discussed. They have been

postulated to be involved in stromal-epithelial interaction in the prostate; they have
been postulated to be active in the control of prostate epithelial growth; they are

mediators of neural differentiation - which has been seen to be a possible means of

prostate tumour progression and they are involved in nerve growth which may be
altered in BPH.

The Discovery of Nerve Growth Factor.

Bueker described a series of experiments involving the transplantation of tumours in

place of the hind limb somites of chick embryos at 50-60 hours incubation [205],

When the experimental "mouse sarcoma 180" was transplanted the tumours' growth
was associated with hypertrophy and hyperplasia of the ipsilateral sensory ganglia.
Levi-Montalcini and Hamburger were similarly able to demonstrate that "mouse

sarcoma 37" caused sympathetic ganglion hypertrophy [206], It was postulated that a

physical or chemical feature of these sarcomas caused sympathetic or sensory nerve

growth.
Levi-Montalcini went on to co-culture mouse sarcomas 37 and 180 with chick

embryo spinal and sympathetic ganglia in vitro in hanging drop cultures. She showed
that both tumours stimulated profuse and precocious neurite growth without a need
for contact between tumour and ganglion. That is, that the effect of the tumours was

mediated by a diffusible agent [207],

Using the same cultures as a bioassay, Cohen showed high levels of nerve growth

stimulating activity in post-pubertal male mouse salivary glands. The activity of
other mouse tissues was never more than one five-thousandth of that of the

submaxillary gland. Cohen purified the growth factor by alcohol and ammonium

sulphate precipitations, and carboxymethyl- and diethylaminoethyl-cellulose

chromatography. It was in the analyses of partially purified fractions of this

preparation that Cohen discovered EGF [208], The specific neurotrophic activity of
the final fraction was 100 fold greater than that of unmodified submaxillary gland

homogenates. In analytic centrifugation the final fraction contained a single protein
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peak of roughly 44,000Da which was taken to represent the growth factor. Its

injection into new-born mice caused increase in the growth of the superior cervical

ganglion [209],
The easy availability of large amounts of the mouse nerve growth factor from

salivary glands has meant that the majority of studies on the structure and behaviour
ofmammalian NGF's has been in that species.
The Structure of Nerve Growth Factor.

Using a simpler purification technique than Cohen - gel filtration of salivary gland

homogenate on sephadex G-100, diethylaminoethyl-cellulose chromatography and
further sephadex G-150 filtration - Varon isolated a complex protein of 140,000Da
which was also the major species of nerve growth factor activity in crude gland

preparations [210], On the basis of its sedimentation coefficient this protein has
become known as 7S nerve growth factor (7S NGF). Further carboxymethylcellulose

chromatography of this product at various pH levels produced acidic (a), basic (B)
and intermediate (y) subunits of around 30,000Da weight. Only the basic, B subunit

demonstrated nerve growth factor activity (B-NGF)[211], The stoichiometry of 7S

NGF is ot2,B,Y2 and the protein subunits re-associate as the 7S complex if returned to

neutral pH [212], Pantazis showed that the simple dilution of 7S NGF from the
concentrations at which it was isolated, lead to its dissociation into the component

subunits. He suggested that the existence of 7S NGF was a artefact of its
concentration on purification and that 7S NGF does not exist in the mouse

submaxillary gland in vivo [213],
In addition to its isolation from purified 7S complex, the B-NGF subunit can be
isolated directly from the mouse submaxillary gland. Bocchini and Angeletti
described a technique of sephadex filtration, acidic dialysis and caboxymethyl-
cellulose chromatography which yielded a 30,000Da protein with activity in the

chick-embryo cervical ganglion assay [214], In electrofocusing, the isoelectric points
of this protein and of the B-subunit of the 7S complex were shown to be equal

indicating the identity of these proteins [215],
The formation of the 7S complex seems to protect the B-NGF subunit from

proteolysis. When the subunit is isolated directly it undergoes limited proteolysis by
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mouse salivary peptidases. Specifically an amino-terminus octapeptide or a carboxy-
terminus arginine or both, are lost. The proteolytically modified hormone is known
as 2.5S NGF on the basis of its sedimentation rate, in distinction to the complete B-
NGF derived from the 7S NGF complex. 2.5S NGF has a molecular weight of

26,500Da while 13-NGF has a molecular weight of around 28,000Da [216,217],

Angeletti et al isolated B-NGF after the method of Bocchini and Angeletti and found
a 30,000Da protein. Subsequent incubation of the protein in 6M guanidine

hydrochloride produced a protein product of 14,500Da. Angeletti et al suggested that
B-NGF was a non-covalently linked homodimer of such subunits. This contention
was supported by the finding that removal of the amino-terminal residue from the

30,000Da B-NGF produced two, rather than one, serine residues. It was suggested
that the 44,000Da protein initially described by Cohen represented a trimer of these

protein subunits [218], Moore et al investigated the binding of the two subunits of B-

NGF and estimated a Kj for dimer formation of 10" 10 to 10"' 'M. This estimate

depended on knowledge of the half-time of dimer formation after dimer dissociation
in 8M urea and the assumption that B-NGF dimer formation was comparable to that
of other protein dimers for which Ka values were available [219], This value

would suggest that, although maximally active B-NGF concentrations in bioassays
are close to the for B-NGF dimers, the predominant form of B-NGF at biological

concentrations is the homodimer.

Angeletti and co-workers went on to fully sequence the 2.5S NGF monomer. By a

sequence of enzymatic digests and the use of Ednam sequencing and automated

sequencing they found a 118 amino-acid residue of 13,259Da. Each monomer

contained six half-cysteine residues and three disulphide bridges [220-222],
The growth of crystals of murine B-NGF has allowed the elucidation of the
hormone's secondary structure. Wlodawer et al produced NGF crystals by the drying
of a solution ofNGF in alcohol by the diffusion of vapour in closed chambers [223],

By the spectroscopy of NGF crystal-diffracted argon laser light (Raman

spectroscopy) Williams and Gaber estimated the proportions of B-sheet and a-helix
in the NGF monomer. In spite of the finding of 25% sequence homology between
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NGF and pro-insulin [224], they concluded that there was no structural homology
between the proteins. NGF contained 50-60% B-sheet and only 1-5% a-helix in
contrast to insulin's 50-60% helical structure [225], MacDonald et al used NGF

crystals in X-ray diffraction to elucidate the full secondary structure of B-NGF [226],

They found a predominantly B-sheet structure in keeping with Raman spectroscopy

findings. The protein contains seven areas of B-strand associated in three anti-

parallel sheets. In addition to the three disulphide bridges in each molecule described

by Angeletti, a number of amino-acids are essential in forming the secondary
structure being associated by side-chain to side-chain hydrogen bonds. MacDonald et

al noted that these amino-acids were absolutely conserved in all the NGF and NGF-
like sequences described in various species. The monomer forms a planar structure
and pairs of monomers are associated at highly hydrophobic areas on their

corresponding faces, explaining their high binding constant.

The Mouse NGF Gene.

The knowledge of the complete amino-acid sequence of the mouse B-NGF protein
allowed the preparation of degenerate oligonucleotide probes for the isolation of
mouse B-NGF sequences from cDNA clone libraries. Scott et al described the

cloning and sequencing of a cDNA identified in a randomly primed mouse

submaxillary gland cDNA library probed with a single 17-mer oligonucleotide

sequence with 32-fold degeneracy. This clone was of around l,350bp and, on

sequencing, was found to encode the mature (118 amino-acid) B-NGF sequence at its

carboxy-terminal (3') end. Upstream of this sequence lay two ATG initiation

sequences. Scott et al suggested that the larger of the two possible resulting proteins
was the B-NGF precursor - that is, of 307 amino-acids [227], Shortly after Scott's

report, Ullrich et al described the isolation of the same clone in a specifically primed
cDNA library using three degenerate oligonucleotide probes. They considered that a
shorter B-NGF precursor (241 amino-acids) was more likely. This judgement was
based on the fact that the ATG initiation sequence leading to such a shorter precursor
was followed by a well recognised signal sequence found in other precursors of
secreted proteins [228],
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Using the 5' end of Scott's cDNA clone in SI-nuclease protection mapping and

primer extension experiments, Edwards et al demonstrated the presence of two
alternative mRNA transcripts for B-NGF in mouse cells [229], While 5' ends of

submaxillary gland cDNAs were equal in size to those of the complete cloned 13-

NGF, those from other mouse tissues were shorter. Extending this work, Selby et al
used the mouse 13-NGF cDNA clone to demonstrate the presence of a single large

(894bp) 3' exon in the mouse 13-NGF gene with a number of small 5' exons (33-

167bp). In addition to the relatively abundant transcripts described by Edwards et al,

they found two further transcripts of very much lower abundance. The B-NGF
encoded by all four mouse mRNA transcripts is identical being fully encoded in the

large 3' exon. The complete mouse B-NGF gene so described was of around 42.7kb

and contained 4 exons (figure 6)[230],
Human 13-NGF.

No abundant human source of B-NGF or its mRNA has been found. Isolation of the

human gene and protein have relied on the availability of mouse B-NGF clones.
Ullrich et al probed a human genomic library with their mouse cDNA clone. They
found a 3.9kb clone, the protein encoding region of which showed a high degree of

sequence homology with the mouse cDNA - 92% in the mature protein sequence

[228], This region corresponded to the two exons at the 3' end of the mouse gene

(figure 6).
A single human B-NGF sequence has been cloned by Borsani et al from human fetal
brain total RNA. These investigators amplified the 5' and 3' ends of B-NGF mRNA

by PCR and based the sequence of 5' and 3' PCR primers for the entire cDNA on the
5' and 3' sequences so derived. This transcript corresponded to one of the mouse

transcripts described by Selby et al (transcript B in figure 6) where exon 2 is missing

[231],

In the absence of an abundant human source of B-NGF, the availability of the human

protein depends on the production of recombinant human B-NGF (rhB-NGF). The
cloned sequence of Ullrich [228] has been expressed in a number of expression

systems - notably in the expression vector pUC118 as a co-transfectant with SV40

expression plasmids in Chinese hamster ovary cells [232], Commercially available
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Figure 6: The mouse B-NGF gene and splice variants of its mRNA transcription
product (A-D) as described by Selby [230], The gene contains four exons - that at the
5' end bearing a small (142bp) intron. The mature B-NGF sequence (NGF) is wholly
contained in the large 3' exon in all transcripts. The transcripts were present in the
proportions: A, 100; B, 10; C, 1 and D, 0.1.
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rhB-NGF is produced in Escherischia Coli and is heavier than the native hormone

with an additional 10 amino-acids at the amino-terminus and a molecular weight of

28,000 as the homodimer [233,234], It is of note that partial purification of such
recombinant human B-NGF way yield apparently covalently bound homodimers
which fail to dissociate under reducing conditions [235],
Other Mammalian and Non-mammalian NGF's - Evolutionary Conservation.
The high degree of homology between the protein sequences of human and murine
B-NGF has been noted. The translation products of both consist of an 18 amino-acid

signal sequence followed by a pro-region and the mature B-NGF monomer separated

by a dibasic proteolytic cleavage site [228], The sequences and translation products
of other mammals are also highly homologous to the mouse protein. Guinea pig B-
NGF cDNA has been isolated from that species' prostate using Scott's murine cDNA

as a probe. The guinea pig sequence is 86% homologous to the murine sequence

[236], The same murine probe recognises rat B-NGF sequences [237],
The high degree of conservation of the protein is demonstrated by similarities
between non-mammalian nerve growth factors and the murine hormone. While

seeking sources of nerve growth factor, Cohen described a protein active in nerve

growth factor bioassays derived from snake and gila monster venoms [238], Hogue-

Angeletti et al subsequently sequenced the nerve growth factor in cobra (Naja Naja)
venom and found 60% of its amino-acid sequence to be identical to murine B-NGF

[239], Avian B-NGF has also been sequenced and shows approximately 85%

homology with murine and human proteins [240],
This degree of conservation of the sequence of B-NGF stresses its developmental

importance. Happily it also allows the use of non-human nerve growth factors, and
antibodies to them, in the investigation of human nerve growth factor.
Other Nerve Growth Factor-like Neurotrophins.
In addition to the B-NGF's of various species described, a number of other

neurotrophins which show varying degrees of homology to B-NGF have been
described.

Using techniques of purification similar to Cohen's in the initial description of B-

NGF, followed by gel electrophoresis, Barde et al isolated a protein from pig brain.

57



This protein was of very low-abundance (Ipg/kg of brain tissue) and was active in
chick embryo sensory ganglion bioassay. The protein had a molecular weight of
12.3kDa under denaturing conditions and, like NGF, was highly basic [241], It is
known as pig-brain derived neurotrophic factor (BDNF). After sequencing of the
amino-terminus of the protein, Barde's group developed oligonucleotide primers
which were used in PCR of porcine genomic DNA to derive a partial DNA sequence

which, in turn, was used to isolate a cDNA clone from a library prepared from pig
brain superior colliculus RNA [242], The architecture of the transcript in terms of

signal sequence, proregion and amino-terminal mature protein, was similar to that of
B-NGF. The mature BDNF sequence showed 51 identical amino-acids to various

species B-NGF's. Most particularly the three cysteine residues and the highly

hydrophobic amino-acids responsible for B-NGF's secondary structure were identical,

suggesting that the secondary structure of BDNF was similar to that of B-NGF.

Notwithstanding their similarity BDNF and B-NGF have different actions. Barde has
described the support of ectodermally derived neurones by BDNF while B-NGF will
not support these fibres. Conversely, sympathetic neurones supported by B-NGF are

not responsive to BDNF [243],

PCR primers based on highly conserved sequences in B-NGF from various species
and in BDNF have been used to screen genomic and complementary DNA's for
further proteins related to B-NGF. Three such neurotrophins have been described -

NT-3, NT-4 and NT-5. NT-3 was found in mouse rat and human, NT-4 in Xenopus

(an aquatic African frog) and NT-5 in human and rat. All share the architecture of
the B-NGF precursor and the critical structural amino-acids of B-NGF in their mature

sequences [244,245],

Ciliary Neurotrophic Factor.

Like BDNF, ciliary neurotrophic factor (CNTF) was isolated from tissue - chick eye

and rat sciatic nerve. Derivation of a partial protein sequence allowed the

development of probes and the isolation of a cDNA fragment. CNTF is not

structurally related to B-NGF and its related neurotrophins. It is a 200 amino-acid

protein and does show homology with a number of haemopoietic cytokines including
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interleukin-6 (11-6), leukaemia inhibitory factor (LIF) and granulocyte colony-

stimulating factor (G-CSF).
The receptor for CNTF, CNTFRa, is unusual among growth factor receptors as it is
not a transmembrane protein. Rather, it is membrane bound by a glycosyl-

phosphotidyl-inositol linkage. As is the case for 11-6 and the other cytokines

mentioned, ligand binding to CNTFRa leads to association of the ligand-receptor

complex with a further cell surface protein, CLIP2, with subsequent tyrosine

phosphorylation-dependent intracellular signalling.
Cell-culture studies of CNTF activity indicate a wider range of targets for this

neurotrophin than for the B-NGF-family. It is trophic for parasympathetic and motor
neurones in addition to sensory and sympathetic cells. CNTF also causes glial

progenitor cells to differentiate as astroglial cells, and can induce parasympathetic
differentiation from cells in sympathetic ganglia and from mature sympathetic
neurons [246],

Fibroblast Growth Factors as Neurotrophins.
A number of other growth factors are known to have neurotrophic activity.

Neurotrophic activity has been described for EGF and PDGF [247] but most interest
has been in the capacity of the FGF hormone family to behave in this way.

The constituents of the FGF family and their receptors have been described already.
It has been shown that acidic and basic FGF's can support the neurite outgrowth of

cortical, cerebellar and septal neurons centrally. In the peripheral nervous system,

sympathetic and sensory ganglion neurite outgrowth is promoted by FGF's [248],

although it is clear, as will be seen, that such neurons are critically dependent on 13-
NGF for their survival.

Acidic and basic FGF seem to be the most widely distributed of the FGF family in
the nervous system. Eckenstein et al have shown that bFGF is evenly distributed in
the central nervous system but absent from the periphery. aFGF, on the other hand, is

present in high concentration in the peripheral nervous system and spinal cord but

variably present in the encephalon. Both are present in concentrations higher by a

factor of 500 to 5000 than is B-NGF. Immunohistochemistry of rat brain showed
aFGF most densely in mesencephalic motor neurons and primary sensory neurons.
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bFGF staining was found in small astrocytes throughout the brain but only faintly in

sparse cortical neuronal populations in the cingulum and hippocampus. By

immunoblotting these authors have shown that, like B-NGF, FGF's are expressed at

set times in neural development in the rat. FGF's are barely detectable at birth with

subsequent rises to adult levels of the hormones by the 14th to 28th post-natal days
of life. This period is later than the period of programmed neuronal cell death when
B-NGF is critical in neuronal survival [249],

NEUROTROPHIN RECEPTORS.

Like other growth factors, B-NGF and the other neurotrophins act on cell surface

receptors. Scatchard analysis of the binding of 1 '25]]_NQf t0 dissociated cel ls from
chick embryo dorsal root ganglia demonstrated the presence of two populations of

binding sites. Kd values for the two sites were 2.3x10"! 1m and 1.7xlO"^M. Rates of
association of hormone with the two sites were similar while the rate of dissociation

from low-affinity sites (fast NGF receptors) were roughly 100 times faster than from
the high affinity sites (slow NGF receptors) [250], The nature of the protein receptors

responsible for B-NGF binding is now well understood, but how these receptors

interact remains contentious.

The Low-Affinity Nerve Growth Factor Receptor - p75LNGFR>
Chao et al transfected a mouse fibroblast cell-line with human genomic DNA and

identified NGF receptor-expressing transfectants with monoclonal antibodies against

the human NGF receptor [251], [125ij_ngf binding characteristics of the transfected
mouse cells demonstrated their expression of the fast, low-affinity receptors only.
Genomic NGF-receptor sequences were identified in the transfected mouse cells by
their proximity to repetitive human Alu sequences. Subsequently, restriction

fragments from these sequences were used to screen a cDNA library from the human

melanoma cell-line A875 which expresses up to 10^ NGF-receptors per cell. A 3.8kb
cDNA was identified and sequenced [252],

The predicted amino-acid sequence was of 400 amino-acids preceded by a 28 amino-
acid signal sequence. Amino-acids 223 to 244 constitute a highly hydrophobic region
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typical of transmembrane domains of receptor proteins. The 222 amino-acids of the
extracellular amino-terminal domain include 24 cysteine residues. Such abundance
of cysteine is characteristic of the extracellular domains of growth factor receptor

proteins. The intracellular, carboxy-terminal domain contains three areas of a-helix -

A, B and C regions [253],
The protein predicted from the nucleotide sequence has a molecular weight of
50kDa while the active hormone's molecular weight, as measured by western

blotting of cross-linked receptor-hormone complexes, is 75kDa. The disparity is

explained by glycosylation of the protein. The protein is known as p75LNGFR
Contemporaneously with Chao's identification of this protein, Radeke et al cloned
and sequenced a highly homologous protein from the rat [254],

In addition to B-NCiF, p75LNGFR binds the other neurotrophins BDNF and NT-3.

Using the mouse cell-line transfected with p75LNGFR; Rodriguez-Tebar et al

examined the binding of the three neurotrophins to p75^NGFR j^te neurotrophins

competed equally for the low-affinity binding sites with comparable dissociation

constants although the rates of dissociation of the neurotrophins differed [255],

The basic structure of p75LNGFR _ qs cytoplasmic, transmembrane and extracellular

domains - is typical of membrane receptors. p75LNGFR homologous with a

number of other receptors forming an LNGFR receptor family - The tumour necrosis
factor receptors 1 and 2, the human cell surface antigen Fas (Apo-1) receptor and the

lymphocyte antigens CD95, CD40, CD30 and CD27 [256,257] However Johnson et

al pointed out its lack of sequence homology with other receptor families [252],

Specifically no areas of homology with protein kinase receptors were found.
Feinstein and Larhammar sought homology between the cytoplasmic domain of

p75LNGFR5 ancj receptors whose secondary messengers are the G-proteins. G-

proteins are membrane bound proteins the activation of which increases adenyl

cyclase activity and hence intracellular cAMP concentration [258], Sequence

homology was not found. These researchers did, however, identify a 14 amino-acid

sequence in the C-region of the p75LNGFR intracellular domain which had a
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secondary structure similar to that of a 14 amino-acid segment of the B2-

adrenoreceptor known to be involved in G-protein binding [253],
The trk Proto-Oncogene Product and Related Nerve Growth Factor Receptors -

pi40"*, pi40"*# and \i\WrkC.
The protein thought to represent the high affinity, or slow, B-NGF receptor was first
described in colonic carcinoma. In a study of transfection of mouse NIH 3T3 cells
with high molecular weight human genomic DNA, Pulciani et al identified four

transforming genes. Three of these hybridized with retroviral oncogene sequences

and represented transformed alleles of the ras protein. The fourth (oncD), however,
failed to hybridize with any established oncogenes [259], Human sequences from
onc£>-transformed NIH 3T3 cells were used to probe cDNA libraries and a 2.5kb
mRNA transcript of oncD was identified. Transcripts hybridizing with these probes
were present in significant amounts even in non-transformed NIH 3T3 cells.

Subsequent cloning of the oncD cDNA and nucleotide sequencing suggested a 641
amino-acid protein product. The nucleotide sequence showed homology with two

distinct protein families; while the 5' region contained a 204bp region with 96%

homology with a previously described human non-muscle tropomyosin sequence, the

carboxy-terminal region of the putative protein product shared 63 of the 70 amino-
acids known to be common to all protein tyrosine kinases described. The homology
of oncD with the non-muscle tropomyosin was thought to explain the hybridisation
of oncD probes with mouse mRNA sequences constitutively expressed by NIH 3T3

[260], Martin-Zanca suggested that this oncogene be termed trk forfropomyosin

receptor kinases.

Probing of a cDNA library from a totipotent haematopoietic cell-line with a probe

prepared from the intracellular domain sequence of the trk oncogene identified a

proto-oncogene. This transcript coded for a protein kinase molecule of 790 amino-

acids. In the originally described trk oncogene the first 392 amino-acids were

replaced by the tropomyosin sequence. The extracellular domain contained a number
of sites for n-glycosylation and after glycosylation the mature protein had a weight of

140kDa. It is known as pl40/r^ [261],
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Further work by Martin-Zanca et al first suggested that the trk proto-oncogene might
be a neurotrophin receptor. They used the human trk proto-oncogene cDNA as a

probe to identify the mouse gene and prepared hybridisation probes from the mouse

sequence. Northern blot and in-situ hybridisation of mouse embryo RNA's
demonstrated that trk proto-oncogene transcripts were found only during the period
of neurulation in the embryos and that, during that period, trk proto-oncogene

transcripts were localised to the developing cranial and spinal sensory ganglia [262],
Klein et al provided compelling evidence that the trk proto-oncogene product was a

B-NGF receptor. They showed that NIH 3T3 cells transfected with trk bound 2.5S-

NGF with high affinity (Kj = 10~10 to 10"^M) while un-transfected cells did not,

and that cross-linked [' 25j |-NGF-reccptor complexes from these cells had an

electrophoretic molecular weight of around 165kDa in keeping with complexes of

the pi40^ protein with the radio-labelled honnone. They further showed that the
kinase activity of the trk proto-oncogene product was significantly increased in the

presence of 2.5S-NGF, indicating the activation of the receptor by B-NGF [263],

Screening of cDNA libraries with probes based on the pi40^ nucleotide sequence

led to the description of two further related tyrosine kinase receptors - trkB and trkC

[264,265]. Like trk, trkB is confined to the nervous system in the developing mouse

[266], Unlike the previously described gene, however, two protein products of trkB

have been described [267], The larger (pl45*™®) shows 88% amino-acid homology

with the intracellular tyrosine kinase domain ofpi40^ and 40% homology with its

extracellular ligand binding domain. The smaller product (p95/r^®) lacks aij but 23
amino-acids of the intracellular domain and has no tyrosine kinase activity.

Lamballe et al found trkC by screening of an adult pig brain cDNA library with trk
and trkB probes at low stringency [265], The trkC nucleotide sequence shows 67%

and 68% homologies with trk and trkB respectively. Its protein product, pl45/r^C, is
expressed in the pyramidal cells of the mouse cerebrum and hippocampus and the

granular layer of the mouse cerebellum.
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It has been noted that p75LNGFR binds B-NGF, BDNF and NT-3 with equal affinity

albeit with different rates of dissociation, pi40^, pl45/r^B an(j pi45^C differ in
that they show different affinities for the neurotrophins. For example, NIH 3T3 cells
transfected with trkC showed high affinity binding ofNT-3 but not B-NGF or BDNF

[265], Studies of chick sensory neurons demonstrate that the inhibition of high

affinity binding of BDNF or NT-3 requires approximately 1000-fold concentrations
of B-NGF [255,268], In NIH 3T3 cells transfected with trk and trkB, NTH strongly
stimulates trkB phosphorylation but only weakly induces trk phosphorylation [244],

The Relationship of p75LNGFR antj trk Tyrosine Receptor Kinases to High-

and Low-affinity Neurotrophin Binding Sites.

Initial descriptions of p75LNGFR ancj y\<\Qtrk seemed to indicate that the these two

proteins represented the high and low-affinity B-NGF binding sites originally
described by Sutter [250], This position is, in fact, far from clear. Since the original

descriptions of these proteins, two theories of their interaction have arisen and

evidence supporting both has appeared [269],
The availability of the rat adrenal phaeochromocytoma cell-line, PC-12, has
facilitated investigations into B-NGF receptors. The cell-line was isolated by Greene
and Tischler by serial passages in rat collagen coated culture plates. PC-12 does not

depend on B-NGF for division and growth. After 24 hours' exposure to B-NGF they

undergo growth arrest and develop neurite outgrowth. This effect is reversible and

withdrawal of B-NGF leads to degeneration of neurites and growth resumption [270],
The growth arrest of PC-12 by B-NGF allowed the isolation of clonal, mutant

variants ofPC-12 which are not B-NGF responsive and which continue to grow in the

presence of the hormone [271].

The p75LNGFR/pi4otr£ heterodimer model of high affinity B-NGF binding depends

on a number of studies in one of these mutant PC-12 cell-lines, NR-18. Hempstead et

al found that the transfection of p75^NGFR jnt0 fibroblast and other non-neuronal

cells lead to the expression in these cells of low-affinity B-NGF receptors. In NR-18

cells transfected with p75^NGFR5 however, both high (K^ = 6x10"! 1) and low-
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affinity (K^ = 2x10"") binding was found. Hempstead interpreted this finding to

show that some neuronal cells like NR-18 contained a protein, absent in fibroblasts,

which generated high affinity binding sites in association with p75LNGFR [272],

The description of pl40?r^ by Klein suggested a likely candidate for this additional

protein but his description of a of B-NGF binding for p i 40/r^ of 10"'^ to 10"' 'M

suggested that pi40^ alone constituted the high affinity receptor. Kaplan, however,

described a very much lower Kj value for pi 40"'^ of 10"c' [273], Hempstead

demonstrated B-NGF binding with K<j = 10"9 in membranes derived from NIH 3T3

cells transfected with trk. High-affinity binding was not found. If membranes were

fused with those from cells expressing p75fNGFR^ however, both high and low-

affinity binding sites were found. Similarly membranes from NR-18 cells only
showed B-NGF binding (both high and low-affinity) after fusion with membranes

containing p75LNGFR Finally, COS-1 cells, which do not normally express

p75LNGFR or pl40/r^, needed to be transfected with both before high-affinity B-
NGF binding could be demonstrated. On the basis of these data, Hempstead

suggested that the formation of p75LN(jFR/pi4()t/'& heterodimers in the presence of
B-NGF was needed for high-affinity binding of the ligand [274],

The alternative theory is that pl4Cfr^ alone represents the high-affinity receptor. This

has been termed a pl4(Fr^/pl40'r^ homodimer model [269], but binding of B-NGF
and pl40/r^ monomers is as likely. Klein's work cited certainly suggested that

pi40trk aione might be responsible for B-NGF binding and a number of studies have

supported this contention. Cordon-Cardo et al showed that NIH 3T3 cells transfected

with pl40?r^ alone were mitogenically stimulated by B-NGF and that B-NGF
stimulation lead to increased expression of the c-fos differentiation factor in those

cells [275], Similarly Xenopus oocytes transiently expressing pl40/r^ show meiotic
maturation under B-NGF stimulation [276], Such studies may simply indicate that the

expression of functional tyrosine kinase activity leads to mitosis - which is not the

biological response to B-NGF. Ibanez, however, showed that the abolition of B-NGF
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binding to p75LNGFR by amino-acid replacements in the hormone did not prevent

its stimulation of neuronal differentiation in PC-12 [277], Similarly antibodies to the

P75LNGFR binding site on B-NGF did not prevent B-NGF stimulated PC-12
f

differentiation [278],

There is, as yet no resolution between these two theories. Some authors have

considered p75LNGFR to be almost irrelevant to B-NGF action [102], In a recent

review [279] Meakin and Shooter make the observation that no direct evidence is

available to demonstrate direct interaction of p75^NGFR ant] pi40trk_ por example,

cross-linking of B-NGF and its receptors has demonstrated the existence of species in

keeping with the presence of 75kDa and 140kDa receptors but not a 215kDa

p75LNGFR/p 14()irk heterodimer [274,280-282], Meakin and Shooter suggest that,

although they may not directly interact in the plasmalemma, communication between

P75LNGFR ancj p\4Qtrk receptors after B-NGF binding may be essential for the full

biological action ofB-NGF.

Hantzopoulos et al have studied the behaviour of p75^NGFR co-expressed in NIH

3T3 fibroblasts with pi40^. As previously shown by Klein, NIH 3T3 cells bearing

pl40/r^ respond to B-NGF stimulation with protein tyrosine phosphorylation and

growth. Hantzopoulos found that the additional expression of p75LNGFR jn these
cells did not greatly potentiate these actions. The additional transfection of truncated

forms of p75LNGFR lacking its intracellular domain, however, lead to the growth of
fibroblast colonies in the absence of external neurotrophin stimulation. These
workers showed that NIH 3T3 itself expresses B-NGF and that the abolition of ligand

binding by p75LNGFR wlth mutations in its extracellular domain removes its

capacity to potentiate pi40^ action. This work, then, would suggest that the growth

of p 140/r^ NIH 3T3 transfectants is an autocrine process which is potentiated by

p75LNGFR ant) that this potentiation does not depend on the action of the

intracellular domain of p75LNGFR [283], Barker and Shooter recently produced data

leading to similar conclusions. They have shown that PC-12 cells exposed to

antibodies to the extracellular domain of LNGFR reduces p!40/r^ B-NGF binding
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and its phosphorylation. Similarly the presence of excess BDNF, binding p75LNGFR
but not pl40/r^, reduced B-NGF binding by pl40/r^ [284],
Flempstead, who originally proposed the p75LNGFR/p]4(y/A heterodimer model of

high affinity B-NGF binding, and her co-workers have produced data to further

support their view that p75^NGFR js involved in the formation of high-affinity B-
NGF binding. They found that the rate of association of B-NGF with high affinity

sites was much faster than its rate of association with pl40/r^ alone. Only in cells co-

expressing p75LNGFR an(j p]4()trk was high affinity binding with a fast on-rate

seen. They point out that the evidence for pl40/r^ alone forming high affinity sites

way depend on the expression of very high numbers of pi40^ receptors in the
fibroblast models mentioned above. This may lead to the formation of

unphysiological pl40/r^ dimers in the presence of high pi40^ density. Further they

note that co-expression of high levels of p75LNGFR an(j is difficult and, as

has been seen, that the expression ofpi40^ may be enough to lead to high affinity

binding but that this may not lead to biological responses to B-NGF - transfected

cells expressing p 140/r^ do not show neurite extension or other features of neuronal
differentiation. These authors suggest two models which, they believe, reconcile the

conflicting evidence for and against a combined action for p75LNGFR an(j pi4(j/^
in B-NGF binding. One is that multimeric p75LNGFR/pi4Qtr£ associations lead to

high affinity binding and the other is that, more in keeping with the recent results of

Barker and Shooter, and Flantzopoulos et al, p75LNGFR |cac[s to altered p 140/r^
conformation or altered B-NGF presentation to pi40^ [285],

p75LNGFR as a Mediator ofNeuronal Apoptotic Cell Death.

All of the work described, in attempting to attribute a role for p75^NGFR jn

neurotrophin signalling, have assumed that the trk receptors with their well described
and understood tyrosine kinase dependent mechanisms for intracellular signalling,
are central to mechanisms of neurotrophin signalling. Such an assumption can be
understood in terms of the apparent lack of a signalling motif in the intracellular
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domain of p75LNGFR noted above. However recently available evidence has

suggested that even in the absence of pi40^ receptor, p75LNGFR has a roje jn g.
NGF signalling.

Firstly were studies which demonstrated the activity of the intracellular portion of

the p75LNGFR receptor in spite of its small size and its lack of definite sequence

homology with other receptors. Yan et al constructed chimeric receptors from the
extra-cellular domain of the human EGF receptor (EGFR) and the transmembrane

and intracellular domains of p75LNGFR These receptors were expressed in PC-12

cells. Normal PC-12 cells express EGFR and respond to EGF stimulation with
mitosis. These PC-12 transfectants, however, responded to EGF stimulation by

growth arrest and neurite outgrowth. That is, the activated intracellular domain of

p75LNGFR5 m the absence of activation of p l40/r^, was able to induce characteristic
13-NGF responses in PC-12 [286],
In keeping with this result, and following from Hempstead's work in the PC-12

mutant cell-line NR-18, was the work of Berg. She found that transfection ofNR-18

with p75LNGFR mutated in its intracellular domain lead to a failure of the tyrosine

phosphorylation seen after 13-NGF stimulation. This, in spite of the fact that, as has

been seen, the p75LNGFR intracellular domain has no tyrosine kinase activity [287],

Secondly have been studies of p75LNGFR function based on knowledge of the

functions of the other members of the p75LNGFR family - TNFR1 and 2, Fas and

CD40. These receptors act on alternative intracellular pathways causing apoptotic

cell death or activation of the highly active transcription factor NF-kB [288],

Rabizadeh et al studied the possibility that p75LNGFR too was a mediator of

apoptosis. They transfected immortalised neural cells with p75^NGFR m a vjra[

vector. This transfection lead to p75LNGFR expression and subsequent apoptotic
cell death. This cell death was prevented by 13-NGF. It was clear that this 13-NGF

effect was mediated by the newly expressed p75LNGFR ancj not fy pi4QtrkA as

when 13-NGF concentrations used were insufficiently high for low-affinity 13-NGF

binding to occur, apoptosis was not prevented [289],
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Most recently, Carter et al have demonstrated that p75^NGFR ajso interacts with the
NF-kB transcription factor. They found that Schwann cells from the sciatic nerves of
new-born rats showed increased NF-kB staining and nuclear translocation in

response to B-NGF stimulation. Like B-NGF sensitive neurons, Schwann cells bear

P75LNGFR receptors. In Schwann cells from mice with a p75LNGFR gene deletion,
no effect of B-NGF stimulation on NF-kB expression was seen, demonstrating the

p75LNGFR_dependent nature of the response, independent of pi40^4 [290],

On the basis of Rabizadeh's work, it can be seen that p75LNGFR [s a likely candidate
as a mediator of constitutive neuronal cell death which is prevented by B-NGF. Such
has been demonstrated in vivo by Lee et al who have studied mice carrying a

mutated p75LNGFR wbich is unable to bind B-NGF. They found no demonstrable

changes in the stellate or superior cervical ganglia and the p75LNGFR.mutan^s did
not suffer ptosis - characteristic of mice after sympathectomy [291], More recent

reports have suggested that p75LNGFR.mu^an| mice in fact bear rather widespread

peripheral nervous system deficits. They have deficient innervation of the pineal and
eccrine glands [292,293], They further have dorsal root and trigeminal ganglia of
reduced size and have decreased sensory nerve fibres in their foot-pads and
decreased heat and pain sensitivities [291],
These recent findings suggest that, in spite of intense study of the trk proteins it may

be that the originally described p75LNGFR receptor is the mediator of the best

described action of B-NGF. Namely the development in embryo of the sympathetic
and sensory nervous systems.

Signal Transduction.
Cellular events following the binding of B-NGF to its receptors have largely been
studied in the PC-12 cell-line. This work has until recently concentrated on the
transduction of the neurotrophic signal through the tyrosine protein kinase actions of

pl40/r^ almost to the exclusion of any consideration of p75LNGFR ^ has recently
been reviewed by Szerebenyi [269],
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The actions of activated pl40tr^ are similar to those described for other receptor

protein kinases. So, PLCyl is activated with liberation of DAG and IP3. pp60c~src is

also implicated in intracellular signalling - intracellular injections of anti-pp60c"src
antibodies prevents B-NGF mediated neurite extension from PC-12, while

introduction of the constitutively activated pp60v-src leads to such extension. In

addition the downstream targets of pp60c-src, the p21ras family, are present in PC-
12 and exposure of the cells to B-NGF leads to a rapid increase in the ratio of

activated p21ras-GTP to the inactivated p21ras-GDP. The p21ras GTP-ase activating

protein (GAP) is moderately stimulated in PC-12 by B-NGF. It may be that a

common end point for the action ofPLCyl and the p21ras proteins is PKC.
The more recently described ^a/proteins may also be involved in PC-12's response

to B-NGF. These proteins (c-Raf-1, A-Raf and B-Raf) are protein serine/threonine
kinases. The phosphorylation of all these proteins leads to an increase in their kinase

activity. In PC-12, B-NGF treatment leads to c-Raf-1 and B-Raf phosphorylation and
the introduction of activated c-Raf-1 leads to neurite outgrowth. Raf proteins may be

directly phosphorylated by p)40/r^ but they have also been shown to be activated by

p21ras. p21ras/Raf complexes have been demonstrated in PC-12 cell extracts and
such complexes atract further signalling proteins such as the mitogen-activated

protein kinase kinases (MAPKK's).

Mitogen-activated protein kinases (MAPK's) are a group of enzymes which react to

tyrosine phosphorylation by becoming active in serine/threonine phosphorlyation.

Their pi40^ mediated tyrosine phosphorylation in PC-12 is p21ras dependent.

MAPK is not directly activated by the action of p21ras/Raf complexes. Rather, those

complexes activate MAPK through the MAPKK intermediary. One identified target

for MAPK phosphorylation is pp90rsk, a further kinase which phosphorylates a

ribosomal protein. Both MAPK and pp90rsk are activated and undergo cytoplasmic-
nuclear translocation in PC-12 after B-NGF stimulation.

The eventual action of B-NGF on PC-12 cells is to modulate gene expression. The

genetic response to growth factor stimulation is characterised in terms of early- and
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late-response genes. Early-response genes' expression is controlled by

phosphorylation and does not depend on protein synthesis. Two genomic regions are

known to respond to B-NGF stimulation in PC-12 in this way. Serum response

elements (SRE's) are stimulated by transcription factors undergoing MAPK- and

serine threonine kinase-mediated phosphorylation after B-NGF stimulation. Tumour

promoter response elements (TRE's) are stimulated by the AP-1 transcription factor
formed from dimers of proteins from the fas and jun proto-oncogene families [294],
AP-1 phosphorylation, mediated by MAPK, is also B-NGF stimulated in PC-12. Fos
and jun proteins are themselves early responding genes to B-NGF. Zifl6% is a further

early responding gene. It is of particular interest in that it acts as a promoter for late-

response genes and may act as a "third-messenger" mediating the action of B-NGF on

those genes.

The expression of late response genes is protein synthesis dependent. That is, de
novo production of transcription factors is required for their expression. These are

the genes whose expression mediates the neural differentiation and neurite

outgrowth characteristic of B-NGF action in PC-12. They include genes coding for
neurofilament proteins, intermediate filaments and calcium binding proteins. The

promoter regions for some of the late-response genes are known to contain AP-1 and

Z//268 recognition sites.
While these intracellular signalling pathways provide mechanisms of transduction of
the B-NGF stimulus from plasmalemma to nucleus, problems remain to be resolved
in this scheme of B-NGF action. The most striking of these is the apparent lack of

specificity in these pathways. Chao has pointed out that, although PC-12 responses to

EGF and B-NGF stimulation are different, both hormones seem to depend on the
same intracellular signalling pathways [295], So, although EGF stimulates PC-12 to

mitosis and not neural differentiation, it leads to phosphorylation of Rsk, MAPK, and

Ras, and to the activation of the same early response genes as does B-NGF. Chao

speculates that the existence of p75LNGFR may 5e pie explanation of B-NGF-

specific responses by PC-12. Such a view is supported by the previously cited work
of Yan on chimeric EGF/LNGF receptors [286],
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The mechanisms of p75LNGFR's ^\^QtrkA-independent induction of apoptosis and
NF-kB activation are less clear than the well understood Ras-dependent and Ras-

independent pathways described. Some of the mechanisms of action of other

members of the p75LNGFR family, however, have been reported. TRAF1 and
TRAF2 are cytoplasmic proteins which are associated with ligand-bound TNFR2

receptors while CD-40 is associated with these and an additional, TRAF3, protein.
These receptors, and presumably the TRAF proteins, are involved in NF-kB
activation. The Fas receptor's cytoplasmic domain is associated with a cytoplasmic

protein known as FADD which is involved in the induction of apoptosis. TNFR1, on
the other hand, is associated with the cytoplasmic protein TRADD which in turn

interacts with both FADD and TRAF2 to be involved both in apoptosis and NF-kB
activation. The four proteins - Fas, TNFR1, FADD and TRADD - associate by means

of a shared sequence known as a "Cell-death domain". It was the description of this

domain which initially lead to Rabizadeh's description of p75LNGFR induced

apotosis and it is presumed to be a sequence borne by that protein. In addition TNF-

induced apoptosis is known to be associated with increased production of ceramide

from sphingomyelin by sphingomyelinase which is also observed after p75LNGl R
transfection [288,289],

The communication of the B-NGF signal from plasmalemma to cell nucleus may be
further complicated by the topography of neurones. That is, that neurotrophin

receptors on the axons of nerves reacting to the hormone are very much more distant
from their nuclear targets than are receptors for most growth factors in most cells.
Some actions of B-NGF may depend on its transport through those nerve processes to

their parent perikarya.

RETROGRADE TRANSPORT OF NEUROTROPHINS.

B-NGF is one of many proteins, and indeed organelles, which are transported along
axons. This is a two-way process. The transport of protein from perikarya to neural

processes (antegrade transport) has been studied by the injection of labelled proteins
to cell bodies in the retina and peripheral ganglia. Retrograde transport, from axon
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toward cell-body, has been less easy to study. Antegrade transport may be fast (20-

400mm/day) or slow (0.1-4mm/day). Retrograde transport has been reported to have
a rate of roughly 300mm/day, consistent with "fast" antegrade transport. Fast axonal

transport depends on the presence of cytoplasmic microfilaments and the force-

producing ATPases kinesin and cytoplasmic dynein [297],

Retrograde transport of B-NGF was first reported by Hendry el al in the adrenergic

neurons of mouse and rat, whereby [125i]_iabe[ieci B-NGF accumulated in the

superior cervical ganglion after injection into the anterior chamber of the eye

[298,299], Such transport of B-NGF was proportional to the biological activity of
various B-NGF preparations in bioassay. The transport was also B-NGF-specific,

being saturable with B-NGF but not other proteins. Further studies have

demonstrated the ubiquity of B-NGF retrograde transport. Thoenen and co-workers
demonstrated retrograde transport in adrenergic neurones in the submandibular gland
and sensory neurones of the sciatic nerve of adult rats. They noted that the central
connections of the dorsal root ganglion cells in the rat degenerated in the absence of
such B-NGF stimulation [300,301], In the central nervous system a limited number of

neurones show B-NGF retrograde transport. Schwab el al found that small groups of
neurones in Broca's area, in the nucleus entopeduncularis of the internal capsule, and
in the medial septal nucleus of the hypothalamus handled B-NGF in this way. They
noted that all of these were components of an "ascending reticular system" projecting
to the prosencephalon [302], It seems that all neurones known to respond to the
effects of B-NGF have specific mechanisms for B-NGF uptake and retrograde

transport [303], DiStefano et al found similar specific BDNF and NT-3 retrograde

uptake systems. Sensory neurones' retrograde transport of these neurotrophins was

similar to that of B-NGF while only 5-7% of sympathetic neurones retrogradely

transported BDNF and NT-3 [304], The receptors responsible for retrograde

transport have been difficult to study but it is clear that, in PC-12 cells,

internalisation of B-NGF depends on its binding to high affinity receptors: B-NGF
concentrations associated with high-affinity binding and internalisation are similar
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[305]; Cross-linked B-NGF-pMO^ dimers rapidly become trypsin-resistant

indicating their internalization, while B-NGF-p75LNGFR dimers do not [306],
Johnson et al showed that B-NGF retrogradely transported from the eye reached the

perikarya of superior cervical ganglion neurones as the intact hormone as judged by
its molecular weight on SDS-PAGE. They further showed that 15-30% of

retrogradely transported B-NGF localised in the nuclear fraction of membrane

preparations from the ganglia [307], Andres et al found specific binding of B-NGF in
the nuclear fraction of responsive embryonic chick dorsal root ganglion neurones

[308], Johnson et al suggested, on the basis of these findings, that the action of B-
NGF was mediated by retrogradely transported hormone acting in the nucleus [307],
A number of other lines of evidence, however, would suggest that this is not so.

Firstly, while it is clear that all B-NGF responsive neurons show B-NGF retrograde

transport, it is equally seen that not all B-NGF-transporting neurons respond to B-
NGF. For example, Wayne and Ffeaton, and Yan et al demonstrated that motor

neurones in the anterior medullary horns accumulate [125i]_nqf injected into the

legs of chick embryos and neonatal rats respectively [296,309], Yan et al, however,
were able to show that B-NGF was not able to "save" motor neuron cell bodies after

sciatic nerve injuries and that B-NGF administration did not increase the size of
motor neurons in the same way as it increases dorsal root ganglion and sympathetic

ganglion size.

Secondly, direct evidence of nuclear localisation of B-NGF in support of Andres'

finding of specific B-NGF receptors in nuclear membrane fractions is lacking [300],

Rather, electron microscopic autoradiography and cytochemistry for retrogradely

transported B-NGF-horseradish peroxidase complexes suggest that B-NGF in the

perikaryon is localised to cisternae and multivesicular, smooth membraned, and
dense bodies consistent with lysosomal structures [300,310], That is, this evidence
would suggest that B-NGF is transported retrogradely for proteolysis.

Thirdly, and most tellingly, it is clear that direct B-NGF introduction into perikarya
are not effective in mediating neurotrophism. Heumann et al introduced B-NGF or

anti-NGF antibodies into PC-12 cells by PEG mediated fusion with B-NGF or anti-
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NGF antibody loaded red-cell ghosts. They found that B-NGF so administered did not

lead to fibre outgrowth and nor did antibodies so administered interfere with B-NGF
action via its cell surface receptors [311], Thoenen and Barde suggested that the

finding of NGF receptor sites in nuclear membrane fractions may be due to

contamination from microsomal fraction as is seen for insulin receptors [312], The

retrograde transport of B-NGF to the perikaryon does not, of course, preclude the

retrograde transport of other signals from NGF receptors which may arrive

simultaneously with B-NGF itself. It seems unlikely that B-NGF directly effects gene

expression in the perikaryon [313,314],

In addition to B-NGF itself, p75LNGFR js retrogradely transported. Johnson et al

found the accumulation of p75LNGFR^ as detected by immunohistochemistry, distal
to ties on the sciatic nerves of rats [315], Such transport may be constitutive and not

dependent on B-NGF binding by the transported receptor. So, the amount of

transported [125i]_anp_p75LNGFR antibody in some systems exceeds the amount of
B-NGF available to bind the corresponding amount of receptor at the nerve terminal

[314], The exact significance of such p75LNGFR retrograde transport, like that of B-
NGF itself, is uncertain. It may simply be a means for the carriage of B-NGF to its
destruction in the lysosomes of the perikaryon. It may, on the other hand, represent a

further means whereby p75LNGFR mediates, or at least modulates, B-NGF action

and especially the specificity of cellular responses to B-NGF as opposed to other

growth factors [279,295,314],

Recently Ross et al have described the retrograde and antegrade transport of

p!40trkA receptors [316], After transection of the fimria-fornix in rodents pl40/r^
immunoreactivity was seen to accumulate both proximally and distally to the site of

transection. These authors postulate that pl40'r^ may be retrogradely transported in
association with B-NGF to have its action on phosphotyrosine related systems after

reaching the perikaryon.

The relationship of the trk receptors and p75LNGFR each 0ther and to the process

of B-NGF signal transduction remains confused. Conflicting streams of evidence

support both trk receptors alone mediating B-NGF action and a role for p75LNGFR
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The function of retrograde transport of neurotrophins and their receptors remains
unclear.

PHYSIOLOGICAL ACTIONS OF B-NGF.

B-NGF, like other proteins with a signal sequence, is stored in dense vesicles in its

synthesising cells. Its release is a constitutive process in peripheral cells while,

centrally, G-NGF release is a Ca++ dependent process [243], The gene promoter for
B-NGF is poorly described but it contains an AP-1 promoter sequence where jun and

fos proteins may act to promote B-NGF production. A number of hormones have
been reported to increase B-NGF production in vitro but any in vivo role for these

stimulating hormones is unclear. They include cytokines, glucocorticoids, vitamin D

and thyroxine [317],
In cells responding to released B-NGF a number of metabolic changes are seen. The
assessment of these metabolic changes, in vitro, has been difficult. When sensory

and sympathetic neurons are studied in vitro their survival is B-NGF dependent.
Therefore apparent differences between B-NGF-stimulated and non-stimulated cells

may simply reflect naturally occurring degenerative changes in the control, non-

stimulated cells. Nonetheless it is clear that, like EGF and other peptide growth

factors, B-NGF stimulates glucose and amino-acid uptake in a manner not dependent
on protein synthesis. In addition, through poorly understood induction of early and
late response genes, it stimulates the synthesis of essential enzymes in adrenergic
neuronal cells. These enzymes - tyrosine hydroxylase and dopamine B-hydroxylase -

are both rate-limiting in the synthesis of noradrenaline [313], The neuronal synthesis
of substance P, somatostatin and cholecystokinin is also regulated by G-NGF [303],
The major action, however, of B-NGF is the control of growth of peripheral and
central neurons. The actions of B-NGF on peripheral neurons have been best
understood and the original papers of Cohen in describing B-NGF have been central
to that understanding. In addition to the isolation of NGF, Cohen prepared anti-NGF
serum in rabbits. The daily injection of this antiserum into newborn mice, rabbits,
cats and rats lead to rapid cell loss in the sympathetic ganglia [209], In fact the death
of large numbers of sympathetic neurons in these ganglia is a naturally occurring
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process - as noted in vitro - and the action of B-NGF is, in effect, to rescue these
neurons from constitutive cell loss. Naturally occurring neuronal loss occurs shortly
after sprouting axons reach their targets and the production of trophic factors such as

B-NGF by innervated tissues is the means by which a portion of those neurons are

preserved [243], In spite of the early demonstration by Bueker [205], and Levi-
Montalcini and Flamburger [206] that such peripheral tissues produced diffusible
factors causing this neuronal survival, the demonstration of B-NGF production in the

periphery was relatively delayed. In most peripheral tissues it is present in very low

quantitity. Korsching and Thoenen, however, using a two-site immunofluorescent

assay, demonstrated NGF in a number of rat tissues; iris, submandibular gland and

myocardium (l-2ngNGF/g wet weight of tissue). They also found that densely

sympathetically innervated tissues (e.g. atrial myocardium) produce NGF in
measurable concentration, while tissue without appreciable sympathetic innervation

(e.g. ventricular myocardium) do not [318], More recently NGF mRNA transcripts
have also been demonstrated in peripheral tissue [319-321], In addition to its trophic

action, B-NGF is chemoattractant for some neurones. Gundersen el al found turning

of neural processes from dorsal root ganglion cells in vitro towards higher B-NGF
concentrations [322],

B-NGF production by peripheral tissues, then, is responsible for their selective
innervation by sympathetic neurons in the neonatal period and the maintenance of
that innervation. In the adult mammal, anti-NGF sera do not lead to destruction of

the sympathetic nervous system. If, however, adult rabbits are actively immunised

against B-NGF, widespread deficits in their sympathetic system are produced [323],

Certainly B-NGF seems to be necessary for the maintenance of the characteristic
features of sympathetic neurons in the adult [303],
In sensory neurones naturally occurring neuronal loss in utero and in early post-natal
life is also prevented by 6-NGF. Here however there is additionally some evidence
that neurotrophins lead to initial neuronal proliferation. NT-3 is able to induce

proliferation of neural crest cells while BDNF increases the number of substance-P

expressing neurons in vitro [324], The subsequent dependence of sensory neurons on

neurotrophins has been studied in the trigeminal system. The trigeminal ganglion is
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first identified in the mouse at the ninth day of intrauterine life. By the tenth and
eleventh days sprouting axons from the ganglion are reaching their targets. At this
time they are dependent on all the neurotrophins all of which are produced by

trigeminally innervated tissues. Various portions of the sensory nerves in the

trigeminal system on the twelfth day, when neuronal cell death begins, are rescued

by the different neurotrophins: B-NGF, 80%; BDNF, 15%; NT-3, 35% and NT-4,

60%.) By the thirteenth day, however, all trigeminal sensory neurons are B-NGF

dependent [325],

By analogy with its actions in the peripheral nervous system, it might have been

expected that B-NGF would act as a trophic factor for central adrenergic and

dopaminergic neurons and their neurites. Flowever intracerebral and intraventricular

injections of [^5ij.]sjqf do not lead to accumulation of tracer in the adrenergic
neurons of the substantia nigra and locus ceruleus. Rather, as has been noted,
Schwab et al found that neurones in Broca's area, the nucleus entopeduncularis of
the internal capsule, and the hypothalamic medial septal nucleus did accumulate B-
NGF [302], On the basis of neuroanatomical data it seemed that these neurons

retrogradely transporting B-NGF were cholinergic. This was subsequently confirmed

by positive immunohistochemical staining of these cells for acetylcholinesterase.

NGF-receptor autoradiography identified other groups of neurons which appeared
NGF-sensitive. These lay in the nucleus basalis of Meynert and in the striatum.

Additionally NGF-receptor bearing cells - which were non-cholinergic on the basis
of their immunohistochemistry - were identified in the reticular formation, dorso¬
lateral lemniscus and cochlear nuclei.

Again by analogy with the periphery, an effect of B-NGF on the metabolic functions
of central neurons was sought. Choline acetyl transferase (ChAT) is a rate limiting

enzyme for acetylcholine synthesis. The administration of B-NGF intraventricularly
in newborn rats did indeed lead to an increase in ChAT in the hippocampus, medial

septal nucleus and striatum, similar to the induction of tyrosine hydroxylase in the

periphery. In adults a similar response was seen but repeat B-NGF administration
over a four week period was required.
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As in the periphery, then, B-NGF seems to be trophic for a number of central neural

populations. The demonstration that peripheral neurons were NGF dependent was
based on the administration of anti-NGF sera to experimental animals and the
correlation of tissues' NGF and NGF mRNA with the density of their sympathetic
innervation. The use of anti-NGF sera in the CNS is difficult because of the poor

penetrance of these molecules whether administered intraventricularly or

intracerebrally. The majority of such studies have failed to demonstrate changes in
numbers of cholinergic neurons or in their ChAT expression. One study has shown

such a decrease in cholinergic neurons after administration of sera on embryonic day
15 in rats but this data is difficult to reconcile with the fact that the period of rat
central cholinergic neuron cell death does not occur at this time [303],
In contrastwith the periphery, the measurement of NGF has generally shown higher
concentrations in areas of cholinergic innervation (hippocampus, neocortex and

olfactory bulb) and in the nuclei containing cholinergic cell bodies (Meynert's

nucleus, medial septal nuclei and the diagonal band of Broca's area). Other brain
areas have very much lower NGF concentrations. An exception is the cerebellum,

which, in spite of having no known cholinergic innervation has high NGF
concentrations. Neurotrophin assays have shown that BDNF is very much more

widely distributed than B-NGF in the central nervous system. It is also present at

higher concentrations, with, for example, 10 to 15-fold greater BDNF in the

hippocampus [326], In keeping with the periphery where B-NGF is a product of non-
neuronal cells acting on the innervating sensory and sympathetic neurites, in the
central nervous system B-NGF and the other neurotrophins are largely astroglial

products [327],
In keeping with the differences in NGF and BDNF expression are differences in their

respective receptors. While pi40TrkA (a B-NGF receptor) is restricted to the

cholinergic neurons of the basal prosencephalon and striatum, pl45TrkB (a BDNF

receptor) is more widely distributed - especially in the neocortex. p75LNGFR (a

receptor for all of the B-NGF family) seems to be ubiquitously expressed [328],
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In addition to its putative roles in the development and maintenance of central

cholinergic neurons, there is good evidence that B-NGF and other neurotrophins are

involved in the brain's response to injury. After induced seizure activity,

experimental animals show increased B-NGF and BDNF mRNA and protein
concentrations in the cortex and hippocampus while NT-3 levels are reduced. In

parallel pi45TrkB an(j p]4oTrkC are increased in dentate gyrus pyramidal cells. All

these changes are dependent on Ca++ influx to cells. Similar changes are seen after a
number of different brain insults - ischaemic and hypoglycaemic injury and focal

damage to the hippocampus [329],
Interest in possible actions for B-NGF in brain repair processes has been particularly
intense in relation to the dementing condition of Alzheimer's disease. The
characteristic findings of neuritic filamentous plaques and neurofibrillary tangles in

perikarya are most commonly seen in the neurons of the basal nuclei progecting to

the hippocampus, neocortex and amygdala - those cholinergic neurons known to

transport B-NGF. The earliest changes seen in Alzheimer's disease are of impairment
in acetylcholine synthesis. The desire to produce pharmacologically active molecules

duplicating B-NGF action but able to pass the blood-brain barrier has lead to the
detailed investigation of B-NGF secondary structure already described and to the
intense interest in the nature of the neurotrophin receptors [303,328]

As well as neurons themselves, B-NGF acts on neural supporting cells - the glia and,
in the periphery, the Schwann cells. Ross et al noted immunohistochemical staining

for p75LNGFR in peripheral nerves as internal control stains in a study of

p75LNGFR staining in human pigmented skin lesions. The nerves stained most

intensely peripherally and these authors concluded that p75LNGFR_bearjng Schwann
cells rather than neurons were responsible for this staining [330], The amount of

P75LNGFR expressed by peripheral nerve Schwann cells is high before birth in

rodents and rapidly drops at or about birth, p 1^QtrkA is not borne by these cells

[331], In adult animals Schwann cell p75LNGFR expression is greatly increased by
nerve injury. In rats, transections of the sciatic nerve lead to 50-fold increases in

p75LNGFR numbers as determined by immunoprecipitation of receptors labelled
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reversibly with [1^^I]-NGF binding. p75^NGFR js localised in such damaged sciatic
nerves to Schwann cells of the endoneurium [332],

Such findings in Schwann cells have been rather neglected, no doubt because, if B-

NGF action is understood to be pl4CFr^-dependent, it was hard to understand 13-

NGF responses from cells known only to bear the p75LNGFR receptor. However the

recent descriptions of p75LNGFR_jnciucec[ apoptosis and NF-kB activation have

made it clear that p75LNGFR does have the capacity to induce cellular changes in

the absence of pl40/r^ [288], Rat Schwann cells in culture respond to 13-NGF
stimulation with a specific increase in the expression of the cell adhesion molecule
LI [333], and by increased motility [288], Both are presumably important factors in
the proliferative response of Schwann cells to nerve injury.
Non-neuronal B-NGF Action.

In addition to its well documented actions in the peripheral and central nervous

systems, 13-NGF has more recently been shown to act on a number of other cell types.
B-NGF action in the skin and immune systems is particularly noteworthy while

possible paracrine effects in the prostate are dealt with below.
Peacocke et al demonstrated that primary cultures of human melanocytes - pigment-

generating skin cells derived, like the sympathetic chain and adrenals, from the

neural crest - bore p75LNGFR receptors [334], The same group have shown that
cultured melanocytes will react to B-NGF treatment by increased expression of the

proto-oncogenes c-myc and c-fos and of B-actin. This effect seemed to depend on the

P75LNGFR receptor itself. Additionally B-NGF was shown to act as positive
chemotaxin for melanocytes and to increase the number and length of the dendrites
borne by them [335], These findings, while in strictly non-neuronal cells, clearly

parallel many of the known actions of B-NGF on other neural crest derived cells. The

production of neurotrophins by the target tissues for innervation is also reproduced in
skin where epidermocytes express B-NGF [336],
In the immune system B-NGF clearly interacts with cells not sharing a

neuroectodermal lineage. The variety of cells of the immune system bear NGF

receptors and respond to B-NGF stimulation with increase in their metabolic activity

81



and degranulation (mast cells,) increased T-cell dependent antibody synthesis (B-

cells) and activation (monocytes/macrophages). In addition B-NGF has the capacity,
in vitro, to act like GM-CSF to stimulate myeloid precursor proliferation.
In parallel with these largely in vitro findings, are a number of clinical observations.
In rheumatoid arthritis and systemic lupus erythematosus B-NGF levels in synovial
fluid and serum are respectively increased during acute episodes. High levels of

circulating anti-B-NGF antibodies are detected in both conditions and in autoimmune

thyroiditis [257]

NERVE GROWTH FACTOR IN THE PROSTATE.

Cohen noted that a high B-NGF content was not the only peculiarity of the mouse

submaxillary salivary gland. It is also unusual among salivary glands in being very

androgen sensitive [209], Harper studied other androgen responsive organs of
mammals to find alternative sources of B-NGF. He initially found high levels of B-
NGF in the guinea pig prostate and subsequently in the prostates of bull (x =

2.7pg/g) and rabbit (x = 50pg/g) using a chick embryo dorsal root ganglion neurite
extension assay [337,338], The limit of sensitivity of the assay was roughly 310pg/g.

Using this assay Harper was unable to demonstrate NGF activity in human prostate

tissue.

Immunohistochemistry with anti-2.5S-NGF antibodies in the guinea pig prostate

localised the hormone to the secretory epithelium of the gland, particularly in its
ventral portion. Shikata et al found diffuse cytoplasmic staining in these epithelial
cells [339], MacGrogan et al stained for both the mature sequence of mouse 2.5S-
NGF and a peptide sequence of the pro-NGF molecule suggested by Ullrich's
nucleotide sequence [228], They found staining for the NGF precursor in the

secretory epithelium suggesting that these cells were the site of B-NGF synthesis.

Intraprostatic synthesis was further suggested by the demonstration of B-NGF mRNA

transcripts by northern blotting. Mature NGF protein was particularly demonstrated
at the luminal, secretory border of the epithelium suggesting that the hormone was

being secreted into the seminal plasma [320], This is certainly the case in the bull
where high seminal volumes, in comparison to rodents, and very high seminal NGF
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concentrations (0.7mg/ml) allowed the isolation and characterisation of NGF by

Harper [340],

As noted, the demonstration of B-NGF in the human prostate was not possible with
the bioassay used by Harper and Thoenen. A new enzyme linked immunoassay

(ELISA) using the two-site sandwich assay principle with mouse monoclonal anti-
2.5S-NGF antibodies unlabelled as the fixed antibody, and the same antibody
labelled with B-galactosidase was used by MacGrogan et al. This assay has a limit of

sensitivity of 5pg/ml. These authors found very variable B-NGF concentrations in 13

samples of BPH tissue (0-1720pgNGF/g wet weight of tissue). They used mouse

2.5S-NGF as the control protein in these assays. MacGrogan et al also sought to
demonstrate B-NGF mRNA in human prostate tissue by Northern blotting. They
found this demonstration difficult, indicating the low abundance of this transcript.

By the generation of hybridisation probes of very high specific activity by

polymerase chain reaction, they were able to demonstrate B-NGF mRNA, however.

They also showed that the prostate cancer epithelial cell-line DU145 expressed B-

NGF, although the cell-lines LNCaP and PC-3 did not [321],
None of these data would suggest that B-NGF in the human prostate has a different
role from that in other mammals. Djakiew's group, however, have studied NGF in the
human prostate with very different findings to those in rodents and others.

Graham, Lynch and Djakiew described the distribution of B-NGF in the human gland

by immunohistochemistry. They found positive staining with anti-2.5S-NGF
antibodies to be predominantly confined to the prostate stroma with little or no

staining in the prostate epithelium. Similarly, in prostate adenocarcinomas, positive

staining of stromal elements around prostate cancer cells was seen but the epithelial
cells of the tumour were not stained [341],

This distribution of hormone was in keeping with Djakiew's findings in cell-culture
studies on NGF and human prostate cells. Djakiew et al cultured the immortal

prostate cancer cell-line TSU-prl, and made primary cultures from benign prostate

tissue from a TURP specimen. The primary cells were diploid and showed intense

staining for vimentin intermediate filaments suggesting their mesenchymal nature

(human prostate stromal cells - HPS). Both cell-lines stained positively with
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antibodies against B-NGF. Conditioned media (CM) from both cell-lines stimulated
the growth of the other - HPS growth was stimulated 1.8 times by TSU-prl CM
while HPS CM caused a 2.8-fold stimulation of TSU-prl growth. This growth
stimulation was more inhibited by anti-NGF antibodies than by anti-aFGF or bFGF
antibodies suggesting that an NGF-like protein was responsible for these growth

stimulatory effects. It was of note that even anti-NGF antibodies only partially
inhibited this stimulation. Further both conditioned media caused neurite outgrowth
in PC-12 bioassays. Western blots of TSU-prl CM demonstrated the presence of a
65kDa band reacting with anti-NGF antibodies while HPS CM showed a 42kDa band

[342], Djakiew also showed that HPS CM was chemoattractant for TSU-prl, DU145
and PC-3, whereby migration of those cell lines in the Boyden chamber was

increased toward a higher concentration of HPS CM. Again this effect of HPS CM
was partially inhibited by anti-NGF antibody [343],

Djakiew and co-workers have also studied nerve growth factor receptors in prostate

tissue. Basal epithelial cells in BPH and epithelial cells in adenocarcinoma showed

positive staining with anti-p75LNGFR monoclonal antibodies while the prostate

stroma did not stain for p75LNGFR [341], This distribution of p75LNGFR was aiso

described by MacGrogan [321], Positive p75LNGFR staining was also seen in

normal prostate epithelial cells in primary culture but PC-3, DU145, LNCaP and

TSU-prl failed to stain. Western blot analysis of protein preparations from normal,

benign hyperplastic and malignant prostates seemed in keeping with the

immunocytochemical data. Normal prostate contained an abundant 75kDa band

reacting with anti-p75LNGFR serum. This band was weakly found in three out of

five prostate adenocarcinoma specimens and barely seen in two of five BPH

specimens. Western blots of protein from PC-3, DU145, LNCaP and TSU-prl all
failed to show this protein band [344],

Recently Djakiew's group have reported a study of immunostaining for trk-203, an

antibody recognising a common sequence in all trk receptors. They found staining in

prostate cancer epithelium and both basal and secretory layers of BPH and normal

prostate epithelium. Interestingly they were also able to show high affinity binding of
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B-NGF to TSU-prl and primary culture epithelial cells (Kd = 1.0-1. IxIO'Hm). In

addition the primary culture cells bore low-affinity (Kd = 3.8xl0"^M) sites. This

finding was consistent, in Djakiew's view, with the loss of p75fNGFR m prostate

cancer tissues and cell-lines. Finally this group have demonstrated the presence of

phosphorylated tyrosine residues in an immunoblotted protein derived from TSU-prl
after stimulation with HPS CM or B-NGF. This protein band was of MOkDa and was

stained in western blot by trk-203 antibody as well as antibodies against

phosphotyrosine residues [345].

Djakiew's view of B-NGF in the human prostate stresses its possible paracrine role as

a mediator of stromal-epithelial communication. That is, that B-NGF or at least

immunologically similar related proteins (40-65kDa) are produced by prostatic
stromal cells and act upon receptors borne by prostatic epithelial cells to stimulate

epithelial growth. These receptors correspond to p75LNGFR an(j p j 40trkA jn normai

prostatic epithelial cells but the development of BPH or prostate adenocarcinoma,

which Djakiew considers to be a step-wise progress, leads to the loss of p75LNGFR
expression, p140lr^ expression by prostate epithelia, then, is considered by this

group to be responsible for the growth promoting effects of the putative stromal
NGF-like molecule on prostatic epithelia. Clearly this is a very different view of

prostatic NGF from that suggested by the epithelial distribution of B-NGF in other
mammals. It is also difficult to reconcile this view with the widespread role of B-
NGF as a mediator of adrenergic and sensory nerve growth and maintenance in the

periphery.

AIMS OF THIS THESIS.

B-NGF in the human prostate and its effects on cultured prostate cells has been
studied as noted. The aims of this work were to extend these studies in human tissue

- and hence in a more physiological setting than has been the case of much of the in

vivo work described:

1. To use an enzyme linked immunoassay (ELISA) to extend measures of B-NGF in
human prostate tissues to malignant and, where they were available, normal tissues
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in addition to the BPH tissues studied by MacGrogan et al. Further, in view of the

very variable B-NGF concentrations found in prostate tissue by that group, to ally
results of ELISA to the results of a morphometric study of the tissue constituents of
the assayed prostate tissue. Additionally B-NGF concentrations were to be correlated
with the histological differentiation of prostate tumours to investigate whether B-
NGF concentration had any prognostic value in prostate adenocarcinoma.
2. To measure nerve growth factor receptor in prostate tissues using a ligand

exchange assay technique. It was hoped to extend the largely in vitro studies of

Djakiew's group described above. In addition it was hoped that measurement of the
values for B-NGF binding in prostate tissue would allow a better description of

the exact nature of the B-NGF receptors present from the increasing members of the
trk and LNGFR receptor families described.
3. To demonstrate the presence of B-NGF and LNGFR mRNA transcripts in prostate

tissue to indicate the endogenous nature of assayed hormone and receptor. It was

hoped to use a northern blotting technique for this demonstration. Previous reports

have suggested that these mRNAs are low-abundance species and if northern blots

proved unable to demonstrate their presence, a reverse transcription-polymerase
chain reaction technique was planned.

4. Immunohistochemical studies were planned to localise B-NGF and p75LNGFR jn

prostate tissues. In this context, and in view of the conflicting views of possible

actions for p75LNGFR in B-NGF, the role of p75LNGFR staining here was simply to
indicate the presence and localisation of B-NGF responsive cells. Although

p75LNGFR may have only an ephemeral part in neurotrophin action, it is known to

be expressed in all described neurotrophin responsive cells in vivo.

5. Neuroendocrine cells may be prognosticating in prostate cancer and involved in

prostate carcinoma progression, while B-NGF has the capacity to induce neural
differentiation in undifferentiated cells of some lineages. Therefore B-NGF
concentrations were to be correlated with the degree of neuroendocrine
differentiation in prostate adenocarcinomas as indicated by immunohistochemical
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staining of the tumours with antibodies to recognised markers of neuroendocrine
cells - chromogranin A, neuron specific enolase and protein gene product 9.5.
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Chapter 2

Materials.

LABORATORY HARDWARE.

Tissue Disrupting Equipment.
Mikro-dismembrator Ball Mill. (B.Braun Medical Ltd. Aylesbury,

Buckinghamshire).
"Ystral X-1020" Homogeniser. (Ystral GmbH, D-7081 Dottingen, Germany).

"Soniprep 150" Ultrasonic disintegrator. (Sanyo Gallenkamp, Leicester).

Centrifuges.
"Sorvall OTD-65" Ultracentrifuge and "Sorvall T-865.1" rotor. (DuPont (U.K.) Ltd.,

Stevenage, Herefordshire).
"BS400" Bench centrifuge, (Denley Instruments Ltd. Billingshurst, Sussex).
"Micro-centaur" microcentrifuge and "Chilspin 2" Centrifuge. (MSE Scientific
Instruments Ltd., Crawley, Sussex).
Microtome and Cryostat.
"2035 Biocut" Microtome. (Leica Instruments GmbH, D-6907 Nussloch, Germany).
"Model OT" Cryostat. (Shandon Southern Products Ltd. Runcorn, Cheshire).

Pipettes.

"Pipetman P2, P20, P200 & PI000". (Gilson Medical Electronics (France) S.A.,
F95400 Villiers-le-Bel, France).

"Titertek Plus" Multichannel pipette. (ICNBiomedicals Ltd., Irvine, Ayrshire).
"702N Microliter Syringe" Microtitre syringe. (Hamilton-Bonaduz, CH-7402

Bonaduz, Switzerland).

Electrophoresis and Blotting Apparatus.

"Midigel" horizontal slab gel apparatus, (Northumbria biologicals Ltd. Cramlington,

Northumberland,) for RNA electrophoresis.
"Minnie" submarine agarose gel unit, (Hoefer Scientific Instruments, San Fransisco,

U.S.A.) for DNA electrophoresis.
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"Polaroid DS-34", direct screen instant camera (.llford Ltd. Mobberley, Ches).
"Protean II" vertical gel apparatus and "Trans-blot", single gel, cell. (Bio-rud
Laboratories Ltd., Hemel Hempstead, Herts).

Autoradiography.
Amersham "Sensitize" flash gun.

"Quantimet 970", (Cambridge Instruments, Cambridge, Cambs.) scanning
densitometer (Kindly operated by Dr.Paul Kelly, Dept. ofNeurosciences, University
ofEdinburgh.)
30x40cm Kodak cassette with two intensifying screens.

Power Sources.

BioradModel 200/2.0 power supply.
Chandos E15W (Chandos Scientific, Stockport, Ches.)

Spectrophotometers and Radio-emission Counters.
Biorad Model 450 microplate reader run through a Biorad "Microman" software

package in a LC-386-40c Ahkter personal computer.
SP6-550 UV/VIS spectrophotometer (Pye-Unicam, Cambridge, Cambs.)
Packard "Crystal II" multidetection R1A system and "Tri-carb" liquid scintillation

analyser (Canberra-Packard, Pangbourne, Berks.)
Thermal Cycler.

Hybaid thermal reactor (Hybaid, Teddington, Mddx.)
Autoclave.

Laboratory autoclave. (Anstell Laboratory Services Co. London).

Microscopy and Image-analysis.
Leitz microscope (Leitz, Wetzlar, Germany.)

Olympus microscope (Olympus Optical Co. Ltd. Tokyo, Japan), Olympus CCD

camera, Olympus "Cue-2" software and LC-386-40c Ahkter personal computer

(figure 7).
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I

Figure 7: Equipment used in tissue morphometric analysis. Images from the CCD
camera attached to the inicroscope are captured by the "Cue-2" software in the
personal computer. After projection to the monitor, they are manipulated with the
mouse.
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Miscellaneous.

Fume hood: microbiological class II safety cabinet (Howorth Air Engineering,

Bolton, Lanes).
Assab humidifying tissue incubator. (Cryotechnics, Edinburgh, Midlothian (Carbon

dioxide at 5%)).

Matsui 175TC microwave oven.

"Chromato-vue" Ultraviolet Transilluminator TM-20. (IJVP Inc. San Gabriel, Ca.

U.S.A.).

Polaroid DS-34 (direct screen) camera system. (Sigma Chemical Co. Ltd., Poole,

Dorset).

Hulme-Martin heat sealer and Stuart Scientific SOI Orbital Shaker (Mackay and

Lynn Ltd. Edinburgh, Midlothian).

LABORATORY DISPOSABLES.

Pipettes.
Volumetric 10ml "Sterilin" pipettes. (Bihhy sterilin Ltd. Stone, Staffs).
Uncalibrated polythene Pasteur pipettes. (Alpha laboratories, Eastleigh, Hamps).
"Volac disposable" glass Pasteur pipettes. (John Poulten Ltd. Barking, Essex).

2, 10 200 and 1000pi Plain volumetric pipette tips. (Gilson). "ART 1000E, 200, 10
and 2" aerosol-resistant tips. (Stratagene, Cambridge, Cambs).
Plasticware.

140 x 17mm sterile plastic petri dishes, 30ml universal, and 7ml bijou tubes. (Bibby
sterilin Ltd. Stone, Staffs).

Vented, canted neck, 75cm3 tissue culture flasks with 2pm membrane caps.

(CorningInc. Corning, N.Y. U.S.A.)

2ml "Cyrotubes" and "Maxisorp" microtitre immunoplates. (A S Nunc, Kamstrup,

Roskilde, Denmark).

Sterile 1.5ml polythene microfuge tubes and 15 and 50ml polythene conical

centrifuge tubes. (Elkay Inc. Shrewsbury, Ma. U.S.A.).
"EZ - micro" 500pl microfuge tubes. (Biorad, Hercules, Ca. U.S.A.).
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8ml polycarbamate ultracentrifuge tubes. (DuPont).

Papers.

"Hybond-mAP" polyuridylic acid-substituted diazonium paper. (Amersham
International pic, Aylesbury, Bucks).
Whatman 15cm qualitative filter papers. (Whatman International Ltd. Maidstone,

Kent.) For polyadenylated RNA enrichment of RNA samples these papers were

sterilised. They were individually wrapped in silver foil and autoclaved at 120°C for
one hour at 25psi.
"3MM" and "DE-81" affinity chromatography paper. (Whatman).
Filters for Nucleic Acid and Protein Fixation.

"Hybond-N" nylon filters and "Hybond-C-super" nitrocellulose filters. (Amersham
Internationalpic).

Photographic and Autoradiographic Films.
18 x 24cm "Hyperfilm-ECL", light sensitive film. (Amersham International).
13 x 18cm "X-OMAT" film. (Eastman Kodak Co. Rochester, NY, U.S.A.).

"Polaroid 667" 31/4 x 41/4 inch pack film (Ilford).

Microscopy.

22 x 50mm and 22 x 22mm coverslips and 76 x 26mm "Goldstar" microscope slides.

(Chance-Propper Ltd. Smethwick, Warks).
Miscellaneous.

"Parafilm" laboratory film. (American National Can, Greenwich, Ct. U.S.A.).
"Saran" food wrap. (Dow Chemical Co.).
Size 11 sterile disposable scalpels. (Swann-Morton, Sheffield, Yorks).
PAP pen. (SCI Science Services, Munich, Bavaria, Germany).

CELL LINE.

Frozen PC-12 rat adrenal phaeochromocytoma cells were obtained from the

European Collection ofAnimal Cell Cultures, Porton Down, Salisbury, Wilts.
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CHEMICALS AND REAGENTS.

Chemicals and preparations of recognisable classes (e.g. sera, antibodies, hormones

&c.) are described first, followed by a description of ready-prepared proprietary

reagent kits used. There follows a list of general laboratory chemicals, by supplier, in

alphabetical order. Finally the preparation of various reagents is described. These are

ordered by the techniques in which they were used.
Normal Sera.

Normal rabbit serum, normal sheep serum and normal goat serum. (Scottish antibody

production unit, Carluke, Lanarkshire,)
Human blood was obtained by venesection of the author. After incubation for one

hour at 37°C the clotted blood was centrifuged at 3000xg for 20 minutes. Serum was

aspirated and frozen in 0.5ml aliquots.
Antibodies.

Anti-rabbit IgG-biotin F(Ab')2 fragment, anti-nerve growth factor-receptor (human),

anti-B(2.5S,7S) nerve growth factor (mouse) and anti-B(2.5S,7S) nerve growth

factor-B-galactosidase (mouse). (Boehrmger Mannheim Biochemica, Lewes, Sussex).
2.5S mNGF antiserum (rabbit polyvalent). (Universal Biologicals Ltd. London).

Polyvalent rabbit anti-human PGP 9.5 serum. (Ultraclone Ltd., Wellow, Isle of

Wight).

Monoclonal mouse anti-human chromogranin A (DAKO-chromogranin A, DAK-

A3,) and rabbit anti-human synaptophysin (polyvalent). (Dako Ltd. High Wycombe,

Bucks).

Prediluted biotinylated goat anti-mouse IgG antibodies and streptavidin-linked
alkaline phosphatase, "Immumark Universal" reagent kit. (ICN Flow laboratories,
Costa Mesa, Ca. U.S.A.).

Hormones.

Nerve growth factor-B (human, recombinant, E. Coli), Insulin-like growth factor-1

(human, recombinant, E. Coli), and Insulin (human, recombinant, yeast).

(Boehringer Mannheim Biochemica).
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Nerve growth factor 2.5S, mouse (mNGF 2.5S). (Boehringer Mannheim

Biochemica).

Epidermal growth factor (human, recombinant, yeast). (Sigma Chemical Co. Ltd.

Poole, Dorset).

Nucleic Acid Probes and Primers.

LNGFR cDNA was kindly given by Dr.E.M. Shooter, Stanford Medical Centre,

University of California. It was a shortened cDNA rebonded into the pJ3 plasmid

(p.T3 NGFR) at 170gg/pl. The shortened LNGFR cDNA is less liable to reordering at

the 5' end.

7S RNA cDNA was kindly given by Dr.Karen Chapman, Department of Medicine,

University ofEdinburgh. It was an insert in the pBR322 plasmid at 0.25pg/pl.
B-Actin probe was kindly given by Prof.A.FI.Wyllie, Department of Pathology,

University of Edinburgh. It was supplied as a cDNA insert in plasmid pBR322 at

O.lgg/pl.

Oligonucleotide B-NGF probe cocktail. (British Biotechnology Products Ltd.

Abingdon, Oxon.)
5' and 3' Primers for Polymerase Chain Reaction were synthesised by the Oswel DNA

Service, University of Edinburgh. The 5' primer was supplied at 19 OD260nm/rn'

and the 3' primer at 20OD260m//mb 1 OD260nm urnt being equivalent to 20pg/ml of

DNA when of short sequence, the concentrations of the primers were calculated to

be 380 and 400pg/ml respectively. 131 pi of the 5' primer were diluted into 869pl of
nuclease free water and 125pl of the 3' primer were diluted into 875gl. Thereby

50pg/ml working solutions ofof both primers were produced.
Radiochemicals.

[a-32p]dCTP at 3000Ci/mmol and [y-32p]dCTP at 3000Ci/mmol. (Amersham
International Ltd).

[125i]_30iton_]-{unter labelled 2.5S NGF (murine) [346] at 58pCi/gg (free iodine <

1 %). (NEN Research Products, Du Pont).
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Enzymes and Enzyme Buffers.

Collagenase (type I) from C.Histolyticum and Hyaluronidase (type I - bovine testes).

(Sigma Chemical Co, Poole, Dorset).
Restriction endonucleases (at 8u/ul ) and their buffers as lOx concentrates. (Promega

Corporation, Southampton, Hamps.):

Enzyme. Source. 10 x Buffer constituents. Restriction
Sequence.

Bam HI B. Amyloliquifaciens pH 7.5
Tris-HCl 60mM

MgCl2 60mM
NaCl 1M

GVGATCC

Eco RI E. Cob pH
Tris-HCl

MgCl2
NaCl

7.5
900mM
1 OOmM
500mM

GVAATTC

Dral D. Radioplilus pH
Tris-HCl

MgCl2
NaCl
DTT

7.5
60mM
60mM
500mM
lOmM

TTTVAAA

PstI Providencia Stuartii pH
Tris-HCl

MgCl2
NaCl

7.5
900mM
lOOmM
500mM

CTGCAVG

Promega also supplied Taq DNA polymerase (2-5u/pl), T4 polynucleotide kinase (5-
1 Ou/pl) and their buffers:

Taq DNA Thermus Aquaticus pH 9.0
Polymerase Tris-HCl lOOmM

KC1 5OOmM

MgCl2 15mM
Triton X-100 1.0%
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T4 pH
Tris-HCl

MgCl2
DTT

7.6

Polynucleotide
Kinase

700mM
1 OOmM
50mM

Klenow fragment of DNA polymerase I and avian myeloblastosis virus reverse

transcriptase were from the Promega "Megaprime" and "Reverse transcription" kits.

Electrophoresis Markers.
"RNA markers" (9488, 6225, 3911, 2800, 1898, 872, 562 and 363bases). (Promega).
Lambda DNA/Hindlll digestion fragments (23130, 9416, 6557, 4361, 2322, 2027,
564 and 125bp) at 50pg/ml and lOObp ladder at Img/ml. (Pharmacia).
LowMolecular Weight "Rainbow markers". (Amersham).
Gel Loading Buffers.
"BBXF" and "BBXFE" nucleic acid gel loading buffers. (Pharmacia).

Propietary Reagent Kits.

"New fuchsin" chromogen kit (Dako).

"Multiprime" kit for random-primer labelling of cDNA probes (Amersham). It

contains:

Nucleotide solutions: 0.5mM EDTA, Tris-HCl pH 8.0 with dATP, dTTP,

dGTP, dCTP.

Reaction Buffer Solution: Tris-HCl pH 7.8, MgCl2 and B-mercaptoethanol.

Primer solution: Aqueous Random DNA hexamers with nuclease free bovine
serum albumin.

Enzyme solution: lu/gl 'Klenow' fragment ofDNA polymerase I

(recombinant) in 50mM K3PO4 pH 6.5, lOmM B-mercaptoethanol

and 50% glycerol.
"Reverse Transcription System". (Promega). Its contents are:

Avian Myeloblastosis Virus Reverse Transcriptase at 25,000u/ml in 0.1M

K3PO4 (pH 7.2), 0.2% Triton X-100, 2mM DTT, 50% glycerol.

Recombinant RNasinY ribonuclease inhibitor at 40u/pl.

Oligo(dT) Primer at 0.5mg/ml.
l OmM dNTP mix (i.e. lOnM each of dATP, dCTP, dTTP, dGTP,) pH 7.0.
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lOxReverse Transcription Buffer: lOOmM Tris-HCl, 500mMKCl, 1% Triton

X-100, pH 8.8.
25mM MgCl2
Nuclease-free Water.

"ECL" enhanced chemiluminescence kit. (Amersham). This kit contains:

100pi of a solution of horseradish peroxidase-linked whole donkey anti-
rabbit IgG antibodies.
The composition of the detecting agents is poorly described but these contain
a mixture of luminols and phenols. Horseradish peroxidase catalyses the
oxidation of luminol which emits light at 428nm as it subsequently reduces.

GENERAL LABORATORY CHEMICALS AND REAGENTS.

Appligene, Chester-le-street, Co.Durham.

"Aquaphenol" water saturated phenol (molecular biology grade).

Boehringer Mannheim Biochemica, Lewes, Sussex.

Aprotonin (trypsin inhibitor, pancreas type (BPT1) from bovine lung).

Chlorophenol red-B-D-galactopyranoside.
Tris-HCl (2-amino-2-(hydroxymethyl)-l,3-propanediol hydrochloride.)

Fison's Scientific, Loughborough, Leics.

Analytic grade reagents were used as far as possible.
Acetic acid, glacial (CH3COOH)

Aluminium Potassium Sulphate (Alum, potassium:

A1K(S04)2.12H20

Ammonium sulphate (NH4)2S04

Boric Acid (HBO3)

Bromophenol blue (solid)
Butanol (Butan-l-ol: CH3(CH2)3OH)

Calcium Chloride (CaCl2.2H20)

Chloral hydrate (CC12CH(0H)2)

Chloroform (CHCI3)
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Citric acid (C(0H)(C00H)(CH2C00H)2.H20)

Diaminoethane tetra-acetic acid disodium salt (EDTA)

DPX mounting medium
Eosin-Y (yellowish) (Tetra-bromo (R) fluorescein)

Ethanol, absolute

Formalin (37-40% aqueous solution of formaldehyde)
Formamide (H.CO.NH2)

Glycerol (CH2OH.CHOH.CH2OH)

Glycine (NH2.CH2.COOH)

Haematoxylin

Hydrochloric Acid (Specific gravity El8)

Iso-propyl Alcohol (Propan-2-ol)
Lithium carbonate (Li2C03)

Magnesium Chloride (MgCl2-6H20)

Methanol (CH3OH)

Methylene blue (solid)
Sodium Acetate, Anhydrous (CH3.COONa)

Sodium Acetate, Trihydrate (CH3.COONa.3H2O)

Sodium Azide (NaN3)

Sodium Carbonate (Na2C03)

Sodium Chloride (NaCl)

Sodium Citrate (^30^507.2^0)

Sodium dodecyl sulphate (SDS: Ci2H250S03.Na)

Sodium Hydrogen Carbonate (NaHC03)

Sodium di-Hydrogen Orthophosphate (NaH2P04.2H20)

Sodium Hydrogen Orthophosphate (Na2HP04.2H20)
Sodium Hydroxide (pellets: NaOH)
Sodium iodate (NaI03)

Sucrose (C12H22O11)
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TEMED (N,N,N,',N'-tetramethylethylene diamine)

Thymol (CH3)2CH.C6H3(CH3).OH.

Tris-saturated phenol (Phenol, liquefied, washed in Tris buffer.) This solution
is at pH 7.6 and contains 0.1% (w/v) 8-hydroxy-quinoline.)
Triton-XlOO Y.

Xylene C6H4(CH3)2

Gibco Life Technologies Ltd, Paisley, Renfrewshire.
Foetal bovine serum (virus screened, mycoplasma screened).

"Fungizone" = 250pg/ml Amphotericin in water.

L-Glutamine, 200mM.

Horse serum (mycoplasma screened).

Penicillin/Streptomycin solution. 5000u Penicillin and

5000pg Streptomycin/ml in normal saline.
RPM1 1640 medium (without L-glutamine).

Miles Inc., Diagnostics Division, In, U.S.A.

"Tissue-Tek", O.P.C. compound.
Northumbria Biologicals Ltd., Cramlington, Northumberland.

Guanidium isothiocyanate.
Pharmacia.

Agarose NA.

"Nick Columns". (Sephadex G50).

"Ultrapure solution dNTPs". (lOOmM solutions of dATP,

dCTP, dGTP and dTTP.)

Promega Corporation, Southampton, Hamps.

Ultrapure water (Water, nuclease free.)

Acetylated BSA (Bovine serum albumin, acetylated lOmg/ml)

Safeways Food Stores Ltd., Aylesford, Kent.

Instant low fat dried skimmed milk.

Sigma Chemical Co. Ltd., Poole, Dorset.
Molecular biology grade reagents were purchased when available.

40% acrylamide/1% N,N'-methylene-bis-acrylamide.
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Agarose, low melting point (melting around 65°C).

Albumin, bovine (fraction V powder. )

Calf thymus, Deoxyribose Nucleic Acid-Cellulose (double- stranded

lyophilised powder.)
Dextran sulphate sodium salt from dextran with average molecular weight of

500,000.

Diethyl pyrocarbonate (DEPC).

Dithiothreitol (DTT).

Dimethyl sulphoxide (DMSO).

Ethidium bromide solution (lOmg/ml).

Ethylene Glycol-bis(b-Amino-ethyl Ether) N,N,N',N',-
Tetraacetic Acid (EGTA)

"ExtrAvidin"-alkaline phosphatase (min. protein

1.5mg/ml).
Ficoll (molecular weight 400,000).

Hepes, free acid (N-[2-E(ydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]).

Isoamyl-alcohol (C5H12O)

N-lauroylsarcosine, sodium salt.

B-mercaptoethanol (2-mercaptoethanol: C2H5OS).

Mineral oil (0.84g/ml).
Mixed bed resin (1:1 mixture of acidic and basic resins).

MOPS (morpholinopropanesulphonic acid, free acid).

Poly-L-lysine solution (0.1% aqueous solution)

Polyvinylpyrrolidone (average molecular weight 360,000).

Phenylmethylsulphonyl fluoride (PMSF).

Tris base (Trizma base: Tris[hydroxymethyl]aminomethane).
Trizma pre-set crystals (pH 7.0, 7.4, 7.6 and 8.8).

Unipath Ltd., Basingstoke, Hamps.

Phosphate Buffered Saline Tablets ("Dulbecco A")
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PREPARATION OF SOLUTIONS AND BUFFERS.

Cell Culture.

Medium for culture of the PC-12 cells was prepared in a sterile, cell culture fume
hood. The necks of all glass bottles were flamed before additions.
50ml of horse serum and 25ml of fetal calf serum were added to each bottle of RPMI

1640 medium (without L-glutamine). 5ml ofPenicillin/Streptomycin solution, 5ml of

"fungizone" and 5.6ml of L-Glutamine (200mM) were added.

Histology and Immunohistochemistry.
Formal Saline: 50ml of formalin (37-40% formaldehyde in water,) were added to

450ml of 0.9% sodium chloride.

Neutral Buffered formalin: 4g of sodium dihydrogen phosphate and 6.5g of
disodium hydrogen phosphate were dissolved in 100ml of formalin and 900ml
distilled.

Double strength Carazzi's haematoxylin: For 500ml of solution, lg of

haematoxylin was dissolved in 100ml of glycerol, while 25g of potassium alum were

dissolved in 350ml of distilled water by overnight stirring. While stirring constantly
the alum solution was added to the haematoxylin solution. O.lg of sodium iodate
were dissolved in 50ml of distilled water by stirring and gently warming. The iodate
solution was then mixed with the haematoxylin solution by shaking.
1% Eosin: 5g of eosin and one crystal of thymol were dissolved in 500ml of distilled
water.

90/95% ethanols: To make 200ml of each, 180 or 190ml respectively were added to

20 or 10ml of distilled water.

Tris buffered saline (TBS): 30.25g of Tris base were dissolved in roughly 400ml of
distilled water. 16.5ml of hydrochloric acid (sg = 1.18) were added. 40.5g of sodium
chloride were dissolved in 4.51 of distilled water. The two solutions were mixed

together and pH adjusted to 7.6 with hydrochloric acid.
BSA/TBS/azide: 3.48g of bovine serum albumin and lOOmg of sodium azide were

dissolved in 50ml of TBS and volume adjusted to 100ml.
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20% normal serum in TBS: For each staining session 1ml of normal sheep, goat or
rabbit serum was thawed and mixed with 4ml of TBS.

Sheep anti-rabbit biotinylated F(ab')2 fragment: 25pl of the Boehringer sheep

anti-rabbit biotinylated F(ab')2 fragment stock solution were added to 9.5ml of

BSA/TBS/azide solution with 0.5ml human serum.

Streptavidin-Conjugated Alkaline Phosphatase Solution: The "Extravidin"

proprietary solution was diluted 1:1000 for each staining run. That is 5pl were added
to 5ml of BSA/TBS/azide in a 15ml Falcon tube.

Mayer's haematoxylin: 0.5g of haematoxylin, 25g of potassium alum and O.lg
sodium lodate were dissolved in 500ml of distilled water by overnight stirring. 0.5g
of citric acid and 25g of chloral hydrate were added and the mixture was brought to
the boil and boiled for 5 minutes. It was allowed to cool and filtered before use.

Aqueous saturated Lithium carbonate: Lithium carbonate was added to stirring
water until no more could be dissolved. Stirring was continued overnight. The
solution was filtered before use.

5% Bovine Serum Albumin: 5g of bovine serum albumin were dissolved in 95ml of
TBS. Volume was adjusted to 100ml.

Enzyme-Linked Immunosorbent Assay.

Sample buffer: 3.94g of Tris-HCl, 5.84g of sodium chloride, 0.735g of calcium

chloride, 5g of bovine serum albumin, 0.5ml of Triton X-100 and 0.25g of sodium
azide were dissolved in roughly 450ml of distilled water. pH was adjusted to 7.0 and
volume increased to 500ml, producing a solution of 50mM Tris-HCl, 200mM
sodium chloride, lOmM calcium chloride, 1% (w/v) of bovine serum albumin, 0.1%

(w/v) Triton X-100 and 0.1% (w/v) sodium azide.

Coating buffer/solution: 1.32g of sodium carbonate, 1.05 sodium hydrogen
carbonate and 0.5g sodium azide were dissolved in roughly 450ml distilled water.

The pH was adjusted to 9.6 and volume increased to 500ml, making a solution of
50mM sodium carbonate/sodium hydrogen carbonate.
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Washing buffer: 7.88g of Tris-HCl, 11.69g sodium chloride and 0.5g of sodium
azide were dissolved in roughly 450ml of distilled water. pH was adjusted to 7.0 and
volume increased to 500ml, producing a solution of lOOmM Tris-HCl, 400mM

sodium chloride and 0.1% (w/v) sodium azide.

Chromogen buffer and solution: 11.91 g of Hepes buffer, 4.38g sodium chloride,

0.203g of magnesium chloride, 5g of bovine serum albumin and 0.5g of sodium
azide were dissolved in roughly 450ml of distilled water. pH was adjusted to 7.0 and
volume increased to 500ml, producing a solution of lOOmM Hepes, 150mM sodium

chloride, 2mM magnesium chloride, 1% (w/v) bovine serum albumin and 0.1% (w/v)
sodium azide.

The working chromogen solution was made immediately before use. Chlorophenol

red-B-D-galactopyranoside was mixed into the chromogen buffer in the proportion of

2mg/ml of chromogen buffer - e.g. 40mg of chlorophenol red-B-D-galactopyranoside
and 20ml of the buffer. The chromogen solution was stirred for at least 20 minutes

before use.

Extraction buffer: 7.88g of Tris-HCl (Boehringer), 11.69g sodium chloride, lOg of
bovine serum albumin and 0.5g of sodium azide were dissolved in roughly 450ml of
distilled water. pH was adjusted to 7.0 and volume increased to 500ml, producing a

solution of lOOmM Tris-HCl, 400mM sodium chloride, 2% (w/v) of bovine serum

albumin and 0.1% (w/v) sodium azide.

Immediately before use, 40pl of 0.5M EDTA solution, 5pl of 1M solution of

phenylmethylsulphonyl fluoride (PMSF) and 3.5gl of lOpg/pl solution of aprotonin
were added, to each 5ml of extraction buffer to be used. i.e. producing

concentrations of ImM PMSF, 7pg/ml aprotonin and 4mM EDTA.

The PMSF solution was produced by dissolving 174mg of PMSF in lml of

dimethylsulphoxide (DMSO) it was freshly prepared for each assay. The lOpg/ul
solution of aprotonin was produced by dissolving lOmg of aprotonin in lml of water.

It was divided into 50gl aliquots and stored at -20°C.
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Triton X-100/CaCl2 solution: 1.47g of calcium chloride and 1ml of Triton X-100

were dissolved in 500ml of distilled water to produce concentrations of 20mM
calcium chloride and 0.2% (w/v) Triton X-100.

Collagenase/Hyaluronidase solution: 200gl of Triton X-100, 290mgs calcium

chloride, 94mgs collagenase and 37mgs Hyaluronidase were dissolved in roughly
80ml of 0.9% (w/v) saline. pH was adjusted to 7.4 and volume to 100 mis. This

resulted in a solution of 225u collagenase and 125u hyaluronidase per millilitre with
calcium chloride 20mM and Triton X-100 0.2% (w/v).

RNA Extraction and Poly-Adenylated RNA Enrichment.

Diethylpyrocarbonate treatment of water and solutions: Water to be used in the

preparation of buffers and other solutions for RNA extraction and manipulation, was
treated with Diethylpyrocarbonate (DEPC), an inhibitor ofmost ribonucleases [347],

DEPC was added to distilled water in a ratio of lOOpl ofDEPC per 100ml of water -
i.e. a 0.1% (v/v) solution of DEPC. The solution was stirred overnight and then

autoclaved at 25psi/120°C for one hour with the bottle top loosened. The water was

allowed to cool and the cap tightened. DEPC treatment of solutions was carried out

in the same way.

0.75M Sodium Citrate (pH 7.0): 22. lg of sodium citrate were dissolved in around
70 ml of distilled water. pH was adjusted to 7.0 and volume increased to 100ml with
distilled water. The solution was DEPC treated as above.

Guanidium isothiocyanate denaturing solution: For 20ml of denaturing solution

9.46g of guanidium isothiocyanate (GTC) were dissolved in 11.08ml of DEPC-

treated water in a 50ml falcon tube. The mixture was heated in a water bath at 60°C

to ease dissolution of the GTC. 636pl of 0.75M Sodium Citrate (pH 7.0) were added.
144 pi of 13-mercaptoethanol were added immediately before use.
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0.5M EDTA: 186.lg of disodium ethylenediaminetetra-acetate.2H20 and 20g of
sodium hydroxide were dissolved in 800ml of distilled water. pH was adjusted to 8.
The solution was autoclaved.

10% sarcosyl solution: 5g of N-lauroylsarcosine were dissolved in roughly 40ml of
DEPC-treated water and volume adjusted to 100ml.

2M Sodium Acetate solution: 34ml of glacial acetic acid were mixed with 12ml of
DEPC-treated water. 8g of anhydrous sodium acetate were added and agitated to

dissolve.

Chloroform/isoamyl alcohol mixture: 24ml of chloroform and 1ml of isoamyl
alcohol were mixed in a coloured glass bottle. 10ml of distilled water were layered
on top.

75% and 70% alcohols: 75 or 70ml of absolute ethanol were mixed with 25 or 30ml

of distilled water respectively.

0.5M Sodium Chloride: 2.92g of sodium chloride were dissolved in roughly 90ml
of distilled water. Volume was adjusted to 100ml and the solution was DEPC

treated.

5M Sodium Chloride: 29.22g of sodium chloride were dissolved in roughly 60ml of
distilled water. Volume was adjusted to 100ml and the solution was DEPC treated.

RNA Electrophoresis and Blotting.

5xMOPS: For 11 of solutions 41.8g of morpholinopropane sulphonic acid (MOPS)
and 6.8g of anhydrous sodium acetate were dissolved in roughly 900ml of DEPC-
treated water. 10ml of 0.5M EDTA solution were added and pH adjusted to 7.0 with
concentrated sodium hydroxide solution. After adjustment of volume to 11, the
solution - 0.2M MOPS, 50mM sodium acetate,5mM EDTA - was autoclaved before

use.
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De-ionising formamide: 200ml of formamide were stirred with lOg of mixed bed
resin for one hour. The resin was filtered from the formamide which was divided

into 25ml aliquots and stored at -20°C.

20xSSC: For each litre of solution, 175g of sodium chloride and 88g of trisodium
citrate were dissolved in roughly 900ml of distilled water before the volume was

increased to 11. Final concentrations, then, were sodium chloride 3M and trisodium

citrate 0.3M.

Methylene blue solution: 20mg methylene blue and 2.46 sodium acetate (NaOAc)

were dissolved in roughly 90ml of distilled water. pFf was adjusted to 5.5 and
volume to 100 mis, making a final solution of 0.02% (w/v) methylene blue and 0.3M
sodium acetate.

DNA Dot-Blotting.

6xSSC: 60ml of 20xSSC solution were mixed with 140ml of distilled water.

DNA dot-blot denaturing solution: 8.76g of sodium chloride and 2g of sodium

hydroxide were dissolved in roughly 90ml of distilled water and volume adjusted to

100ml producing a 1.5M sodium chloride solution with 0.5M sodium hydroxide.

DNA dot-blot neutralising solution: 5.84g of sodium chloride and 7.88g of Tris-
F1C1 (pFl 7.0) were dissolved in 90ml of distilled water. Volume was adjusted to

100ml resulting in a 1M sodium chloride, 0.5M Tris-HCl solution at pH 7.0.

Denhardt's solution: 100ml were produced by dissolving 2g of bovine serum

albumin, 2g of Ficoll and 2g of polyvinylpyrrolidone in 90ml of DEPC-treated water.

10ml aliquots were stored at -20°C.

20% (w/v) Sodium dodecyl sulphate (SDS): For 500ml of stock solution lOOg of
SDS were dissolved in roughly 390ml of DEPC- water by stirring overnight. The
volume was adjusted to 500ml with DEPC-water.

lOmg/ml sonicated DNA: lOOmg of Calf thymus DNA were dissolved in 10ml of
distilled water by overnight stirring. The resulting solution was sonicated for 30
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seconds at full power with the immersible probe of the Sanyo tissue sonicator. A
small aliquot of the sonicated preparartion was subjected to gel electrophoresis to

check that sonication had resulted in an average fragment length of 400 to 800 base

pairs, lml aliquots of the DNA solution were stored at -20°C.

Aqueous prehybridisation/hybridisation solution: 50ml of DEPC-water were

mixed with 25ml of 20xSSC, 5ml of Denhardt's solution and 5ml of 20% SDS. lOg
of dextran sulphate (mol.wt. 500,000) and 300mg of tetrasodium pyrophosphate
were dissolved in the resulting solution. A lml aliquot of lOmg/ml denatured,
sonicated calf thymus DNA was boiled for 5 minutes to denature and added. Volume

was adjusted to 100ml. 10ml aliquots of the solution were stored at -20°C. (5xSSC,
5xDenhardt's solution, 1% (w/v) SDS, 10% (w/v) dextran sulphate (mol.wt.500,000,)
0.3% (w/v) tetrasodium pyrophosphate, lOOpg/ml denatured, sonicated calf thymus

DNA.)

Northern Hybridisation and Washing.

1M Sodium Phosphate Buffer (pH 6.8): 1M sodium dihydrogen orthophosphate
solution was produced by dissolving 15.6g of sodium dihydrogen orthophosphate in
100ml of distilled water. 1M di-sodium hydrogen orthophosphate solution was

produced by dissolving 17.8g of di-sodium hydrogen orthophosphate in 100ml of
distilled water. 25.5ml of the first solution and 2.45ml of the second were mixed.

The solution resulting was stored at room temperature.

Formamide prehybridisation/hybridisation solution (cDNA probes): 50ml of
deionised formamide were mixed with 25ml of 20xSSC, 5ml of Denhardt's solution,

5ml of 20% SDS and 2ml of 1M sodium phosphate buffer (pH 6.8). lOg of dextran

sulphate (mol.wt. 500,000) were dissolved in the resulting solution. A lml aliquot of

lOmg/ml denatured, sonicated calf thymus was boiled for 5 minutes to denature and
added. Volume was adjusted to 100ml. 10ml aliquots of the solution were stored at -

20°C. (5xSSC, 5xDenhardt's solution, 50% (v/v) formamide, 1% (w/v) SDS, 10%
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(w/v) dextran sulphate (mol.wt.500,000,) 50mM sodium phosphate (pH 6.8),

lOOpg/ml denatured, sonicated calf thymus DNA.)

Formamide prehybridisation/hybridisation solution (oligonucleotide probe):
50ml of deionised formamide were mixed with 25ml of 20xSSC, 5ml of Denhardt's

solution, 500pl of 20% SDS and 1ml of 1M sodium phosphate buffer (pH 6.8). A
lml aliquot of lOmg/ml denatured, sonicated calf thymus was boiled for 5 minutes to
denature and added. Volume was adjusted to 100ml. 10ml aliquots of the solution

were stored at -20°C. (5xSSC, 5xDenhardt's solution, 50% (v/v) formamide, 0.1%

(w/v) SDS, 25mM sodium phosphate (pH 6.8), lOOpg/ml denatured, sonicated calf

thymus DNA.)

2xSSC/0.1 %SDS: 100ml of 20xSSC and 5ml of 20% SDS in 895ml distilled water.

0.2xSSC/0.1 %SDS: 10ml of 20xSSC and 5ml of 20% SDS in 985ml distilled water.

0.1%SDS for membrane stripping: 5ml of 20% SDS in 995ml distilled water.

Probe Labelling And Purification.

Nick columns G-50 chromatography buffer: 152mg of Tris-HCl (pH 7.4) were

dissolved in 95ml of distilled water with 200ml of 0.5M EDTA solution. Volume

was adjusted to 100ml.

0.2M EDTA solution: 200pl of 0.5M EDTA stock solution and 300pl of ultrapure
water were mixeed in a microfuge tube.

2xSSC from stock: 100ml of 20xSSC in 900ml distilled water.

DNA Electrophoresis.

5xTBE (Tris/Borate/EDTA) buffer: 54g Tris base, 27.5g of boric acid and 4.65g of
EDTA were dissolved in roughly 900ml of distilled water. Volume was adjusted to

11.
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0.5xTBE buffer: 25ml of 5xTBE were mixed with 225ml of distilled water to

produce 250ml of 0.5xTBE.

Reverse Transcription-Polymerase Chain Reaction.

Stock 1.25tnM dNTP solution for polymerase chain reaction, was produced by

mixing 12.5gl each of lOOmM solutions of dATP, dCTP, dGTP and dTTP with

950pl of ultrapure water.

SDS-PAGE and Western Blotting.

Western blotting tissue suspension buffer: For 100ml of solution, 584mg of
sodium chloride and 156mg Tris-HCl (pFl 7.6) were dissolved in 95ml water with

200pl of 0.5M EDTA stock solution. Volume was adjusted to 100ml. Immediately
before use, 1 pi of lOOpg/pl PMSF solution (produced by dissolving lOOmg of PMSF
in 1ml DMSO,) and 2pl of 0.5pg/pl solution of aprotonin (produced by adding 950pl
of water to 50pl of aprotonin stock solution - 10pg/pl,) were added to each millilitre
of solution to be used, producing a solution of; 0.1M sodium chloride, 0.01M Tris-
HCl (pH 7.6), 0.001M EDTA (pH 8.0) with lpg/ml aprotonin and lOOgg/ml PMSF.

2xSDS western gel loading buffer: 1.56g Tris-HCl (pH 6.8), 4g of sodium dodecyl

sulphate and 200mg of bromophenol blue were dissolved in 50ml of distilled water

with 20ml of glycerol. Volume was adjusted to 80ml. Immediately before use 2ml of
1M stock solution of dithiothreitol were mixed with each 8ml of solution to be used.

This produced a solution of lOOmM Tris-HCl (pH 6.8), 200mM dithiothreitol, 4%

(w/v) SDS, 0.2% (w/v) bromophenol blue and 20% (v/v) glycerol.

1M Dithiothreitol stock solution: 3.09g ofDTT were dissolved in 20ml of 0.01M

Na Acetate solution (pH 5.2). Aliquots of 1 ml were made and stored at -20°C.

1.5M Tris buffer: 23.4g of Tris-HCl (pH 8.8) were dissolved in roughly 90ml of
distilled water, volume was corrected to 100ml. The solution was stored at room

temperature.
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10% Sodium dodecyl sulphate (SDS): lOg of sodium dodecyl sulphate were

dissolved in 90ml of distilled water. The solution was stored at room temperature.

10% ammonium sulphate: Fresh ammonium sulphate solution was prepared each
time an SDS-PAGE gel was made. lOOmg of ammonium sulphate were dissolved in

900pl of distilled water.

Tris-glycine electrophoresis buffer: 9.09g of Tris base, 3g of sodium dodecyl

sulphate and 43.23g of glycine were dissolved in around 21 of distilled water.

Volume was corrected to 31, resulting in a solution of 25mM Tris, 575mM glycine
and 0.1% (w/v) SDS.

Western transfer buffer: 700ml of water were mixed with 200ml of methanol and

3.75ml of 10% SDS solution. In them were dissolved 5.82g of Tris base and 2.93g of

glycine. pH was corrected to 9.2 and volume increased to 11 producing a solution of
48mM Tris, 39mM glycine, 20% (v/v) methanol and 0.0375% (w/v) SDS.

Western wash buffer: 6g of Tris base, 8.8g of sodium chloride and 0.74g of EDTA
were dissolved in around 900ml of distilled water. pH was adjusted to 7.5. Volume
was corrected to 11, resulting in a solution of 50mM Tris, 150mM sodium chloride
and 2mM EDTA.

Western blocking buffer: The blocking buffer was as the wash buffer but with the
addition of 2% (w/v) bovine serum albumin and 5% (w/v) low-fat skimmed milk, i.e

2g bovine serum albumin and 5g skimmed milk were dissolved in 93ml of washing
solution.

Radioligand Binding Assay.

0.25M sucrose solution: To produce 500ml of solution, 780mg of Tris base, 186mg

EDTA, 190mg EGTA and 43mg of sucrose were dissolved in 450ml distilled water.

The pH was adjusted to 7.4, and volume to 500ml. Immediately before use 10pl of
1M PMSF solution were added to each 10ml of solution to be used. lOpg/pl solution
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of aprotonin was diluted by the addition of 150gl of water to 50pl solution, lpl of
this 2.5|ig/ml solution of aprotonin were added.

This produced a solution of lOmM Tris, ImM EDTA, ImM EGTA, 0.25mM

sucrose, 0.05mM PMSF and 0.25pg/ml (0.05TIU/ml) of aprotonin.

Radioligand binding assay buffer: This was prepared without albumin, which was

added later, to ease the measurement of microsomal protein concentrations. 780mg
of Tris base and 4.5g of sodium chloride were dissolved in 450ml of water. pH was

adjusted to 7.4 and volume adjusted to 500ml.

4M Magnesium Chloride Solution: 1.56g of Tris base and 81 g of magnesium
chloride were dissolved in a small amount of distilled water. pH was adjusted to 5.8
and volume increased to 100ml.

Hypotonic Tris Buffer: To produce 500ml of solution, 78mg of Tris base were

dissolved in 450ml distilled water. The pH was adjusted to 7.4, and volume to

500ml. Immediately before use lOpl of 1M PMSF solution were added to each 10ml
of solution to be used. 10pg/pl solution of aprotonin was diluted by the addition of

150pl of water to 50,ul solution. 1 pi of this 2.5pg/ml solution of aprotonin were

added. This produced a solution of ImM Tris, 0.05mM PMSF and 0.25pg/ml

(0.05TIU/ml) of aprotonin.

Miscellaneous.

Phosphate buffered saline: For each 100ml of PBS solution required one phosphate
buffered saline tablet was dissolved in 100ml of distilled water.

0.9% (w/v) Saline: For 11 of solution 9g of sodium chloride were dissolved in 991ml
of distilled water.

10% Formalin in 0.9% saline: For each 100ml of solution 10ml of formaldehyde

40% (w/v) were mixed with 90ml of 0.9% saline solution.
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Sodium hydroxide for adjusting: Roughly 5g of Sodium hydroxide were dissolved
in 50ml of distilled water.

COMPUTERS, SOFTWARE AND STATISTICS.

Computers used were LC-386-40c Ahkter personal computers.

The computer software packages used were:

"Minitab 8.0", (.Minilab Inc. Philadelphia, Pa. U.S.A.). This is a statistics package.
The techniques used were the Mann-Whitney rank sum test, and the Pearson

linear regression.

"Fig-P" 6.0c biological graphics programme. (Biosoft Ltd. Cambridge, Camb).

"Word for windows 2.0c". (Microsoft Corporation, Redmond, Wa. U.S.A.).

These were in addition to the "Cue-2" and "Microman" packages described.
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Chapter 3

Methods.

TISSUE HANDLING AND STORAGE.

A number of human tissues were used. They were handled in a variety ofways.
Prostate Chips.
Prostate tissue from transurethral resection of the prostate was used for the majority
of assays. Transurethral resection of the prostate produces a large number of tissue

fragments ("chips",) of which, for diagnostic pathology, only a limited number can
be processed. Therefore, at the discretion of the resectionist, a number of chips were

randomly collected from the total, and taken for analysis.
The chips were immediately placed in phosphate buffered saline in universal

containers at 4°C. Within one hour they were frozen for storage. Before storage, all
were washed in 0.9% (w/v) saline with vigorous agitation by hand, and briefly dried
on paper towels. Chips were frozen by being dropped singly, directly into liquid

nitrogen in a universal container. Excess liquid nitrogen was poured off and the

container marked. The frozen chips were stored in a freezer at -70°C. None of these
tissues were analysed before routine diagnostic pathology was available to

distinguish malignant from benign hyperplastic glands.
Whole Prostates.

Two normal prostates were available from cadaveric multiple-organ donors. After
consent was obtained for the retrieval of organs for human transplant from the
donor's relatives, consent for the use of the prostate in research was separately
obtained. Consent was taken verbally, recorded in the patient's notes and witnessed.
Retrieval of the prostate was undertaken after organs for transplant were removed
and circulation had stopped. This involved a delay of 30 minutes between cessation
of circulation and excision of the gland. The mid-line incision was extended

inferiorly to the symphysis pubis. The membranous urethra, containing a urethral
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catheter was then palpated and divided. The prostate could then be lifted anteriorly
and the bladder neck divided, freeing the gland.
After trimming the bladder neck and capsule from the gland the ejaculatory ducts
were identified and marked with metal probes. A conical section of the gland was

excised on the basis of their position and that of the urethra. The conical part was
considered to be the "central zone", the remainder was the "peripheral zone".
Both parts of the gland were divided into portions of around 500mg and washed with
0.9% (w/v) saline. They were frozen and stored in the same way as prostate chips.
Adrenal Gland.

At kidney harvest for transplantation the adrenal gland is often excised in its entirety.
It is perfused with the kidney and, hence is perfused with ice cold saline

simultaneously with the cessation of circulation. In such cases, if consent for

research use of tissue had been recorded as above, the adrenal gland was saved when
the kidney was trimmed. The gland was divided into fragments of around 250mg
and frozen and stored in the same way as prostate chips.
Pancreas.

Pancreatic tissue was obtained from the post-mortem room of the Department of

Pathology, Western General Hospital, Edinburgh. It was taken from a cadaver
examined within twenty-four hours of death. It was fixed in 10% formalin in 0.9%

(w/v) saline.
PC-12.

PC-12 cells were obtained from the European collection of animal cell cultures as a

frozen ampoule of cells. They were thawed to 37°C in a water bath and centrifuged
to pellet the cells at lOOOxg. They were resuspended in 25ml of cell-culture medium

consisting of RPMI medium with 10% horse serum and 5% fetal calf serum, in

75cm3 vented tissue culture flasks. Cells were maintained at 37°C in humidified air

with 5% carbon dioxide. The cells were fed three times per week with the same

medium and divided each week.
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Frozen stock of PC-12 was prepared periodically. The contents of one 75cm3 tissue
culture flask were pelleted by centrifugation and resuspended in 2ml of the medium
described above with the addition of 10% dimethyl sulphoxide.
All cell culture procedures were carried out in a sterile fume hood with 10ml sterilin

pipettes and sterile universal containers.

HISTOLOGY.

Those prostate chips used in enzyme-linked immunosorbent assay were examined

histologically to confirm their histology. That is, that chips from a patient with
carcinoma each contained tumour, and that chips from a patient with benign

hyperplasia were free of tumour.

Poly- L-Lysine Coating of Slides.

Microscope slides were dipped in a one-in-ten dilution of poly-L-lysine in distilled

water for 5 minutes and dried in a drying oven at 37°C for two hours. These slides
were used for all frozen and paraffin sections of tissue.
Frozen Section.

Prostate tissues were transported to and from the -70°C freezer in liquid nitrogen

vapour in a vacuum flask. The prostate chips for enzyme-linked immunosorbent

assay were briefly removed and a portion of each excised. The excised portion was

taken for frozen section and the remainder was marked and stored at -70°C until

assayed.

For frozen section the prostate tissue was fixed to cryostat chucks by embedding in
O.P.C. medium and immersing the base of the chuck in liquid nitrogen. Sections
were cut at 7 to 9,um on to microscope slides. AH were marked, air-dried for one or

two hours at room temperature, and stored in plastic bags at -20°C without fixation.
Frozen sections of the adrenal glands were cut and stored in the same way as controls
for B-NGF immunohistochemistry.

Haematoxylin and Eosin Staining of Frozen Sections.
After a number of unsuccessful attempts at regressive haematoxylin staining we

adopted progressive staining with double strength Carazzi's haematoxylin which is
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particularly suitable for frozen section staining [348], After fixation in 10% neutral
buffered formalin for 20 seconds at room temperature, slides were rinsed in tap
water and stained in double strength Carazzi's haematoxylin for 1 minute. Slides
were washed in tap water again and stained in 1 % eosin for 5 seconds followed by a

final tap water rinse. They were dehydrated through 90%, 95% and 100% ethanols

(in distilled water), cleared in xylene and mounted with DPX and coverslips.
The slides were examined at 40, 100 and 400 x magnification to identify those

prostate chips which included areas ofmalignancy (this identification was confirmed

by Dr.J.StJ.Thomas, Dept. of Pathology, Western General Hospital, Edinburgh).
Those stored prostate chips from cancer patients, which did not, in fact, contain
areas of carcinoma were discarded. The remainder from each patient were pooled
and retained for ELISA. The haematoxylin and eosin stained sections were kept for

morphometric analysis.
Assessment of Tumour Grade.

Gleason scoring [115] of the differentiation of the prostate

tumours analysed was carried out as a routine diagnostic service by the Department
of Pathology, Western General Hospital, Edinburgh. These results were used to

compare assay results to the differentiation of the tumours in question.

IMMUNOHISTOCHEMISTRY.

13-Nerve Growth Factor.

A polyvalent rabbit serum raised against mouse 2.5S-NGF was used in B-NGF

immunohistochemistry. The affinities of the serum were subsequently checked by
western blotting, but this anti-2.5S-NGF antibody has previously been shown to

recognise human 13-NGF [349],
Standard immunohistochemistry techniques were used [350], Stored frozen sections
of prostate tissues were brought to room temperature. They were fixed in ice-cold
methanol for three minutes. A section of adrenal gland was included as a positive
control. All subsequent incubations were at room temperature. Sections were

incubated with 20% sheep serum in Tris-buffered saline for 30 minutes. This was

shaken off and polyvalent rabbit anti-mouse 2.5S nerve growth factor diluted 1:100
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in BSA/TBS/sodium azide was added (A number of sections of prostate were

incubated with BSA/TBS/Azide alone, as negative controls). This primary antibody
dilution had been found to produce the most intense staining when a range of
dilutions from 1:25 to 1:500 were tested. After 30 minutes the primary antibody was

rinsed off with Tris-buffered saline. Slides were washed for ten minutes in a Tris-

buffered saline bath. Sections were then incubated for 30 minutes with the secondary

antibody - sheep anti-rabbit biotinylated F(Ab')2 fragment. After further rinsing and

washing with Tris-buffered saline, diluted streptavidin-linked alkaline phophatase
was added for 30 minutes. Sections were rinsed and washed with Tris-buffered

saline before the addition of "New Fuchsin" chromagen solution, which was

incubated for 10-20 minutes until staining was judged sufficient. Slides were washed
in tap water, counterstained in Mayer's haematoxylin for one minute, washed in tap

water, "blued" in saturated aqueous Lithium Carbonate for 30 seconds and allowed
to air-dry. The sections were mounted with DPX and coverslips and examined at

40,100 and 400 x magnification. Positive staining for nerve growth factor was red

(Dr.J.St.J.Thomas kindly confirmed the findings on this staining and the other
immunohistochemical stains below.)

Low-Affinity Nerve Growth Factor-Receptor - p75LNGFR_
Immunostaining for the low-affinity nerve growth factor-receptor was also carried
out on frozen sections of prostate. The staining procedure used was as described
above for B-nerve growth factor except that the primary antibody was a mouse anti-
human low-affinity nerve growth factor-receptor monoclonal antibody diluted 1:10
with BSA/TBS/Azide, and the secondary antibody was biotinylated goat anti-mouse

IgG. The primary antibody concentration was arrived at by testing concentrations of
1:5 to 1:50 and assessing the most intense staining.
In initial attempts with LNGFR staining a 5% albumin blocking solution was used to

replicate Graham's technique [341], Graham used 5% ovalbumin while, here, 5%
bovine serum albumin (without serum) was used. Positive staining for LNGFR was

so demonstrated.

When both northern hybridisation and radio-ligand binding assays failed to

demonstrate LNGFR mRNA transcripts or specific 13-NGF binding in prostate tissue
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this staining was re-examined. The blocking serum used should, ideally, be of the
same species as that in which the secondary antibody was raised - in this case the

goat. Such a blocking serum should increase the specificity of staining [350],
Therefore staining for LNGFR was repeated using a blocking serum of 20% goat

serum in BSA/TBS/Azide and otherwise following the protocol above. This staining

procedure was repeated once.

Positive controls for nerve-growth factor-receptor staining was provided by cell
smears of the rat phaeochromocytoma cell line PC-12. These were sedimented from

growing suspension by centrifugation at lOOOxg for five minutes. The cell-culture
medium was decanted and a fraction of the pellet of cells picked up on a glass rod.
Each was placed on a poly-L-lysine coated slide and smeared across it with another

slide. When dry they were washed in tap water and fixed in ice-cold methanol for 3

minutes. They were stained exactly as was tissue.

Markers of Neuroendocrine Differentiation.

Preliminary experiments were carried out to assess the performance of antibodies

against a number of markers of neural differentiation in prostate adenocarcinoma.
The original descriptions of neuroendocrine cells in the prostate used argyrophil and

argentaffin stains. We have discounted that staining because of its technical

difficulty, and neuron-specific enolase staining because of its reported lack of

specificity [169], Instead, antibodies against chromogranin A, synaptophysin and

protein gene product 9.5 (PGP9.5) were used to identify neuroendocrine cells.
Cassettes of paraffin embedded - and 10% formalin fixed - prostate chips, from the
cancer patients whose tissues were to be assayed for B-NGF, were obtained from the

Department of Pathology, Western General Hospital, Edinburgh. For the preliminary

experiments only a limited number were used. Positive controls were provided by

paraffin embedded post-mortem pancreatic tissue. Sections were cut at 4pm on a

microtome on to poly-L-lysine coated slides. These slides were kindly prepared by
Mr.Lawrence Brett, M.L.S.O., Department of Pathology, Western General Hospital,

Edinburgh. The sections were de-waxed by immersion in sequential xylenes for three
and two minutes, followed by sequential absolute, 95% and 90% ethanols in distilled
water for two minutes each. The slides were washed in tap water and allowed to air
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dry, before staining using the protocol as described for frozen sections. Blocking
serum was 20% sheep serum. The primary antibodies were polyvalent rabbit anti-
human PGP9.5, polyvalent rabbit anti-human synaptophysin and monoclonal mouse
anti-human chromogranin A. Secondary antibodies were biotinylated sheep anti-
rabbit F(Ab')2 fragment or biotinylated goat anti-mouse IgG ("Immumark" kit).
The sections were examined at 40 and 100 x magnification. It was clear that only
PGP9.5 immunohistochemistry provided any degree of positive staining in the

prostate tumours examined. Therefore this stain was used on chips from all those

patients whose tissue was assayed for B-NGF. Tumours were simply graded as

positively or negatively staining for PGP9.5.

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) FOR B-NGF IN

PROSTATE TISSUE.

Mouse monoclonal anti-mouse 2.5S NGF antibody is produced by a hybridoma
created by fusion of P3X63-Ag8.653 mouse myeloma cells and splenic lymphocytes
of Balb/c-mice immunised with mouse 2.5S NGF (clone 27/21.) B-Galactosidase-
labelled and unlabelled preparations of this antibody are commercially available
from Boehringer-Mannheim for use in a two-site "sandwich" immunosorbent assay.
This assay has been used to measure B-NGF in a number of human tissues where it
has been shown to detect human B-NGF with around 60% of the efficiency with
which it detects mouse 2.5S NGF [351], The ELISA here was based on that

published work and general, standard protocols for ELISA [352],
The detection limit of the assay is around 5pg/ml. The only published experience of
this assay in human prostate tissue is that ofMacGrogan et al [321], That work was

carried out before human recombinant hormone was available as a control curve and

does not address the problem of hormone recovery. Therefore, a number of

experiments were carried out to optimise the performance of the assay on human

prostate tissue.
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OPTIMISING ELISA FOR HUMAN PROSTATE TISSUE.

Protein Coating of Plastic-ware.

Excepting the immunoplates themselves, all plastic-ware used (1.5 ml microfuge

tubes, 30ml universal containers and 10ml ultracentrifuge tubes) was coated with
bovine serum albumin. 0.1% bovine serum albumin was prepared by dissolving lg of
bovine serum albumin in 11 of phosphate buffered saline (pH 7.4). The plastic-ware
was immersed in this solution overnight. After drainage it was dried in the drying
oven and stored in sealed plastic bags at room temperature.

Preparation of Human Recombinant li-NGF Protein Standards.

Human recombinant B-NGF (rhB-NGF) is produced in Escherischia Coli and
available commercially. For all assays a control curve of 312.50 - 2.44 pg of
recombinant human B-nerve growth factor was used, based on the concentrations of
B-NGF found in other human tissues and other species prostates [321,338,351],
For preliminary experiments standards were prepared from a 50ug/'ml solution of

rhB-NGF. Aliquots of 25pl were stored at -20°C in BSA coated microfuge tubes. For
use this solution was diluted by a factor of 1000, eg. 5pl into 5ml of sample buffer in
a coated universal container, to produce a 50 ng/ml solution. This solution was then
diluted 1ml to 4ml of sample buffer in a further universal producing a lOng/ml
solution. This was serially diluted by adding 0.5ml of the solution to 0.5ml sample
buffer in a coated microfuge tube, vortex mixing and addition of 0.5ml of the

resulting solution to 0.5ml of sample buffer in a further microfuge tube. This step

was carried out five times to produce a 312.5pg/ml solution. This was serially diluted
1:1 a further seven times to produce standard concentrations of 2.44, 4.88, 9.76,

19.53, 39.06, 78.12, 156.25 and 312.5pg/ml standards. The early steps of this

procedure are clearly crude as they depend on the accuracy of Gilson "P20" pipettes
and sterile 10 ml pipettes - highly subject to operation error.

Therefore, for definitive data, standards were prepared differently. 1 Ogg/'ml solution
of rhB-NGF was used. This was diluted 1.10 into sample buffer in coated microfuge
tubes (i.e. lOOpl antibody solution with 900pl sample buffer, both measured with
Gilson pipettes). This step was repeated twice to produce the stock antibody solution

of lOng rhB-NGF/ml. Aliquots of 500pl of this were stored at -20°C. For use as the
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standard solution it was thawed to 4°C and subjected to serial dilution, as described

above, to produce standards of 2.44pg/ml - 312pg/ml.

So, although the standards used in each preliminary experiment were consistent
within the experiment, the results of individual preliminary experiments are not

comparable. Neither are the results of any preliminary experiment comparable with
the definitive, final, measures of tissue B-NGF concentrations. In some of the

preliminary experiments an extra dilution of standards produced a final standard of

1,22pg/ml.

Coating Antibody Concentration.
For this assay Boehringer-Mannhein recommend the use of 96-well microtitre plates
of high protein-binding capacity, and a coating (i.e. unlabelled) antibody
concentration of 0.1 - l.Opg/ml. Nunc "Maxisorp" immunoplates were used and

coating antibody concentrations of 0.2, 0.4, 0.6 and 0.8pg/ml were tested.
The procedure of the ELISA is described in detail here and the same procedure was

followed throughout the use of this assay. Coating solutions of unlabelled mouse

monoclonal anti-mouse 2.5S nerve growth factor were prepared by mixing a 15ug/ml
solution of the antibody with coating buffer in universal containers in the following

proportions (the preparation of all the solutions used is described in the materials

chapter):

66.7pl antibody with 5ml coating buffer - 0.2pg/ml.
133.3 jj.1 antibody with 5ml coating buffer - 0.4pg/ml.

200.Opl antibody with 5ml coating buffer - 0.6pg/ml.

266.7pl antibody with 5ml coating buffer - O.Spg/ml.
Each solution was applied in 150pl aliquots to 24 wells of a 96-well microtitre plate

using a multichannel pipette. The plate was tightly sealed with its lid and saran-

wrap. It was incubated for 2 hours at 37°C.
The plate was unwrapped and the coating solution removed with a glass pasteur

pipette attached to a venturi suction arrangement on a bench sink tap. 500pi of

washing buffer were added to each well and removed by suction. This washing was

repeated three times (i.e. there were four washes in total). Without allowing drying
of the immunoplate, lOOpl of each standard solution (1.22 - 312.5pg/ml) was applied
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to three wells coated with each of the four coating concentrations. The plate was

sealed with saran-wrap and its lid and incubated overnight (i.e. a minimum of 16

hours) at 4°C.
The plate was unwrapped and, after the removal of the standard solution, the wells
were washed four times as described above. The detecting antibody solution was

prepared by mixing 1ml of reconstituted detecting antibody (4u/ml) with 9ml of

sample buffer in a coated universal tube. lOOgl of this solution was applied to each

well and the plate sealed and incubated at 37°C for 4 hours.
The chromogen solution was prepared by weighing 40mg of chlorophenol-red-B-D-

galactopyranoside into a 50ml beaker. 20ml of the chromagen buffer was added and
the mixture stirred with the magnetic stirrer for around 20 minutes. The plate was

unsealed and 200ml of the chromogen solution was added to each well after the
removal of the detecting antibody and four washes.

The plate was then incubated again for two or more hours at 37°C, until sufficient
colour change (to red) had occured. The length of time required was noted to vary

particularly with the freshness of the chromogen preparation used. When sufficient
"redness" was apparent, the absorbance of the test wells was measured against a

blank of unreacted chromogen solution at 570nm. A Biorad 450 plate-reader was

used. It was operated through Biorad "Microman" plate analysis software which was

used to derive the control curves, sample variability and sample concentrations also.
It was clear that a coating concentration of 0.4pg mouse monoclonal anti-mouse
2.5S NGF/ml produced the most linear control-curve in the range of standards used.
This coating antibody concentration was used for all subsequent experiments. A
control curve was derived for every subsequent assay carried out.

Maximising fi-NGF Extraction from Human Prostate Tissue.

Boehringer-Mannheim recommend that minced (e.g. with scissors) tissue be

homogenized with the glass Douce homogenizer in an extraction buffer with high
bovine serum albumin content (2%) before ultracentrifugation. The supernatant is
then diluted with detergent and CaCl2-containing fluid before being assayed. The

human prostate gland is very fibrous. Therefore more vigorous methods of disrupting

122



tissue were used, based on previous experience of prostate hormone assays in this

laboratory [89],
Prostate tissue was transported in liquid nitrogen vapour in a vacuum flask. It was

weighed and approximately 500mgs were powdered using the Braun
Mikrodismembrator at full power for 20 seconds with its components and the

prostate tissue frozen to -180°C in liquid nitrogen. The powder was transferred to a

coated ultracentrifuge tube with 500pi of the extraction buffer. The tubes were

gently centrifuged (500xg for 5 minutes at 4°C) to bring all of the powder into the
buffer. The powder and buffer were then further homogenized with the Ystral

homogenizer at speed 7 for 30 seconds on ice. Tubes were then ultracentrifuged in

the Sorvall ultracentrifuge at 4°C for 10 minutes at 100,000xg. 500pl of the

supernatant were removed and mixed with 500pl of Triton X-100/CaCl2 solution in

a coated microfuge tube with both ultracentrifuge and microfuge tubes kept on ice.
The resulting solution was assayed in lOOpl aliquots in triplicate on microtitre plates
with sample and control wells being treated exactly similarly as described above.
Previous experience with prostate tissue assays suggested a number of additional
treatments which may increase the yield of growth factors from prostate tissue [89],
Sonication.

3 BPH specimens were taken. 2 samples of 500mg of prostate chips were taken from
each and dismembrated and homogenized in extraction buffer as above. After

homogenization, one sample from each specimen was kept at 4°C. The other sample
from each was sonicated on ice for 20 seconds with the Sanyo tissue sonicator with a

submersible probe at full power. They were allowed to cool on ice for 2 minutes and
further sonicated for 20 seconds.

Sonication was carried out in the ultracentrifuge tubes. The sonicated homogenates
were ultracentrifuged with the other, un-sonicated, samples. After mixing the

supernatant with Triton X-100/CaCl2 solution they were assayed as above.

Digestion.
2 BPH specimens were taken. 5 samples of 500mg of each were prepared as

described above without sonication. After ultracentrifugation the supernatants were
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aspirated and separately snap-frozen in coated microfuge tubes, and stored overnight

at -20°C. The ultra-centrifuge tubes containing the pellet after ultracentrifugation

were sealed with "Parafilm" and placed in a water-bath at 37°C. To one from each

sample 500pl of Triton X-100/CaCl2 solution was added. To the remainder

Collagenase/Hyaluronidase solution was added (500pi) at various times to produce
incubations of approximately 25, 8 and 3 hours and 5 minutes. On addition of this or

plain Triton X-100/CaCl2 solution the pellet was broken up roughly with a spatula.

In addition to the tissue samples a solution of 160pg/ml of rhB-NGF in the sample
buffer was prepared from the hormone preparation used in preparing standards. Five
500pi aliquots were incubated with Triton X-100/CaCl2 or

collegenase/hyaluronidase solution for the same periods as the tissue pellets.
At the end of the incubation all tubes were ultracentrifuged for 10 minutes at

100,000xg. The supernatants were aspirated and added to the thawed supernatants

from the initial centrifugation. In the case of the "digested" rhB-NGF solutions the

whole content of the ultracentrifuge tube was transferred to a coated microfuge tube.
Thus the final concentrations of Triton X-100 and CaClg in all the samples were

0.1% (w/v) and lOmM respectively. The samples were assayed as before.
Effect of Dilution.

The production of a control-curve confirmed that the assay system distinguished
dilutions of human recombinant B-NGF. The effects of dilution of tissue samples was

examined.

Samples of 500mg and 300mg were taken from each of two BPH specimens. They
were treated by demembration and homogenization in extraction buffer as above
without sonication or enzyme digestion. The supernatants from ultracentrifugation
were assayed after dilution 1:1 with Triton X-100/CaCl2 solution.

Cross-ReactivityWith Other Growth Factors.
A number of protein hormones, apart from B-NGF, are known to show some

neurotrophic activity and to be present in the prostate. Insulin and the insulin-like

growth factors are examples which show some structural similarity to B-NGF
[247,353], An experiment was performed to check for cross-reaction of the B-NGF
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ELISA for other growth factors. A series of concentrations of Insulin and Insulin-like

growth factor-I was assayed against a control curve of rhB-NGF.

Epidermal growth factor is the most abundant growth factor in the human prostate

and while it is not structurally related to B-NGF it demonstrates some neurotrophic

activity [68,247], Cross-reactivity of that hormone with the ELISA was also

investigated.
Solutions of 1000, 500, 250 and 125pg/ml of each hormone were prepared in coated
universal containers and assayed against the rhB-NGF controls. Because of faint

reactivity with IGF-1 at lOOOpg/ml that hormone was further assayed at

concentrations of 10,000, 5,000, 2,000, 1,000, 500, 250 and 125pg/ml.

Intra- and Inter-Plate Variability.
All assayed samples were in triplicate and this provided some test of variability of
the assay results within each plate. Variability between plates was examined by

assaying three BPF1 samples simultaneously on two plates against separate control
curves (this was done using standards prepared as for the definitive tissue
concentration data). Both plates were prepared on the same day as it had been noted

that storage of prostate tissue extracts for as little as one day at -20°C lead to a loss
of B-NGF reacting with the assay system.

Measuring B-NGF Recovery From Prostate Homogenates.

Any technique for the extraction of hormone from tissue will only extract a portion
of the total amount of hormone in the tissue (the recovery fraction). The remainder
of the total hormone present may remain in the tissue pellet or may adhere to plastic-
ware and other hardware used. Measurement of the recovery fraction is essential if a
true measure of tissue hormone concentration is to be made.

Boehringer-Mannheim recommend the use of unlabelled B-NGF for estimation of the

recovery fraction. Tissue homogenates are made in duplicate. To one of each pair a

known amount of B-NGF is added and homogenates are left to incubate with this
hormone for a given length of time. All are then ultracentrifuged and assayed. The
difference between the two results from each pair of homogenates, divided by the
total B-NGF added, is the recovery fraction. This technique was used without success
on a number of occasions.
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Therefore an experiment was carried out to characterise the behaviour of rhB-NGF

added to prostate homogenates. Four homogenates were made without sonication or

digestion from two BPH samples, each homogenate was of 500mg of tissue. 50, 100
and 200pg of rhB-NGF was added to a homogenate from each tissue. One

homogenate from each had no added B-NGF. rhB-NGF used in the preparation of
standards was used. In the stock rhB-NGF solution (ie lOng/ml) 50pg = 5gl, lOOpg =
1 Opil and 200pg = 20pl. These amounts were measured with a Gilson P20 pipette.
The homogenates were mixed by vortexing and allowed to incubate, with or without

added hormone, for 2 hours at 4°C. They were then ultracentrifuged and the

supernatant diluted and assayed. It was clear that the addition of increasing amounts

of unlabelled B-NGF reduced the availability of hormone for the ELISA. Therefore

the recovery fraction was measured using radiolabeled mouse 2.5S NGF. This

technique was based on previous growth factor assays in prostate tissue [89],

Reconstituted [^^5jj_mouse 2.5S NGF was diluted with the E.L.I.S.A. sample buffer

empirically to produce a concentration of around 100cpm/pl as measured in the
Packard gamma counter. 5pi of this solution were added to tissue homogenates and

allowed to incubate. The homogenates were ultracentrifuged and the supernatant

aspirated and diluted as before. The ultracentrifuge tube with the pellet from

ultracentrifugation and the supernatant were separately counted in the gamma

counter. The recovery fraction was then given by:

supernatant cpm - background cpm

(supernatant cpm-background cpm)+(pellet cpm-background cpm)

It remained to find an acceptable duration for the incubation of labelled 2.5S mNGF
with the prostate homogenate. Six 500pg homogenates from one BPH specimen

were prepared. 500cpm of [125i]_mouse g.5S NGF were added to each. Three were

incubated for four, two and one hour at 37°C, and three for four, two and one hours

at 4°C. All were then ultracentrifuged and the supernatant and pellet were separately
counted.
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The results of this and all preliminary experiments are in the results chapter. On the
basis of them a final protocol for the assay of B-NGF in the prostate was arrived at:

FINAL PROTOCOL FOR ENZYME-LINKED IMMUNOSORBENT ASSAY

FOR B-NERVE GROWTH FACTOR IN THE HUMAN PROSTATE.

Tissue Preparation:

1) 300-500mg of prostate chips with confirmed pathology.

2) Powdered by 20 seconds in Braun Mikrodismembrator (small cup, full power).

3) Added to 0.1% BSA coated ultracentrifuge tube with 500pl extraction buffer

(centrifuged at lOOOxg for 5 minutes to bring tissue to buffer).

4) Homogenized at Power 7 with the Ystral bench homoginizer. (centrifuged at

1 OOOxg for 5 minutes to bring homogenate to base of tube).

5) 500cpm of [' |-mouse 2.5S NGF added to each homogenate. Vortex mixing.

Incubated 2 hours at 4°C.

6) Ultracentrifuged at 100,OOOxg for 10 minutes.

7) Supernatant pipetted to 1,5ml microfuge tube (0.1% BSA coated).

8) Ultracentrifuge and microfuge tubes counted in gamma counter and recovery

fraction calculated.

9) Supernatant in microfuge tube diluted with 500pl of Triton X-100/CaCl2. Kept at

4°C until assay.

All steps were carried out in a refrigerated room at 4°C.

Standard Preparation:

1. lOpg lyophilized human recombinant B-NGF reconstituted to lOpg/ml with
distilled water.
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2. Two (1:10) dilutions of reconstituted hormone in sample buffer produced a

lOOng/ml solution.
3. 100p] aliquot of the lOOng rhB-NGF/ml solution added to 900pl aliquots of

sample buffer in 0.1% BSA coated 1.5ml microfuge tubes.

These were frozen at -20°C and stocked as stock standard solutions.

4. Stock standard solution thawed to 4°C. 5 serial dilutions, 1:1 (ie 500pl standard to

500pl sample buffer, measured with a Gilson PI 000 pipette) produced a 312.5 pg/ml
solution.

5. Six similar serial 1:1 dilutions produced the other standards: 156.25, 78.12, 39.06,

19.53,9.76 and 4.88 pg/ml.

All steps were carried out at 4°C.

Assay:
1. 400gl of 15pg/ml solution of mouse monoclonal antimouse 2.5S NGF (measured
with Gibson P200 pipette) added to 15ml of coating buffer in 0.1% BSA coated

universal container. Vortex mixing.
2. 150pl of this solution added to each well of a Nunc "Maxi-sorp" immunoplate.

Plate sealed and incubated at 37°C for 2 hours. Coating solution removed and wells
washed four times with wash-buffer (500pi each well) and suction pipette.
3. lOOpl aliquots of standard and sample solutions added in triplicate to the plate

wells. Plate sealed and incubated at 4°C overnight. Standards and samples removed
and wells washed four times.

4. 1ml of B-galactosidase conjugated mouse-monoclonal anti-mouse 2.5S NGF (at

4U/ml) added to 9ml sample buffer in a coated universal tube (measured with sterilin
10ml pipette).
Vortexed.

5. lOOpl of antibody-conjugate added to each well. Plate sealed and incubated at

37°C for 4 hours. Antibody-conjugate removed and plate wells washed four times.
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6. 40mgs Chorophenol red B-D-galactopyranoside weighed and added to 20ml of
substrate buffer and stirred, at room temperature, for 20 minutes. 200u! chlorphenol

red solution added to each well. Plate sealed and incubated at 37°C for 2-4 hours.

7. 200pl ofChlorphenol red solution added to three untreated wells as blanks. Plates

read at 570nm on a Biorad 450 microplate reader.

The control curve was derived using Biorad "microman" software and the

concentrations of the sample wells was derived from it using the same programme.

From the sample concentration the tissue concentration was

derived:

(sample concentration x 2 (for 1:1 dilution with Triton X-100/CaC12))
x 1 / recovery fraction % x 1000 / tissue weight mg
= tissue B-NGF concentration as pg/g.

VIDEO/COMPUTER ASSISTED TISSUE MORPHOMETRIC ANALYSIS.

An analysis of the epithelial content of the assayed tissues was carried out using the

haematoxylin and eosin stained frozen sections, which had been used to confirm the

histology of the assayed tissues. The sections were examined using a Olypmus

microscope attached to a Olypmus charge-coupled device (CCD) camera. The output

from the camera was acquired by an IBM-compatible 486 personal computer using
the frame grabbing buffer of its contained "Cue-2" Olympus image analysis software.
The frame grabber stores a black and white image of the microscope field (or rather
a rectangular portion of it,) in the form of gray-scale pixels. This image is projected
to a monitor attached to the computer. The image can be manipulated in terms of its
contrast and brightness to make the distinction of tissue components more

straightforward. Then, using the computer mouse, various elements of the tissue
could be traced on the monitor. The "Cue-2" software, given the magnification of the

microscope's objective lens, derives the area in pm^ for each element traced.
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In the case of the prostate tissues the whole area of the rectangular field was

measured. It was examined using the x4 objective lens. When the rectangular field
crossed the edge of the tissue section, only that part of the field filled by prostate

tissue was measured by tracing with the mouse. The external circumference of each

prostate gland was traced with the mouse and its area derived and stored. That is, the
area within the basal lamina of the basal epithelial cells. When all the prostate glands
had been traced the luminal borders of the secretory cells in each gland were traced

and the areas within derived and stored. When each field had been analysed in this

way, the section was moved on the microscope stage so that an immediately adjacent
field was visualised. It was then analysed in the same way. By so analysing fields in
turn the whole prostate section was covered in a series of strips. The section of tissue
from every chip was examined.
At the end of the analysis the various areas of the sections from each sample were

summated. The resulting values were:

Total Area = The area of all the sections in each sample.

Glandular Area = The area within the basal laminae of all glands in all

sections from each sample.
Luminal Area = The area within the luminal borders of the secretory

epithelium in all sections from each sample.

From these measured values, two further values were derived.

Stromal Area = Total Area - Glandular area.

Epithelial Area = Glandular area - Luminal Area.

For subsequent analyses the Stromal, Glandular and Epithelial Areas were expressed
as percentages of the Total area. Sampling techniques for prostate tissue analysis
have been described [354,355], Instead of adopting one of these techniques the
whole of each section was examined. This was rather tedious, but was possible

because of the relatively small amount of tissue to be examined. An automated
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system for such analysis has been described but was unavailable [111]. It was hoped
that a possible source of sampling error was avoided by analysing the whole section.

NORTHERN HYBRIDISATION FOR B-NGF AND LNGFR mRNA

TRANSCRIPTS.

It was hoped to demonstrate that B-NGF was endogenously produced in the prostate,

by demonstrating the presence of mRNA transcripts for the B-NGF gene.

Hybridisation for the low-affinity nerve growth factor receptor was also carried out.

Preparation of Total Cellular RNA from Prostate Tissue.

Total RNA was isolated after Chomczynski [356], The technique is described here
for small volume preparations. If subsequent polyadenylated-RNA enrichment was
to be undertaken, larger volumes (l-2g of tissue) were processed in the same way but
in larger volume plasticware (10 and 50 ml polyethylene Falcon tubes).
200-300 mg of frozen prostate tissue was weighed and powdered in the
Mikrodismembrator. It was added to 1.9ml of G.T.C. solution Denaturing Solution
with 100ml of 10% Sarcosyl solution. The mixture was homogenized with the Ystral

homogenizer at speed 7 for 30 seconds. The mixture was left on ice for 15 minutes to
allow solid tissue fragments to settle. The clear supernatant was pipetted off to four
1.5ml microfuge tubes to each of which was added; 50ml of 2M sodium acetate,

500ml of water saturated phenol and 100pi of chloroform-isoamyl alcohol. After

vigorous mixing the tubes were left on ice for 15 minutes.

They were centrifuged at 13400xg at 4°C for 20 minutes. The aqueous phases were

decanted to four fresh tubes. 500ml of isopropanol was added to each and they were

incubated at -20°C for one hour followed by further centrifugation at 4°C for ten
minutes at 13400xg to precipitate RNA. The supernatant was pipetted off and after
the pellets had been resuspended in a small volume (around lOOpl) of GTC

denaturing solution the contents of the tubes were pooled into one tube by pipetting.
The RNA was precipitated and sedimented again by the addition of 500pi of

isopropanol, incubation at -20°C and centrifugation. The supernatant was pipetted
off and 200pl of 75% alcohol was added to each pellet to remove salts from the
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pellet. If the RNA was to be stored it was frozen in this alcholol at -70°C. If it was to

be used the alcohol was pipetted off and the pellet resuspended in ultrapure water by

vortexing.

Poly-adenylated RNA Enrichment of RNA Samples.
The messenger RNA (mRNA) transcripts of most proteins (notable exceptions are

the histones) bear an un-translated tail of adenylic acid residues of variable length.
Such transcripts show affinity for polyuridylic acid [347], When polyuridylic acid is
bound to a solid matrix, affinity chromatography of RNA samples allows a selective
enrichment of polyadenylated species. The resulting increase in the concentration of
mRNA in relation to ribosomal and transport RNA increases the sensitivity of

subsequent hybridisation for specific mRNA species. Affinity chromatography of

poly-A-RNA using Amersham mAP diazonium paper, substituted covalently with

polyuridylic acid, was used [357],
Total RNA extraction from two grams of prostate tissue was carried out as described

above. The resulting pellet was resuspended in a microfuge tube in 200pi of

ultrapure water and wanned to 65°C in a water bath to denature the RNA.

Meanwhile a 14cm diameter sterile petri dish was lined with sterilised filter paper

and a 5cm square patch of parafilm laid in it. A lOcm^ area of polyuridylic acid

paper was cut and laid in the petri dish. It was moistened with 0.5M sodium chloride
in a pasteur pipette and allowed to air dry. The denatured RNA sample was placed
on ice and 20pl of 5M Sodium Chloride were added to raise the sample sodium
chloride concentration to approximately 0.5M. The sample was spotted evenly onto

the dried paper lying on the parafilm and incubated for 5 minutes. The paper was

transferred to a 50 ml sterile falcon tube and 50ml of 0.5M Sodium Chloride were

added. The tube was shaken on a rotary shaker for 5 minutes. The fluid was

decanted and the paper washed again in 50 mis 0.5 M Sodium Chloride for 5
minutes. This fluid was decanted and replaced with 70% (v/v) ethanol in distilled

water, in which the paper was washed for 5 minutes. The alcohol was decanted and
the paper placed in the petri dish again, and covered. It was allowed to completely

air-dry. The paper was then cut into small fragments with a sterile scalpel and flamed
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forceps and placed in a 10ml sterile falcon tube. Enough RNAase free distilled
water was added to barely cover the paper (1-2 ml) and the tube was heated in a

70°C water bath for 5 minutes. The fluid containing the poly-adenylated RNA
enriched sample was pipetted to two or three microfuge tubes. The RNA was

precipitated by the addition of 15% (by volume) of 5M Sodium Chloride and one

volume of isopropanol, chilling at -20°C overnight and microfuging of the tubes for

10 minutes at 4°C. The resulting pellet was washed in 75% alcohol and used or

stored as for total RNA above.

Measuring Sample RNA Concentration.
RNA concentrations were estimated by spectrophotometric measurement of sample

optical density of the sample at 260nm [347],

lpl of the sample was diluted in 3ml of distilled water in a bijou tube and vortexed.
The optical density of the solution was measured in the Pye-Unicam

spectrophotometer at 260nm against a blank of distilled water. One optical density
unit is equivalent to 40ug/m1 of RNA. Therefore multiplication of the measured

optical density by 120 gives the sample RNA concentration in pg/ml. The optical

density was also measured at 280nm - the maximum absorbance wavelength of

protein. The optical density at 260nm divided by the optical density at 280nm gives
an estimate of the sample purity in terms of protein contamination. Samples with a

purity less then 1.5 were discarded.

Electrophoresis of RNA.
All RNA electrophoresis was carried out under de-naturing conditions to abolish the

secondary structure ofRNA [358],

Electrophoresis was carried out in a Northumbria Biochemicals "midigel" horizontal

electrophoresis tank. The tank and gel tray were cleaned with 1% sodium dodecyl

sulphate and stored filled with the same solution to inhibit ribonuclease activity. The

gel tray (12.8 x 15cm) was sealed at either end with autoclave tape. 0.8% agarose gel
was made by mixing 34ml of DEPC-treated water with lO.lmls of 5xMOPS buffer
in a pyrex flask and adding 0.44g of Agarose. The mixture was boiled in a

microwave until all the agarose had dissolved. Then 10ml of formalin (37-40%
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formaldehyde in aqueous solution) was added producing a 0.8% agarose gel of 55
mis with approximately 7% (w/v), 2.2 M formaldehyde. The gel was poured into the

gel tray with a twelve-tooth comb. The gel (2.84 mm thick) was allowed to set at

room temperature. When it was fully set the autoclave tape was removed and the tray

placed in the electrophoresis bath. The bath was filled with 800ml of lxMOPS

buffer (160ml of 5xMOPS with 640ml ofDEPC treated water).
RNA samples of known concentration were diluted to a concentration of 30pg RNA
in 4.5pi of ultrapure water, in the case of total RNA preparations. Poly-adenylated
RNA enriched samples were diluted to lOpg RNA in 4.5pl. Samples were denatured

by the addition of 4.4pl of diluted RNA preparation to 2.0pl of 5xMOPS, 2.5pi of
37% (w/v) formaldehyde and lOpl of de-ionized formamide in a microfuge tube. The

mixture was heated to 55°C in a water bath for 15 minutes, then chilled on ice. To

each, 2pg of RNA gel loading buffer, and lpl of ethidium bromide solution

(lOmg/ml) was added. RNA size markers (4.5pl) were treated in the same way.

The samples (each 22pl in total) were loaded to the wells of the denaturing gel.

Electrophoresis carried out at room temperature. Gels were run at 50 volts (a voltage

gradient of 3.33V/cm.) Electrophoresis was continued for 6 to 12 hours until
movement of the bromophenol blue in the gel loading buffer was considered
sufficient (8 to 14 cm). Bromophenol blue has a mobility in this electrophoresis

system equivalent to that of a 300 base RNA fragment.
Recirculation of the gel running buffer was not used but the gel tray was removed
and the buffer stirred at 30 minute intervals. This produced a pH at the cathode of
7.1 to 7.4 and of 6.6 to 7.1 at the anode. The temperature of the running buffer was

below 30°C.

At the end of the electrophoresis the gel tray was viewed on the ultravoilet light
souce. Intercalation of ethidium bromide in the RNA produces fluorescence from the
nucleic acid. Gels with low amounts of RNA visulaised or where gross RNA

degradation was apparent (ie the majority of RNAs migrating at very low base-

length), were discarded.
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Capillary Blotting of RNA.

Satisfactory gels were blotted to nylon membranes [359], Hydrolysis of the RNA
before blotting was not undertaken as the species sought were of low molecular

weight - B-NGF, 1.3kB; LNGFR, 3.9kB; B-Actin, 2.1kB; 7S Ribosomal RNA, 700B.

Gel washes before transfer were also not used as transfers were to nylon and not

nitrocellulose, whose RNA binding is poor in the presence of formaldehyde. The gels
were simply removed from the gel tray and the blotting apparatus shown was

assembled (figure 8). Transfer was allowed to proceed overnight (i.e. at least 16

hours).

The blotting apparatus was dismantled and the lane on the nylon membrane

containing the RNA size markers was excised and subject to Methylene Blue

staining (see below). The positions of the electrophoresis gel wells were marked with
a pencil on the remainder of the membrane. The membrane was placed on 3MM

paper and left to air dry, while the gel was visualised again on the ultraviolet source
to ensure the completion of RNA transfer. The use of ethidium bromide during

electrophoresis was not found to inhibit RNA transfer as manifest by retention of
fluorescence in the gel after blotting.
The membranes were wrapped in saran-wrap when dry and exposed for five minutes

on the ultraviolet source used for visualising RNA (i.e. 1.2J/cm2 at short wavelength

UV light). The membranes were unwrapped and baked at 80°C for 2 hours, which is
said to produce some increase in signal intensity. Thereafter membranes were

hybridised or stored wrapped in saran-wrap and aluminium foil (to exclude UV light)

at 4°C until hybridisation.

Staining of RNA Size Markers.
The positions of the RNA size marker bands were visualised by staining with

methylene blue [360], The, still wet, strip of membrane was immersed in around
10ml of the methylene blue solution for three minutes. It was then placed in distilled
water until the RNA bands were clearly visible (around 15 minutes). The positions of
the RNA bands were traced to paper, labelled and stored with the blots until needed
to identity hybridised bands.
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Figure 8: Diagram ofRNA capillary blotting equipment
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Probes and Probe Labelling.
cDNA probes were available for LNGFR RNA and the "housekeeping" genes B-
Actin [361] and 7S Ribosomal RNA [362], These "housekeepers" are expressed by
all nucleated mammalian cells and hybridisation with them was used to demonstrate

the presence of RNA on the hybridisation membranes. A commercially available
cocktail of oligonucleotide probes was used for B-NGF.

Restriction, Purification and Labelling of cDNA probes.
A Plasmid map for the LNGFR probe is shown in figure 9. The LNGFR plasmid was

digested with the endonucleases BamHI and EcoRl. Standard protocols were used

[363], 18pl of the plasmid (3pg) were placed in a microfuge tube. 5pl of the

corresponding 10 x buffer, 5pl of acetylated BSA solution, 20pl of ultrapure water,

Ipl of EcoRI (lOu) and lpl of BamHI (16u) were added. After vortex mixing the

microfuge tube was incubated at 37c for three hours. It was chilled on ice.

The 7S RNA and B-Actin cDNA bearing plasmids were simply linearised for probe

labelling. 5pl of B-Actin plasmid (lpg) or 4pl 7S RNA plasmid (1 pig) were mixed in
a 1.5ml microfuge tube with lpl EcoRI (lOu), 5pl 10 x EcoRI Buffer and 5pl

acetylated BSA. Volume was adjusted to 50pi in each case and the tube incubated at

37°C for 2 hours. The required fragments of cDNA were purified from other

components of the reaction mixes by electro-phoresis on 1% agarose gels. Gels were

prepared by mixing 5ml 5xTBE buffer and 45ml of distilled water with 0.5g low-

melting-point-agarose. The mixture was boiled in the microwave and 2pl of

ethidium bromide were added. The solution was cooled to 55°C in a water bath and

the solution poured into the gel tray of the Hoefer "minigel" apparatus in its mould.
A gel comb was inserted and the gel left to set. The gel mould was dis-assembled
and the gel placed in the gel-running apparatus. 250ml of 0.5xTBE were added as the

running buffer.

15pl of the digested plasmid solution was mixed with 7pl ofDNA gel loading buffer
and 55 pi of ultrapure water. This was loaded in the central well of the gel. lpl of
lambda/Hindlll DNA size markers were mixed with 1 pi of the gel loading buffer and

8pl of ultrapure water. It was loaded on one of the side wells of the gel to allow the

required band to be identified.
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Figure 9: LNGFR cDNA as an insert in plasmid pJ3. The original, full length, cDNA
has been restricted at the 3' end, which is liable to re-arrangement, before insertion.
The restriction sites are shown. For production of the random primer-labelled probe
the cDNA sequence between the BamHI and EcoRI sites was excised (around
lOOObp).
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Electrophoresis was carried out at 75V for 2hr. The gel was visualised on the UV

light source and the required band excised. It was divided into four fragments - each

placed in a 1,5ml microfuge tube.

To retrieve the cDNAs the fragments of agarose gel were melted at 75°C in a water

bath. 100pi of Tris-saturated phenol were added to each microfuge tube and they

were frozen at -70°C for 10 minutes. The tubes were thawed to room temperature

and centrifuged at 13400xg for five minutes. The supernatant was pipetted to four
fresh microfuge tubes. The DMA was further purified by extraction with lOOpl Tris-
saturated phenol which was added to each followed by vigorous vortex mixing and

centrifugation at 13400xg. Extractions were similarly carried out with 100pi Tris-
saturated phenol and lOOpl chloroform-isoamyl alcohol and with 100pi chloroform-

isoamyl alcohol alone. 15% by volume of 0.5M sodium chloride and 2.5 volumes of
ethanol were added to the supernatant from each final extraction and DNA was

precipitated by cooling to -70°C for 10 minutes followed by centrifugation at

13400xg for 10 minutes.
The supernatant was drained from the pellets which were resuspended in 15 pi of

ultrapure water and pooled in one microfuge tube. For storage the probes were

frozen to -20°C.

The concentrations of probes were estimated by electrophoresis against controls of

unpurified plasmid digests. A 1 % agarose gel with ethidium bromide was prepared
as before except that standard agarose and an 8-toothed gel comb were used. Known

weights of probe digest (eg 100, 50 and lOng of original DNA) were electrophoresed

against samples of the purified probe (eg 1 and 5 pi). Electrophoresis conditions were
as for probe purification. Gels were visualised on the ultraviolet light source and the
purified probe concentrations were estimated against the DNA samples of known
concentration.

The cDNA probes were labelled by random primer labelling [364] using the
Amersham "multiprime" system. Approximately 25ng of the purified probe was

pipetted to a microfuge tube and volume brought to 21 pi with ultrapure water. To it
were added (in this order): 4pi each of cATP, cTTP and cGTP solutions; 5pi of
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polymerase buffer; 5pl of random hexamer primers; 5pi of [a-32p]-cCTP and 2pl of
solution ofKlenow fragment ofDNA polymerase I. The reaction was left to proceed
at room temperature overnight and stopped with the addition of 2pl of 0.5M EDTA
solution.

End Labelling of B-NGF Oligonucleotide Probe Cocktail.
The oligonucleotide cocktail was labelled by the T4 polynucleotide kinase forward
reaction [364], To reduce the amounts of unincorporated radio-label, small amounts
of radiolabel were used followed by probe purification and removal of

unincorporated label by chromatography.

9.2pl of the probe cocktail (ie lOpmol of DNA ends), were mixed in a sterile

microfuge tube with 30.8pl of ultrapure water. To it were added: 5pl of 10xT4

polynucleotide kinase buffer; 3pl of [y-32p]-cATP (at 3000Ci/mmol) and 2pi (16u)

of T4 polynucleotide kinase. The reaction was left to proceed overnight at 37°C in a

radiation-shielded water-bath. To remove unincorporated radiolabel,

chromatography was carried out on Pharmacia "Nick-Columns G-50"

chromatography columns. One was mounted on a retort stand and 1ml of the

chromatography buffer was added to the column and allowed to drain through it. The
solution resulting from the end- labelling reaction was added to the column and
allowed to enter the packed sepharose. 2ml of the buffer were then added. The first

600pl of eluate thereafter was discarded. The next 500pl was collected in a 1.5pl

microfuge tube (that is, the fraction containing labelled oligonucleotide probe). The

purified labelled probe was precipitated from solution by the addition of 75pi (i.e.
15% by volume) of 5M sodium chloride and lml of ethanol. The tube was left at -

20°C overnight and centrifuged at 13400xg for 20 minutes. The supernatant was

pipetted off the pellet which was air-dried before resuspension in 20pi of ultrapure
water.

Measuring Radio-label Incorporation.
The efficiency of the probe labelling reactions were measured by the absorption of

probe to DE-81 paper [364], For each estimation a grid of four 1cm squares was

drawn on the DE-81 paper and cut out. 2pl of the labelled probe solution to be
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estimated was diluted into 198(0.1 of 0.2M EDTA in a microfuge tube and vortex-

mixed. 3ql aliquots of this solution were spotted on to each of the squares. They
were allowed to dry out in air on a double sheet of 3MM paper for 10 minutes.
Two of the squares were excised. They were washed in 100ml of 2xSSC solution for
10 minutes follwed by another 10 minutes in 100ml of fresh 2xSSC. They were

rinsed in distilled water for 30 seconds and finally in absolute ethanol for 30

seconds. They were replaced on the 3MM paper and allowed to dry out for 15

minutes. All four squares were placed in scintillation vials and their radioactivity
was measured by Cerenkov counting [364] in a Canberra-Packard liquid scintillation
counter at 0-30keV. The dpm of the washed squares were averaged as were those of
the unwashed squares. The % incorporation was calculated by division of the

incorporated dpm (i.e. that of the washed squares) by the total dpm (i.e. that of the
unwashed squares.) The incorporated Ci for the cDNA probes were then easily
calculated as the % incorporation x 50pCi. The DNA synthesised (ng) was then
calculated:

DNA synthesised (ng) = pCi incorporated x 0.35 x 4

X

0.35 = mean weight of lmmole of a nucleotide; 4 = multiplication factor as there are

four nucleosides being incorporated - and on the assumption that equal proportions
of each are incorporated; X = the specific activity of the labelled nucleoside in
Ci/mmol.

Thus the total weight of DNA present and the incorporated Ci were known. As

70uCi = 1.5xl0^dpm, the specific activity (S.A.) of the labelled probe could be

calculated:

S.A. = ((pCi incorporated/70) x 1.5x10^) dpm

25ng + synthesised DNA (ng)
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Incorporations of 60% or greater were achieved and the cDNA probes were used at

specific activities of greater than IxlO^dpm/pg.

For the oligonucleotide cocktail:

S.A. = ((gCi incorporated/70) x 1.5x10^) dpm

92ng (= lOpmole DNA ends.)

as no net synthesis of DNA occurs. The oligonucleotide cocktail was used at specific

activities of greater than 2xl0^dpm/pg. Probes were used within 48 hours of

labelling.

Pre-hybridisation and Hybridisation.
Membranes were hybridised with LNGFR or B-NGF probes initially in all cases.

Thereafter the probes were stripped from the membranes, which were further

hybridised with the 7S RNA or 6-Act in probes to confirm the presence of total or

poly-adenylated RNAs respectively [359],

Prehybridisation and hybridisation were carried out in sealable plastic bags in a

shaking water bath. The nylon filter to be hybridised was placed in such a bag and

the formamide hybridisation solution (pre-warmed to 40°C) was added in a volume

of 1ml per lOcm^ of filter - usually 10-15ml in total. The bag was sealed in the heat

sealer and pre-hybridisation allowed to procede for 3 hours at 40°C.

Meanwhile hybridisation solution was prepared, lml per crn^ of filter of the

formamide hybridisation solution was warmed to 40°C in the water bath. The

(double-stranded) cDNA probes were denatured by boiling for 5 minutes in a water

bath. They were snap-cooled on ice and added to the hybridisation solution to a

concentration of 2ng probe (as measured above) per ml of solution.

Flybridisation with the oligonucleotide probe for B-NGF was treated in the same way

except for the differences in the hybridisation and pre-hybridisation solutions. The

oligonucleotide cocktail was added at a concentration of lOng/ml (i.e. around
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lxl06dpm/ml). These conditions were based on the probe manufacturer's guidelines
and published protocols [359,365],

The pre-hybridisation solution was removed from the filter by cutting the corner

from the sealed bag and pouring out. It was replaced with the hybridisation solution.
The bag was resealed after all air bubbles had been expelled and sealed in a second

bag for safety. The sealed bag was replaced in the water bath at 40°C and

hybridisation allowed to procede overnight.

Washing.
At the end of hybridisation the hybridisation bags were cut open with a scalpel and
the hybridisation solution was stored for disposal as liquid waste. The filters were

placed in 200ml of 2xSSC/0.1%SDS at room temperature on a rotary shaker for 5
minutes. This wash was repeated in 200ml of fresh 2xSSC/0.1%SDS solution. The

filters were then washed under the final wash conditions as detailed below in 200ml

of the final wash solution heated in a polythene box in a shaking water bath.
The washing conditions for LNGFR cDNA probe hybridisation were based on a

calculation of that probe's Tm in a DNA dot-blot. A 6mm x 6mm grid was marked

on a nylon filter. The marked filter was pre-wet in 6xSSC before being placed on

3MM paper to drain excess fluid. The damp filter was placed on a polythene sheet.

2pl of the LNGFR probe plasmid (170pg /ml) were diluted into 30pl 20xSSC and

68pl ultrapure water producing a solution of 3.4ng'ul of plasmid in 6xSSC. The
DNA was denatured in a boiling water bath for 10 minutes and cooled on ice. 1.5pl

aliquots of this solution were spotted on to the squares of the marked grid (i.e.

approximately 5ng of plasmid per square.) The filter was then placed on three sheets
of 3MM paper soaked in denaturing solution for 10 minutes, before being moved to a

further stack of 3MM paper soaked in neutralizing solution. After 5 minutes the filter
was finally placed on dry 3MM paper to dry out. It was wrapped in saran-wrap and

exposed to the ultraviolet light source for 3 minutes to cross-link.
The filter was hybridised with the labelled LNGFR probe following the protocol
described above for Northern hybridisation except that aqueous hybridisation
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solution was used for pre-hybridisation and hybridisation, both of which were carried

out at 68°C.

After hybridisation the filter was rinsed for 5 minutes each in two changes of
2xSSC/0.1%SDS. Blocks, each containing four of the squares with dot-blotted DNA,

were cut from the filter. The blocks were washed at a range of temperatures (22°C to

81°C,) for 15 minutes each. The wash solution in every case was 100ml of
0.2SSC/0.1%SDS. After washing the blocks were rinsed in 2xSSC/0.1%SDS for 5

minutes and placed in scintillation vials for Cerenkov counting in the liquid
scintillation counter at 0-30keV. The counts for each block were plotted against the
wash temperatures. The resulting graph is shown in figure 10.
On the basis of this graph the Tm of LNGFR DNA-DNA hybrids was estimated at

67°C in 0.2xSSC/0.1%SDS. As the Tm of RNA-DNA hybrids is lower [359], 57°C
in 0.2xSSC/0.1%SDS for 30 minutes, were chosen as the final wash conditions for

LNGFR northern hybridisation.

Washing conditions for the 13-NGF oligonucleotide probe cocktail were based on the

probe manufacturer's guidelines and published protocols [359,365], The final wash

was at 42°C for 30 minutes in 3xSSC/0.1%SDS. The final washes for both 7S RNA

and 6-Actin probes were at very high stringency, i.e. 68°C for 30 minutes in
0.1 xSSC/0.1 %SDS.
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Wash Temperature

Figure 10: Plot of LNGFR probe bound to dot-blots of LNGFR cDNA plasmid after
various wash temperatures. The first wash (i.e. the uppermost point on the graph)
was in 2xSSC/0.1%SDS while all of the rest were in 0.2xSSC/0.1%SDS. Half of the

bound probe (i.e. 14,000dpm) remain bound at 67°C.
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After the final wash the filters were rinsed in 200ml of 2xSSC at room temperature.

They were briefly placed on 3MM paper to remove excess fluid and then, without

drying, they were wrapped in saran-wrap for detection.
Detection and Stripping.
Detection of radiolabelled probes fixed to the nylon filters was by fluorography with
pre-flashed Kodak autoradiography film [364],
The Amersham "sensitize" pre-flashing unit was used to pre-flash film. The unit was
attached to a retort stand in the dark-room such that it could be moved away from a

sheet of the auto-radiography film in 2.5cm increments. Trial flashes were carried

out on patches of the auto-radiography film at 70cm and increments out to 115cm.

The patches of film and an unexposed control were developed, (this facility was

kindly made available by the Department of Radiology, Western General Hospital,

Edinburgh.) The optical density of the exposed film at 540nm was measured against
the control using a scanning densitometer, (kindly operated by Dr.P.M.Kelly,

Department of Clinical Neurosciences, Western General Hospital, Edinburgh.) At
115cm the optical density of the film was raised by 0.161 OD units. This distance
was accepted for the pre-flashing of subsequent films.
For fluorography a paper label was stuck to the saran-wrapped filter over the marked
sites of the electrophoresis gel wells. Radio-active india-ink was prepared by mixing
a few microlitres of old radio-label preparations and several millilitres of india-ink.

Using a P2 Gilson pipette tip as a capillary pen this ink was used to mark the site of
the gel wells on the paper label.
In the dark-room the wrapped and marked filter was placed RNA side up in a Kodak
30 x 40cm autoradiography cassette with two intesifying screens. A sheet of the pre-

flashed film was placed on top and the cassette closed. The cassette was placed in

the -70°C freezer. LNGFR- and B-NGF-hybridised filters were exposed for 72 hours
while 16 hours proved sufficient for the 7S RNA and B-Actin probes. After exposure
the films were developed in the same way as those used to calibrate the pre-flashing
device.

As noted above, after hybridisation, washing and detection for B-NGF or LNGFR, the

probes were stripped from the filters before hybridisation with 7S RNA or B-Actin
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probes. 500ml of 0.1%SDS were boiled on a hot plate. The filter to be stipped was

removed from its covering of saran-wrap and placed, damp, in a polythene box. On
to it was poured the boiling 0.1%SDS. The solution and filter were left to cool to

room temperature. To check the completion of stripping the stripped filter was

wrapped in saran-wrap and autoradiographed as above. Thereafter 7S RNA or 13-

Actin hybridisation, washing and detection were carried out.

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION (RT-

PCR) FOR 13-NGF.

Northern blotting failed to demonstrate 13-NGF mRNA transcripts. This was in spite
of the demonstration of the presence of 13-NGF on ELISA, immunohistochemistry
and western blotting. MacGrogan et al also encountered problems in demonstrating
this mRNA species in the human prostate [321], They produced probes of very high

specific activity (greater than 5x 1 O^dpm/ug,) by polymerase chain reaction labelling,
with which they were able to demonstrate the presence ofmRNA for 13-NGF.
Instead of following this strategy, 13-NGF mRNA was demonstrated by a polymerase
chain reaction, using specific primers for the 13-NGF cDNA sequence, after reverse

transcription of prostatic total RNA [366,367], In the case of LNGFR,

immunohistochemistry and radio-ligand binding assays failed to show significant
amounts of the receptor in the human prostate. Therefore RT-PCR was not pursued
for LNGFR.

For 13-NGF RT-PCR, three BPH specimens, three CaP specimens and peripheral zone

specimens from the two normal prostates collected were used. Total RNA was

prepared, as described above. In parallel to RNA extraction from tissue, the same

procedure was carried out on a sample of ultrapure water as a negative control in
case of nucleic acid contamination of the extraction reagents.

5pg (2-4 [i I) of each total RNA and 4ul of the negative control product were pipetted
to microfuge tubes. The volume of each was raised to 50ul with ultrapure water. A
further negative control of 50pl of ultrapure water was added to specifically check
the reverse transcription reagents.
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All reverse transcription reagents were from the Promega "Reverse transcription

system" kit. The RNA samples and controls were heated to 85°C to abolish the

secondary structure ofRNA in a water bath for five minutes and snap-cooled on ice.
To each was added: 20pl of 25mM MgCl; lOpl of 10 x reverse transcription buffer;

lOpl of lOmM dNTP solution; 2.5pl of 40,000u/ml RNAsinY; 5jli1 of 500pg/ml

oligodeoxythymidine and 3pi of 22,500u/ml A.M.V. reverse transcriptase. The tubes

were incubated for one hour in a 42°C water-bath.

Primers for the polymerase chain reaction were based on the published cDNA

sequence of Borsani [231], They were designed to avoid hairpin loops, repeat

sequences and to produce comparable Tm values. They were:

5' Primer; 19-mer - 5' GACCCAAGCTCAGCTCAGC 3'

bases 81 -99 on cDNA sequence.

Tm = 62°C.

3' Primer; 20-mer - 3' TATTCTGGTGGCGGTGTCTG 5'

bases 603-622 on cDNA sequence.

Tm = 62°C.

The expected product, therefore, corresponded to bases 81-622 bases of the cDNA

sequence, and was of 542 base pairs in length. This predicted product contained
restriction sites for the endonucleases Dral (TTTAAAA at base 398 on the cDNA

sequence,) EcoRI (GAAATTC at 483) and PstI (CTGCAAG - two sites at 249 and

459.)
The 5' primer corresponded to bases 2245 to 2263 in the human B-NGF gene

sequence of Ullrich [228], while the 3' primer corresponded to bases 9566 to 9585.
The amplified sequence bridged the single exon in this gene (bases 2322 to 9435.)

Thereby the possibility ofamplification of genomic material was excluded.
For the polymerase chain reaction 20pi of each reverse transcription product was

pipetted to a sterile 500pl microfuge tube. To each was added: 8pl of 10 x Taq
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polymerase buffer (as each sample contained 2pl of AMV reverse transcriptase

buffer;) lOpl of 50pg/ml 5' primer; lOpl of 50pg/ml 3' primer; 16pl of 1.25mM
dNTP solution and 0.2pl of Taq polymerase. All were thoroughly mixed. 50pi of
mineral oil were added to each of the tubes, which were then briefly centrifuged to

layer the oil over the reaction mix.

The tubes were placed in the Hybaid themal cycler. The reaction conditions were:

Melting - 94°C for 1 minute 30 seconds.

Annealing - 58°C for 1 minute 30 seconds.

Extension - 72°C for 2 minute 30 seconds.

35 cycles were used.

These conditions were arrived at using human adrenal tissue, which is known to

contain fi-NGF mRNA. It was treated as described above for prostate tissue. In
addition to the prostate specimens subject to RT-PCR, 20pl of the products of the
RNA extraction and reverse transcription negative controls were run in parallel. A
final negative control of 20pl of ultrapure water was also subjected to the

polymerase chain reaction to check particularly for contamination of the polymerase
chain reaction reagents. As a positive control of the PCR process, a parallel PCR was

run in every case using primers generating a 250bp amplification fragment of the
cDNA of hypoxanthine polyribosyl transferase (HPRT). This gene is ubiquitously

expressed in nucleated mammalian cells.
The sequence of the polymerase chain reaction product was checked using the
restriction endonucleases detailed above. 10pi of each polymerase chain reaction

product were pipetted to a clean microfuge tube. A phenol chloroform extraction
was not used to remove the mineral oil. Instead, air was expelled from the pipette as

it was introduced and oil was wiped from the pipette tip after it was withdrawn. To
each was added: 2.5pl of 10 x buffer appropriate to the endonuclease (as detailed in
the materials chapter;) 2.5pil acetylated BSA; 9.5pi of ultrapure water and 0.5pl of

the endonuclease - Dral, EcoRI or Pstl. The mixture was incubated at 37°C for one
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hour. The products of polymerase chain reaction and restriction endonuclease

digestion were analysed by electrophoresis on agarose gels with ethidium bromide.

9,ul of the polymerase chain reaction or digestion products were pipetted to a clean

microfuge tube. For the polymerase chain reaction product the techique detailed
above was used to avoid taking mineral oil. lpl of DNA gel loading buffer was
added to each sample, and the mixture vortexed.
Gels were prepared by mixing 10ml of 5 x TBE, 40ml of distilled water and lg of

agarose NA in a flask. The mixture was heated in the microwave until the agarose

was dissolved, lpl of ethidium bromide was added and mixed by swirling. The

solution was cooled to 55°C in a water bath and the solution poured into the gel tray
of the minigel apparatus in its mould. A gel comb was inserted and the gel left to set.

The gel mould was disassembled and the gel (1 x TBE, 2% agarose) placed in the

gel-running apparatus. 250ml of 1 x TBE were added as the running buffer.
The lOpl samples with loading buffer were loaded into the gel wells and

electrophoresis was carried out at 100V for 1-2 hours. To assess the size of the

products 9pl of the lOObp ladder mixed with lpl of DNA gel loading buffer, was
loaded on each gel as a size marker.
The gel was visualised on the UV light source and photographed with the Polaroid
camera.

WESTERN BLOTTING FOR 1J-NGF.

The results of B-NGF immunohistochemistry were very different from those of other
authors (see results and reference number [341].) Therefore, western blotting of

prostate proteins was carried out, with detection using the same polyvalent rabbit
anti-mouse 2.5S nerve growth factor serum used in immunohistochemistry. This
allowed the specificity of the serum to be checked. Western blotting was by standard

protocols based on that ofLaemmli [368,369],

Sample Preparation.

Samples (roughly 200mg) of prostate tissue were disintegrated in the
mikrodismembrator and placed in five volumes of the western blotting suspension
buffer in a 15ml falcon tube. The mixture was homogenised over ice with the Ystral
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homogeniser at setting 7 for 20 seconds. To the mixture, lml of the 2 x SDS gel

loading buffer were added. The Falcon tube was placed in a boiling water-bath for
ten minutes. The resulting mixture was sonicated to shear DNA, with the Sanyo
tissue sonicator with a submersible probe at full power. Two periods of 30 seconds,
with cooling of one minute between, were used. The solution was decanted to two

1.5ml microfuge tube and centrifuged at 14,000xg for 10 minutes. The supernatant

was decanted to a fresh microfuge tube and the pellet discarded.
The possibility that the protein band found on immunoblotting was of artefactually

high molecular weight was checked by varying the conditions of protein extraction.

Samples were boiled for 20, rather than 10, minutes. Samples were also heated to

only 55°C in case of heat-induced cross- linking of the protein monomers [368], For
some samples the concentrations of the denaturing agents were increased - i.e.
400mM dithiothreitol and 8% SDS.

In addition to the samples, positive control samples of rhB-NGF and 2.5S mNGF, and

Amersham "Rainbow" low molecular weight size markers were prepared. 50pl of the

lOpg/ml solution of rhB-NGF were diluted into 450pl of water in a microfuge tube.

500pl of 2 x SDS gel loading buffer were added and the tube was placed in the

boiling water bath for 10 minutes. A lOpg/ml solution of 2.5S mNGF was treated in
the same way. Thereby 0.5pg/ml solutions of rhB-NGF and 2.5S mNGF were

produced. For the size markers 5 pi, of the proprietary solution were added to 5pi of
the 2 x SDS gel loading buffer and boiled for 10 minutes.

Measuring the Protein Concentrations of Samples.
The protein concentration of the tissue preparations were measured using the
Bradford assay [370] after alcohol precipitations to remove the blue colour of the
solutions which interfere with the assay.

lOpl of the tissue preparation were added to lOpl of distilled water and 80pl of
ethanol in a microfuge tube. The tube was placed in a boiling water bath for one

minute, chilled on ice and centrifuged for five minutes at 14,000xg. The ethanol was

aspirated with a pasteur pipette and the protein pellet dried in air before resuspension
in 80pl of distilled water. A standard curve for each protein assay was prepared.

200mg of bovine serum albumin were added to 20ml of distilled water and dissolved
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by vigorous agitation. Two one-in-nine dilutions of this solution in water were

carried out to produce a solution of lOOpg/ml. This was serially diluted one-to-one in

water producing standard concentrations of 25, 12.5, 6.25 and 3.125pg/ml.
20pl of Biorad Bradford Assay Buffer were added to 80uI aliquots of each of the
standard solutions, a "blank" of 80pl distilled water and the 80gl specimen solution.
After incubation at room temperature for five minutes the light absorbance at 595nm
of 50gl aliquots of the incubated solutions were measured in the Biorad "450"

micoplate reader. A control curve was generated by the "Microman" software and the

concentration of protein in the sample derived.

Electrophoresis.

Electrophoresis was based on the Laemmli discontinuous buffer system with SDS-

polyacrylamide gels. The Biorad "Protean II" vertical gel apparatus was used.
The gel casting apparatus was assembled. The running gel was made by mixing the

following in a 50ml Falcon tube: 10.65ml distilled water; 11.25 ml of 40% (w/v)

acrylamide with 1% (w/v) N,N'-methylenebisacrylamide ; 7.5ml of 1.5M Tris buffer

(pH 8.8); 0.3ml 10% SDS and 0.3ml 10% ammonium sulphate. These were

thoroughly mixed by hand before 12pl of TEMED were added. This was rapidly

mixed, and the resulting 15% polyacrylamide gel (30ml) was poured into the gel
mould, lml of butanol was layered on top of the gel with a pasteur pipette to prevent

evaporation and the gel was left to set. Meanwhile the stacking gel was prepared:
7.25ml of distilled water; 1.275 ml of 40% (w/v) acrylamide with 1% (w/v) N,N'-

methylenebisacrylamide ; 1.25ml of 1.5M Tris buffer (pH 6.8); 0.1ml 10% SDS and
0.1ml 10% ammonium sulphate were mixed in a second Falcon tube. After the

running gel was completely set the butanol was removed from it with paper towels.

10pl of TEMED were added to the stacking gel and the mixture (5% polyacrylamide,
10ml) was poured on to the running gel. An eight-toothed gel comb was added to

produce wells of 15mm x 1mm. lml of butanol was added again and the gel left to
set. When it was fully set the comb was removed and the butanol was rinsed out of
the wells with tris-glycine electrophoresis buffer.
The gel casting apparatus was dismantled and the gel was placed in the

electrophoresis tank. The bottom and top reservoirs were filled with tris-glycine
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electrophoresis buffer. The samples were then loaded with a Hamilton syringe. All
lOpl of the size marker solution was added. The rhB-NGF was added in 5, 10 or 50ng

aliquots (i.e. 10, 50 or lOOpl.) Similar amounts of the 2.5S mNGF solution were

loaded. It proved necessary to add very much higher volumes of the tissue

preparation to achieve a sharp band on immunoblotting and detection. 300pg of

protein were added to each well. Although this is a high protein concentration the

capacity of the gel was not exceeded.
The gel was run at 20mA until the bromophenol blue in the loading buffer reached
the bottom of the stacking gel. The current was then increased to 40mA and

electrophoresis continued until the bromophenol blue left the bottom of the running

gel. Total running time was around 5 hours.
The electrophoresis tank was then dismantled and the gel was carefully removed to a

polythene box containing 500ml of the transfer buffer. The gel was measured and
four pieces ofWhatman "3MM" paper and a piece of nitrocellulose filter (Amersham
"Hi-bond C extra") were cut to the same size. The were also placed in the transfer
buffer. All were left to equilibrate for 30 minutes.

Blotting.
A semi-dry electro-transfer was used. Two of the wet sheets of 3MM paper were

placed on the anode of a Biorad "Trans-blot" blotting apparatus. On them was placed
the nitrocellulose membrane, followed by the gel and the other two pieces of 3MM

paper. The apparatus was closed and attached to the Biorad power-pack at 5mV.
Transfer was allowed to procede overnight.
Detection.

The Amersham "ECL" kit was used, in conjunction with the polyvalent rabbit anti-
mouse 2.5S nerve growth factor antibody for detection. The transfer apparatus was

dismantled and the nitrocellulose filter placed in a plastic box containing 200ml of
the wash solution on a rotary shaker for 5 minutes. This wash was repeated with
fresh wash solution for a further 5 minutes. The filter was then placed in a further

box containing 200ml of the blocking solution on the shaker and incubated for three
hours at room temperature. The membrane was then washed for 15 minutes, and two

154



periods of five minutes each, using the polythene box and washing solution on the

rotary shaker as above.
A heat-sealing bag of slightly larger size than the membrane was produced using the

plastic tubing and heat-sealer as used in northern hybridisation. The bag was sealed

on three sides. 15ml of blocking solution (i.e. around 1ml solution/10cm2 of

membrane) were pipetted into the bag and 15 pi of the polyvalent rabbit anti-mouse
2.5S nerve growth factor antibody solution were added and mixed by agitating the

bag. This represented a 1:1000 dilution of the antibody solution. This dilution was

based on the recommendations of the Amersham "ECL" kit and published

immunoblotting protocols [368], As it was found to produce acceptable results this
concentration was used throughout.
After three hours in the blocking solution the membrane was placed in the bag and
its fourth side was sealed after excluding air bubbles. The membrane was placed on

the rotary shaker and incubated for one hour. After this incubation the bag was

opened and the membrane washed, again, for one period of 15 minutes and two

periods of five minutes each. A second heat-sealed bag was prepared with 15ml of

blocking solution and 15pi of the horseradish peroxidase- labelled secondary

antibody from the "ECL" kit. This 1:1000 dilution was arrived at in the same way as

that for the primary antibody. The membrane was placed in this bag, which was

sealed and incubated for one hour as before.

The membrane was washed as before while the detecting agents were prepared.
9.5ml each of the two detecting agents of the "ECL" kit were mixed in a 50ml
Falcon tube. In the dark-room the washed membrane was drained and placed, still

moist, in a clean polythene box. The mixed detecting agents were spotted over the
whole surface of the membrane with a pasteur pipette and left to incubate for one
minute. The excess was drained off and the membrane was wrapped, as rapidly as

possible, in saran-wrap. It was placed, protein side up on an open autoradiography
cassette and Amersham "ECL" films were sequentially placed on it for 30 seconds,
one minute, two minutes and five minutes. Each film was placed in a light tight
cassette after its exposure, and developed in the same way as the autoradiographs
from northern blotting. The membrane was retained and the "Rainbow" molecular
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weight marker bands on it were used to assess the molecular weight of bands
identified on the developed films.

RADIOLIGAND BINDING ASSAY FOR NERVE GROWTH FACTOR

RECEPTORS.

Early LNGFR immunohistochemistry (see results) and other authors' work [321,341]
had suggested the presence of large amounts of that receptor in the basal layer of
human prostate epithelium. We expected to be able, therefore, to demonstrate

specific binding of radio-labelled NGF by prostate tissue indicating the presence of
NGF receptors.

Microsomes prepared from prostate tissue were used for the assay with microsomes
from the rat adrenal phaeochromocytoma cell line PC-12 provided a positive control.

Bolton-Hunter [346] labelled [l-^I]-mouse 2.5S NGF and unlabelled mouse 2.5S

NGF were used as the ligands.

The radio-ligand binding assay buffer used, as detailed in "Materials", contained

phenylmethylsulphonyl fluoride (PMSF). This buffer was used in spite of a previous

report [371] that PMSF inhibits the binding of B-NGF at the high-affinity NGF

receptor because it was specifically low-affinity NGF binding which was sought.

Preparation of Prostatic Microsomes.
The preparation of microsomes from tissue was based on standard protocols for the

preparation of liver microsomes [372], and on previous experience of preparing
microsomes from prostate tissue in this department [58],

2g of each prostate tissue to be assayed were powdered in the mikrodismembrator.
The powder was placed in 10ml of the 0.25M sucrose homogenisation solution in a

15ml falcon tube and homogenised over ice for 30 seconds. The homogenate was

centrifuged at 4°C at 600xg in the BSE "chilspin" centrifuge to pellet the nuclear
fraction and copious extracellular debris. The supernatant was pipetted to 1.5ml
microfuge tubes and centrifuged at 13,000xg at 4C for 30 minutes to pellet the
mitochondrial fraction. The supernatants were pulled into a polycarbonate

ultracentrifuge tube and centrifuged at 40,000rpm (ie 100,000xg) for 40 minutes.
The resulting pellet was resuspended in around 500pl of the radioligand binding
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assay buffer using 20 strokes of the Douce homogeniser, with the tight fitting pestle,
over ice. The protein content was measured using the Bradford protein assay, as

detailed under "western blotting", and further assay buffer added to produce a final
concentration of 5mg/ml. The microsomal solutions were snap frozen in the

microfuge tubes and stored at - 20°C until use.

Preparation ofMicrosomes from PC-12 Cells.

PC-12 rat phaeochromocytoma cells bear profuse LNGFR, and were used as a

positive control. Facilities for large volume cell culture were not available. Therefore

PC-12 cells were simply grown in several tissue culture flasks. The cultured cells

could not be treated by tissue-milling and homogenisation. Instead disruption of cells
to sub-cellular fragments was by exposure to hypotonic solution [372],
The contents of 25 tissue culture flasks, grown until the medium was cloudy, were

centrifuged in universal containers at lOOOxg in the bench centrifuge to pellet the
cells contained. The cells were re-suspended and mixed together by pipetting from
container to container with 4ml of phosphate buffered saline. The cell suspension so

produced was chilled on ice. 200ml of hypotonic tris buffer were set stirring at 4°C
in a refrigerated room. The cell suspension was added drop-wise to the hypotonic
solution. It was left stirring for 5 minutes. The, now cloudy, hypotonic buffer and
cells were decanted to four 50ml falcon tubes and centrifuged at 3000xg for 15

minutes at 4°C in the "chilspin" centrifuge. The supernatant was discarded. The

pellets were transferred to the Douce homogeniser and dispersed in 10ml of 0.25mM
sucrose homogenisation buffer with 20 strokes of the tight fitting pestle. 30ml more
of 2.5mM sucrose buffer were added and after mixing the solution was decanted to

four 15ml falcon tubes. They were centrifuged at 3000xg in the chilspin centrifuge at

4°C for 15 minutes. The supernatant was distributed, in approximately 5ml aliquots,
to eight 8ml polycarbamate ultracentrifuge tubes. They were ultracentrifuged at

100,000xg for 40 minutes at 4°C. The supernatants were discarded while the pellets
were transferred to the Douce homogeniser. They were dispersed with the tight

fitting pestle, over ice, in 500pl of radioligand binding assay buffer. The protein
content was measured by Bradford assay and 2-3mg/ml of protein were found.
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Aliquots of this preparation in protein coated polythene microfuge tubes were snap-

frozen in liquid nitrogen and stored at -20°C.

Ligand Binding Assay.
The ligand binding assays were carried out following published protocols with

subsequent analysis by Scatchard plot [373,374], An initial experiment demonstrated

displacement of bound [125I]-2.5S mNGF from whole PC-12 cells at 37°C in one

hour by unlabelled 2.5S mNGF. Therefore those incubation conditions were used for

initial experiments.

The displacement of —^I]-2.5S mNGF by unlabelled 2.5S mNGF, representing

specific binding of 2.5S mNGF, was examined in microsomes prepared from BPH

samples using PC-12 microsomes as a positive control.

An aliquot of reconstituted [12^I]-2.5S mNGF was thawed to room temperature and

diluted empirically with the radio-ligand binding assay buffer until 200,000cpm were

represented by 20pl of solution. Then a 2(Jul aliquot was placed in each of twenty

protein coated 1.5ml microfuge tubes. A solution of 200mg/ml of bovine serum

albumin was prepared by vigorous agitation of lg of bovine serum albumin in 4ml of
the radio-ligand binding assay buffer until dissolved. After frothing of the solution
had been allowed to settle the volume was adjusted to 5ml with further radio-ligand

binding assay buffer. This very concentrated bovine serum albumin was added in 5pi

aliquots to each of the microfuge tubes containing labelled NGF. The 15,000ng/ml
solution of unlabelled 2.5S mNGF was serially diluted one-to-one with radio-ligand

binding assay buffer to produce 15,000, 7500, 3750 and 1875ng/ml solutions. 20pi
aliquots of each were added to four each of the twenty tubes. A 20pl aliquot of radio¬
ligand binding assay buffer alone was added to the remaining four tubes. A further
35 pi of radio-ligand binding assay buffer was added to all twenty tubes to bring their
contained volumes to 80pl each.
Microsomes from three BPF1 tissues and PC-12 cells were diluted to a concentration

of 0.5mg/ml. Then 20pl aliquots of each was added to each of the microfuge tubes to

produce five tubes for each sample - All with Tris lOmM, sodium chloride 0.9%,
bovine serum albumin 1%, ImM PMSF, 0.05TIU/ml Aprotonin, 200,000cpm of
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[125I]-2.5S mNGF, microsomes at O.lmg/ml and 3000, 1500, 750, 375 or Ong/ml of

unlabelled 2.5S mNGF. All the tubes were placed in a water bath at 37°C and left to

incubate for one hour.

At the end of the incubation period all tubes were placed on ice and, as quickly as

possible, lml of ice cold 0.9% sodium chloride was added to each. This rapidly

diluted the free [12^1]-2.5S mNGF to reduce free label in the microsomal pellet. Free
and bound radio-counts were separated by centrifugation for five minutes at 13400xg
in the "Microcentaur" centrifuge. The supernatant was aspirated from the
microsomal pellet and the bottom of each microfuge tube was cut off and placed in a

polythene vial for counting in the Packard gamma-counter.

The results showed that increasing unlabelled 2.5S mNGF concenrations failed to

displace labelled 2.5S mNGF from binding sites on BPFI microsomes, while PC-12

microsomes showed such displacement.
There were insufficient data-points in this experiment to generate a Scatchard plot
for the PC-12 microsomes and therefore a further binding experiment was carried
out on those microsomes using the same conditions as in the first experiment but
with additional microfuge tubes so that the unlabelled 2.5S mNGF concentrations
were: 3000, 1500, 750, 562.5, 375, 187.5 and Ong/ml. This assay in PC-12 cells was

repeated a further two times.

It was clear that in these conditions (i.e. 37°C for one hour) no specific binding of
2.5S mNGF had been shown. Two possibilities remained: that endogenously present
B-NGF was filling the specific binding sites in prostate tissue, or that different

binding temperature conditions or incubation times might reveal specific 2.5S mNGF

binding. Specifically, incubation of membrane preparations at 4°C has been
recommended to reduce proteolysis. At that temperature longer incubation times are

required. Treatment of microsomes with concentrated magnesium chloride solution
will displace endogenous ligands from their receptors such that, after centrifugation,
they can be removed with the resulting supernatant. The technique used by Leake
[58] was adopted.
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Microsomes were prepared from three BPH samples as described above. Instead of

being resuspended in radio-ligand binding assay buffer the pellet was dispersed in
2ml of 4M magnesium chloride solution in an ultracentrifuge tube. The suspension
was left at room temperature for ten minutes and centrifuged at 100,000xg for 40
minutes. To try to reduce the resulting magnesium chloride the pellet was

resuspended in 0.25M sucrose solution, ultracentrifuged once more and finally

resuspended in radio-ligand binding assay buffer as described.
It was clear from the appearance of the resulting pellet that there were considerable

protein losses from this procedure. Therefore relatively fewer sample tubes could be

prepared than for the assay descibed above. Three sample tubes only, were prepared
for each sample. The mixture in each was as described above but with only 3000,
1500 or Ong/ml of unlabelled 2.5S mNGF. The assay conditions, separation of bound
and free ligand and gamma-emission counting were as described above. Microsomes
were prepared from six BPH prostate samples and pooled for the examination of the
effects of lower temperature condition and longer incubation times. It was hoped that

by pooling the samples the possibility that low-affinity nerve growth factor
concentration varying greatly between samples would be avoided.
60 tubes were prepared as described above. 20,000cpm instead of 200,000cpm of

[125jj_2.5S mNGF per tube were added to each tube. Unlabelled 2.5S mNGF was

added in the same way as before to produce 12 tubes each with 3000, 1500, 750, 375

or Ong 2.5S mNGF/ml. That is, (including 25jj_2.5S mNGF added,) 0.3439 to
113nM - a concentration range of approximately 0.29 to 95.0 x Kd [373,375], Ater
the addition ofO.lmg/ml of microsomes, buffers and 1% bovine serum albumin, the

tubes were left to incubate at 4°C.

Two tubes at each concentration were removed at 30 minutes, 1, 2, 4, 8, and 21

hours. Free and bound [1251]-2.5S mNGF were separated as described above and the

pellets counted in the gamma-counter. The mean cpm counted from each pair of
tubes was found.
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Chapter 4

Results.

HISTOLOGICAL ASSESSMENT OF PROSTATE TISSUE.

Figures 11 and 12 show typical histological slides of frozen sections of prostate
tissue stained with haematoxylin and eosin. Areas of carcinoma were easily

distinguished by this technique as shown by figure 12.
These sections were used to confirm that the tissues subject to enzyme-linked
immunosorbent assay (EL1SA) were truly malignant or benign. For ELISA it was

required that areas of adenocarcinoma be present in all malignant chips assayed.
Tumours of high histological grade tend to be more extensive than lower grade
disease. Therefore tumours of lower Gleason score tend to be present in a smaller

proportion of TURP chips than are tumours of higher score. As cases were

eliminated from subsequent ELISA, there was a tendency to exclude lower grades of
disease as it was not possible to demonstrate low grade adenocarcinoma in sufficient

chips for ELISA to be carried out. This exclusion of low stage disease is shown in

figure 13. All of the benign hyperplastic tissues assayed were also checked to ensure

that none contained foci of carcinoma. In fact adenocarcinoma was not detected in

any of the tissues classified as benign on diagnostic pathology.
On the basis of this examination 15 cases each of benign hyperplasia and

adenocarcinoma were selected for ELISA. The histological slides were stored for

subsequent use in tissue morphometry.
The original diagnostic pathology slides of the men with adenocarcinoma were

retrieved from the Department of Pathology, Western General Hospital. Their
Gleason scoring was reassessed by Dr.J.St.J.Thomas so that any inter-operator
variation was abolished from Gleason scoring.
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Figure 11: Photomicrograph: haematoxylin and eosin stained frozen section of
benign hyperplastic prostate tissue. This, and the other photomicrographs were
originally photographed to transparencies and original magnifications are expresses
as magnifications to the transparencies from which plates were subsequently made:
in this case x32. The epithelium shows the typical bi lammar cellular pattern of
benign prostatic glands.
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Figure 12: Photomicrograph: haematoxylin and eosin stained frozen section of
prostate adenocarcinoma tissue. Original magnification: xl2. The normal prostate
stroma (lower right) is being encroached upon, and replaced by, a moderately well
differentiated carcinoma (upper left). The tumour displays some glandular
differentiation.
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Figure 13: Graph showing the exclusion of tumours of lower Gleason scores from the
tissues examined by ELISA. Gleason scores are subjective and certainly not linear.
However the "mean" values of the included and excluded tissues were 7.93 and 5.83

respectively.
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IMMUNOHISTOCHEMISTRY.

Localisation of B-Nerve Growth Factor.

B-NGF was localised by immunostaining of frozen sections of prostate tissue, with a

polyclonal antibody to mouse 2.5S NGF. Figure 14 shows a positive control slide of
adrenal gland where NGF-like immunoreactivity is localised to the medullary tissue
as described by Lindvall et al [376],

Figures 15 and 16 show low and high power views of benign hyperplastic tissue
stained for B-NGF. Positive staining is largely confined to the epithelial elements of
the tissue. There is some staining in the stroma but none is intense. It most likely

represents the unfortunately high background staining seen in frozen section work.

Clearly all the specific staining is confined to the epithelium. In the higher power
view (figure 16), it appears that the majority of staining is towards the apical,

luminal, borders of the secretory cells. This is better seen in a very high power field

observed, in fact, in an area of benign glands from a malignant tissue section (figure

17). The basal epithelial cells show rather spasmodic areas of staining but the great

majority of specific staining is at the luminal aspect of the secretory cells. The

underlying stroma is not stained. Such staining, with NGF immunoreactivity
localised to the epithelial component of the tissue, was observed in all the benign

hyperplastic glands examined (n=l 5).
In malignant tissues (n=l 5), a similar pattern of staining was observed. NGF

immunoreactivity was confined to the malignant and benign epithelia present. Figure
18 shows typical staining from the edge of an adenocarcinoma infiltrating normal
tissue. In a higher power field (figure 19), the specific areas of positive staining are

more distinct and are seen to lie in malignant epithelial cells themselves. Where

rudimentary glandular structures were seen positive staining tended to be towards
their centres. In poorly differentiated prostate cancers glandular differentiation is not
seen. In the poorly differentiated tumour shown (figure 20) specific staining is again
seen to lie in the malignant epithelial cells themselves.
In the normal tissues (n=2) examined, a staining pattern very similar to that seen in
the benign hyperplastic tissue was observed (figure 21 & 21). Positive staining was

confined to the epithelial compartment, particularly to the luminal aspect of
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secretory cells. In the normal tissues diffuse "blushing" background staining was

more marked than in the benign hyperplastic and malignant tissues.
The negative control tissue sections (stained in the same way as those described, but
with the primary antibody omitted,) all showed a complete absence of positive (red)

staining (not illustrated.)
To summarise: NGF immunoreactivity, as indicated by positive staining for rabbit
anti-mouse 2.5S NGF primary antibody, is localised to the epithelial, glandular,

component of normal, benign hyperplastic and malignant prostate tissue. Staining in
the prostatic stroma was infrequent and, generally, non-specific.
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Figure 14: Photomicrograph of adrenal tissue immunostained with rabbit polyvalent
serum to mouse 2.5S NGF counterstain with Mayer's haematoxylin. Positive staining
is red ("New Fuchsin".) Original magnification: x32. Positive staining is seen in
discrete areas of the adrenal medulla.
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Figure 15: Photomicrograph of benign hyperplastic prostate tissue stained as figure 4.
Original magnification: xl2. The basophilic area is a focus of chronic inflammatory
cells. Positive (red) staining for B-NGF is confined to the epithelial, glandular
component of the tissue while the stroma, although showing some background
"blushing", is negative.
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Figure 16: Photomicrograph: Higher magnification (Original magnification: x32) of
the tissue shown in figure 5. Specific staining is seen to be confined to the
epithelium and is most marked towards its luminal aspect.
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Figure 17: Photomicrograph: High power view (Original magnification: x!28) of a
benign epithelium occupying an area of a TURP "chip" from a malignant prostate.
Stained for B-NGF (red). The basal epithelial cells show occasional staining but
staining is most pronounced along the luminal aspect of the secretory ceils (compare
figure 2) The underlying stroma is not stained.
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Figure 18: Photomicrograph: Low power view (original magnification = x32) of
prostate adenocarcinoma stained for 6-NGF (red.) The tumour is infiltrating from the
upper right hand corner of the field into an area of stroma. Positive staining is largely
confined to the epithelial rosettes of this moderately well differentiated area of
tumour. There is little staining of cells in the stroma.
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Figure 19: Photomicrograph: High power view (original magnification = x80) of a
moderately well differentiated adenocarcinoma stained for B-NGF. Again positive
staining is red. Where rudimentary glandular structures are seen staining is toward
the central, "apical", aspect of the glandular rosettes.
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Figure 20: Photomicrograph: High power view (original magnification = x80) of a
focus of poorly differentiated adenocarcinoma. No glandular structure is discerned
but B-NGF staining is confined to the epithelial cells, while intervening areas of
stroma do not stain.
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Figure 21: Photomicrograph: A frozen section of prostate tissue from a normal man
stained for fi-NGF (red) at low magnification (original magnification = x 12.)
Pinkish, "blushing", background staining is very evident. Specific staining, however,
is predominantly confined to the glandular epithelium
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Figure 22: Photomicrograph: The same section as figure 21 at higher magnification
(original magnification = x80.) Positive (red) staining for 13-NGF is seen to be
confined to the epithelium and particularly the secretory layer's apical aspect.
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Localisation of Low-Affinity Nerve Growth Factor Receptor.

Low-affinity nerve growth factor receptor was localised using a primary monoclonal

mouse antibody to human p75^NGFR_ initial staining with this antibody utilised
albumin 5% as the blocking solution. Figures 23 and 24 show the results in BPFI

tissue. They closely parallel those reported by Graham [341], Figure 23, again, shows
the pronounced background blushing with frozen sections. Clearly, however, specific

staining is confined to the epithelium. This is more clearly seen in the high power

view (figure 24.) It is apparent that the basal cuboid layer of the epithelium is

specifically stained.

On the basis of this, apparently profuse, staining for p75LNGFR^ northern

hybridisation for receptor mRNA and ligand exchange assay for receptor were

undertaken. When both techniques failed to demonstrate p75^NGFR? or lts mRNA

transcript, the immunohistochemical staining was repeated. 20% goat serum was

used as the blocking serum. This would be expected to block more fully the reaction
of secondary goat antibodies with non-specific antigens in the prostate sections

[350],

Figure 25 shows a smear of PC-12 cells stained for p75LNGFR using the goat

blocking serum. PC-12 expresses p75LNGFR an(j acted as a positive control section.

Clearly the use of the goat blocking serum did not abolish the positive control

staining. When the primary antibody was omitted there was no positive staining in
PC-12 cells (not shown.)

Figure 26 shows benign hyperplastic tissue stained in the same manner as the PC-12
cells. Here, using the goat blocking serum, there is no staining of the epithelial cells.

Background staining is very much less of a problem with the p75LNGFR monoclonal

antibody, than it was with the polyvalent anti-2.5S NGF anti-serum. Similarly in
adenocarcinomatous tissue there was no staining of the epithelial cells (figure 27.)
There were no positively staining epithelial cells in any of the BPH or prostate

cancer tissues examined (n = 30.)

The stroma of both BPH and prostate cancer tissues, in its generality, did not stain

for p75LNGFR (figures 26 and 27.) However, some, very small, areas of stroma did
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stain positively. Figures 28 and 29 show such areas in a prostate cancer and in a

benign prostate tissue. Amongst the 30 specimens examined (a total of 93 tissue

sections.) only 17 such areas were seen. It is likely that these areas represent

adrenergic or sensory nerves in the stroma.
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Figure 23: Photomicrograph: Low power view of benign hyperplastic prostate tissue
stained for p75^NGFR (original magnification = x32.) 5% bovine serum albumin
was used as the blocking serum. Specific (red) staining is confined to the epithelium
of the glandular elements present.
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Figure 24: Photomicrograph: Higher magnification of the tissue shown in figure 23
(original magnification = x80.) The low cuboid basal epithelial cells around the three
acini in the centre of the field are positively stained while the luminal secretory layer
of epithelium is demonstrated only by the staining of nuclei by the haematoxyiin
background stain.
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Figure 25: Photomicrograph: PC-12 cells were centrifuge from suspension and
smeared on to a poly-L-lysine coated slide. They were stained with mouse
monoclonal anti-human p75LNGFR antibody after blocking with 20% goat serum.
Positive staining is red. The cytoplasm of the PC-12 cells is clearly stained (original
magnification = x80.)

180



Figure 26: Photomicrograph: Frozen section of BPH tissue stained for p75^NGFR jn
the same way as the positive control of figure 25 (original magnification = x32.)
Neither any of the glands in the middle of the field, nor the surrounding stroma, has
stained for p75^NGFR after blocking with the goat serum.
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Figure 27: Photomicrograph: Original magnification = x32. Frozen section of well
differentiated prostate adenocarcinoma tissue stained for p75LNGFR W1th 20%
goat blocking serum. No malignant gland, nor the small amount of intervening
stroma, has stained positively for the receptor.
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Figure 28: Photomicrograph: BPH frozen section stained for p75^NGFR by the
technique used in figures 25-27. The edge of a prostate acinus is seen at the bottom
of the field. An area of punctate positive (red) staining for p75LNGFR ,s seen near
the acinus. It is of note that the staining does not lie in an obvious cellular relation to
the surrounding nuclei (original magnification = xl28.)
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Figure 29: Photomicrograph: Poorly differentiated prostate adenocarcinoma tissue
stained as figure 28 at high magnification (original = xl28.) Punctate and fibrillary
P75LNGFR staining (red) surrounded by adenocarcinoma cells. As in figure 28
staining is not in relation to the surrounding cells.

184



Neuro-Endocrine Differentiation in Prostate Adenocarcinoma.

In preliminary experiments with antibodies to synaptophysin, chromogranin A and

protein gene product 9.5 (PGP9.5,) all three antibodies showed positive staining in
the positive control tissue - the islets of Langerhans of the pancreas. Examples of this

positive control staining are shown in figures 30, 31 and 32.
In the prostate tissues examined, anti-chromogranin A failed to stain any cells. The

antibody to synaptophysin stained nerve bundles in the gland stroma. However, there

was no staining of epithelial cells in either malignant or benign tissue (not shown).

The rabbit polyvalent antiserum to human PGP9.5, however, stained the variety of of
neural and neuroendocrine cells in the prostate. Figure 33 shows an area of benign

glands in a section of tissue from a patient with adenocarcinoma. Both nerve bundles
in the stroma and neuroendocrine cells in the epithelium are stained. Only PGP9.5
demonstrated any positive staining in prostate adenocarcinomas themselves. Two

examples are shown in figures 34 and 35. In a higher power view (figure 36,) the

positive staining of a prostate adenocarcinoma is seen in more detail. The staining is

specific (i.e. bright red,) and appears both as nuclear and membrane staining.
The PGP9.5 staining was extended to all the adenocarcinomatous tissues examined

using the ELISA technique (n = 15.) On the basis of specific staining as seen in

figure 36, and in an area of the section which could clearly be seen to be malignant
on the basis of the background Mayer's haematoxylin staining, the
adenocarcinomatous tissues were simply classified as "PGP9.5 positive," or "PGP9.5

negative." The slides of tissue were numbered only - i.e. the patients name was

omitted - to blind the author to the corresponding ELISA result. The classification
was checked by a pathologist who was entirely unaware of the ELISA results. The
PGP9.5 status of the 15 adenocarcinomas examined are given in table 1. Seven
tumours showed PGP9.5 staining while eight did not.
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Figure 30: Photomicrograph: Paraffin section of normal pancreatic tissue obtained at
autopsy. Stained for chromograniri A with mouse anti-human chromogranin A
monoclonal primary antibody. Positive staining is red ("New Fuchsin".) The islet
tissue shows positive staining of the neuroendocrine cells of the islet (original
magnification = x32.)
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Figure 31: Photomicrograph: Normal pancreatic tissue as in figure 30. The section
has been stained with polyvalent rabbit anti-human synaptophysin antibodies.
Positive staining is red. The islet of Langerhans, here, stains diffusely for the
vesicular membrane protein synaptophysin (original magnification = x32.)
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Figure 32: Photomicrograph: Norma! pancreatic tissue as in figures 30 & 31. Stained
with polyvalent rabbit anti-human PGP9.5 antibodies. Positive staining is red. The
two islets of Langerhans, here, stain positively for PGP9.5. The surrounding
pancreatic acinar tissue is not stained arid contains a number of vacuoles resulting
from pancreatic autolysis post-mortem (original magnification = x32.)
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Figure 33: Photomicrograph: Paraffin section of prostate chip containing
adenocarcinoma, stained for PGP9.5. An area of benign glands is shown. A nerve
bundle stains positively. Positive staining of neuroendocrine cells in the benign
epithelium is also seen. Original magnification = xl2.
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Figure 34: Photomicrograph: Paraffin section of prostate adenocarcinoma stained for
PGP9.5. Original magnification = x!2. Occasional cells stain positively (red)
throughout this field of moderately differentiated tumour. A more obvious area of
positive staining is also seen.
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Figure 35: Photomicrograph: Prostate adenocarcinoma showing widespread staining
for PGP9.5. Original magnification = xl2. Stain of neural bundles is also apparent.
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Figure 36: Photomicrograph: High power view (original magnification = x80) of
PGP9.5 staining in a prostate adenocarcinoma. Specific staining in both membrane
and nuclear distribution is apparent.
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Patient Number. PGP9.5 status. Gleason score.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

+

+

+

+

+

+

+

10
8
7
10
8
9
5
8
9
7
8
8
7
7
8

Table 1: The presence (+) or absence (-) of PGP9.5 staining in the 15
adenocarcinomatous tissues examined at ELISA. These are the same 15 patients with
confirmed adenocarcinoma in all tissue chips examined at frozen section. The
Gleason score of these tissues is also shown. There is no relationship between
PGP9.5 status and Gleason score.
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ENZYME LINKED IMMUNOSORBENT ASSAY (ELISA) FOR B-NGF.
B-NGF concentration was measured in prostate tissue using a "sandwich" enzyme-

linked immunosorbent assay with unlabelled and B-galactosidase labelled mouse

anti-mouse monoclonal 2.5S B-NGF antibodies.

PRELIMINARY EXPERIMENTS.

Coating (Primary) Antibody Concentration.
The first necessity was to establish a suitable concentration of primary (unlabelled,)

antibody to coat the plastic multititre plates used in the assay. Coating antibody
concentrations of 0.8, 0.6, 0.4 and 0.2mg/ml were tested against serially diluted
human recombinant nerve growth factor (rhB-NGF) standards of 320 - 2.5pg/ml.

Figure 37 shows the resulting control curves using the four tested antibody
concentrations. The ideal sought was: a linear relationship between rhNGF
concentration and light absorbance of the developed sample at 570nm (A570); a

sufficiently high change in A570 (AA570) after two hours of incubation of the

chromagen (the ELISA manufacturer's recommendation is a AA570 of 1-1.5

absorbance units for a B-NGF concentration of 200pg/ml after two hour's

incubation.)

On these criteria a coating antibody concentration of 0.4mg/ml was selected for the
remainder of the experiments (AA570 =1.5 units after two hours for the 320pg/ml

standard; Correlation co-efficient of linear regression of 0.9953.)

Maximising B-NGF Extraction from Human Prostate Tissue.
Tissue was dispersed by disruption in the "mikrodismembrator" tissue-mill and

homogenisation with a rotary homogeniser in the extraction buffer. After

ultracentrifugation, the supernatant from the homogenate was assayed.
Sonication.

The effect of sonication of the tissue homogenate was examined. It abolished any

NGF activity in the ELISA derived from the prostate homogenates.

Thus, the diluted supernatant concentrations of NGF from two BPH samples
examined were 17.75 pg/ml (mean AA570 = 0.250, n=3, SD = 0.06) and 37.17pg/ml

(mean AA570 = 0.219, n =3, SD = 0.015,) if the homogenates were not sonicated.
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After sonication, however, the NGF concentration in both supernatants was below
the detection limit of the assay (respectively: mean AA570 = 0.129, n =3, SD = 0.021

and mean AA570 = 0.103, n =3, SD = 0.014.) It will be noted that, as mentioned in

the "Methods", that the control curves used in these two assays were not the same.

In three other cases, the use of sonication rendered NGF undetectable in samples
from glands shown, in separate experiments, to contain measureable amounts of 13-

NGF. Those results are not shown as the measures of sonicated and un- sonicated

homogenates were not against similar control curves. However it was clear that

sonication, whenever used, reduced measured 13-NGF to undetectable levels in

prostate homogenates. Sonication was therefore abandoned.

Enzymatic Digestion.
Like sonication, hyaluronidase/collagenase digestion of tissue pellets before assay

was dissappointing. Although tissue reactivity with the assay system was not

abolished, the use of such digestion reduced reactivity by half or more. Figure 38
shows the results of such digestion for various periods for two BPH specimens and

"digestion" of a solution of 80pg/ml of rh(3NGF.
It was expected that the use of digestion would not reduce 13-NGF reactivity as the

stored supernatants were exposed to the hyaluronidase/collagenase solution, at 4°C,

only for as short a time as allowed ultracentrifugation and assay. That is, it was

expected that the NGF in those stored supernatants - equivalent to that in the

undigested sample - would be conserved. This can be seen not to be the case.

Digestion, like sonication, was abandoned.
Effect of Dilution.

On the basis of the linear relationship of AA570 and rhB-NGF concentration in the

controlled curves, it was clear that the assay system distinguished dilutional changes
in rh!3NGF. It remained to be seen whether the assay would distinguish between

dilutions of extracts from tissue homogenates.

Different weights of tissue from each of two BPH tissues were assayed to test this

capacity. Apart from the different weights of tissue used, the handling of the tissues
was similar. From the first specimen sample weights were 541 and 321mg (i.e. a
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dilutional factor of 0.593.) The resulting measured B-NGF concentrations by assay

were 17.75 and 9.95pg/ml respectively (i.e. a ratio of 0.56.) The AA570 means were

0.250 (SD = 0.06) and 0.213 (SD = 0.54.) For the second specimen weights were 520
and 304mg (dilution factor of 0.585,) while the measured B-NGF concentrations

were 22.31 and 14.09pg/ml (ratio of 0.632.) AA570 = 0.233 (SD = 0.003) and 0.272

(SD = 0.058.)

It was concluded that the ELISA system did satisfactorily identify and quantify
dilutional changes. And further that comparisons of tissue B-NGF concentrations
based on different sample sizes were valid.

Cross-Reactivity of the ELISA System with Other Growth Factors.
In concentrations between 1000 and 125pg/ml, insulin and epidermal growth factor
showed no measurable reactivity in the ELISA system. However, at the concentration

of lOOOpg/ml, insulin-like growth factor I was measured as a concentration of

1.22pg/ml of NGF by the ELISA. Therefore further, higher, concentrations of
insulin-like growth factor I were tested in the ELISA. The results at those

concentrations are shown in table 2. It was concluded that there was no significant

cross-reactivity of the assay with the growth factors tested.
Intra- and Inter-plate Variablility.
The final B-NGF ELISA preparations were assayed in triplicate. The coefficients of
variance for these final measures (as pg/ml,) ranged from 1.12% to 25.33%. The
mean coefficient of variance was 11.06 (SD=5.97). The individual standard

deviations for each specimen are shown in table 4, below. The coefficients of
variance were considered to be sufficiently low for intra-plate variability to be

accepted.
The measure of inter-plate variability showed surprisingly, possibly falsely, little

variability. Three specimens were assayed in triplicate on one plate, and in duplicate
on another, on one day. The resulting data were are shown in table 3.
The mean B-NGF measures for these three samples are very close on repeat measures
- especially in view of the high co-efficients of variance in specimens 1. and 3.

Notwithstanding, it was clear that measures between plates were generally

comparable.
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In point of fact, the general impression gained of this assay system was that, except
when conditions were especially favourable, there was a good deal of variability
between different assays of similar samples. In the case of these data, and all the

"final" results, the assays were carried out on tissue preparations made within 24
hours with very fresh standard preparations. There seemed to be fairly rapid loss of

reactivity of B-NGF with the assay system if standards or samples were stored. This

was so even if storage was for short periods and at -20°C.

Measuring B-NGF Recovery from Prostate Homogenates.
The use of unlabelled rhBNGF to measure hormone recovery was found

disappointing. When small amounts (e.g.20-50pg) of rhB-NGF were added to

homogenates before ultracentrifugation and assay, there was no measurable change
in assay results from those of similar homogenates without added NGF. The
detection limit of the assay is around 5pg/ml. When larger amounts of rhB-NGF were

added (e.g. 100-200pg,) the total B-NGF measured dropped. Figure 39 shows a more

detailed characterisation of this behaviour.

Recovery fraction measures using the addition of small amounts of radio-iodinated
2.5S-mNGF was adopted. Figure 40 shows the recovery fraction measured from six

prostate (BPH) homogenates measured after various durations of incubation with

approximately 500cpm of [125j].2.5S-mNGF. It was of note that recovery was lower

at higher temperature and greater duration. At 4°C increased duration of incubation

did not affect recovery. An incubation of one hour at 4°C was chosen for subsequent

recovery measures. In the final measures of B-NGF concentration in prostate tissues,
the recovery fractions ranged from 27 to 51% (x = 33.9, SD = 4.88).These measures

were considered to be acceptably high.
It was of note that recovery from prostate adenocarcinoma tissue was higher (x =

35.3%, SD = 5.47),than that from BPH tissue (x = 31.6, SD = 3.418, p = 0.042,

Mann-Whitney). This difference is presumed to be due to differences in tissue
constituents.
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rhNGF Standard Concentration (pg/ml.) rhNGF Standard Concentration (pg/ml.)

Figure 37: Graphs A-D: The results ofELISA of the standard curve concentrations of
rhfi-NGF using various coating (primary) antibody concentrations. Each point
represents three analyses (mean +/- SE). The lines are of "best fit" by linear
regression. The change in absorbance at 570nm for any given concentration is
greatest in graph C: 0.4pg/ml of primary antibody. The correlation co-efficients of
linear regression were: A: 0.7059, B: 0.9947, C: 0.9953, D: 0.9652. C: 0.4mg/ml, was
chosen as the coating antibody concentration.
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Duration of Hyaluronidase/Collagenase Digestion.

Figure 38: Graph of the effect of hyaluronidase/collagenase digestion for various
periods at 37°C on ELISA NGF reactivity derived from a solution of rhB-NGF and
two BPH specimens. Both tissue and rhB-NGF reactivity is reduced - and in a period
of minutes - by exposure to these digestive enzymes. Each point represents sample
values assayed in triplicate (mean +/- SE).
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Insulin-like growth factor-I
concentration.

"NGF" concentration
measured, (pg/ml)

10,000pg/ml 0

5,000pg/ml 4.32

2,000pg/ml 0

1,000pg/ml 0

500pg/ml 2.12

250pg/ml 0

125pg/ml 0

Table 2: The apparent NGF concentrations resulting from assays of various
concentrations of insulin-like growth factor-I.
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Plate 1. Plate 2.

Specimen
B-NGF
(pg/ml.)

Coefficient
of Variance%

B-NGF

(Pg/ml)
Coefficient
of Variance%

1. 94.66 16.4 98.4 2.73

2. 134.3 5.2 133.9 7.939

3. 115.6 25.3 127.4 17.254

Table 3: The results of measurement of B-NGF concentration in three BPH

specimens simultaneously on two immunoassay plates. The final derived fi-NGF
concentrations and coefficients of variance in original AA570 are shown.
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rh/3-NGF Added to Prostate Homogenates.

Figure 39: The effect of the addition of increasing amounts of rhB-NGF, on the
results of assay of homogenates produced from two BPH specimens (1 & 2.) Each
data point represents a mean of sample values assayed in triplicate (+/- SE). The
addition of increasing rhB-NGF causes a progressive loss of the total hormone
measured by the assay system. The disparity of assay results using crudely prepared
and aging standards (as mentioned in "Methods") is clear.
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Figure 40: Graph: Percent recovery from six prostate homogenates prepared from
one BPH sample after various durations of incubation with [125i]_2.5S-mNGF at
4°C and 37°C. The calculation of "recovery fraction %" is given in the "Methods".
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RESULTS OF FINAL PROTOCOL OF ELISA IN BPH, PROSTATE

ADENOCARCINOMA AND NORMAL PROSTATE TISSUE.

On the Basis of the results of the preliminary experiments, and the manufacturers for

guidelines for ELISA, the final protocol for ELISA was derived. Using that protocol
the B-NGF concentrations of the 15 confirmed BPH specimens and 15 confirmed

prostate cancer tissues were measured. Tissue from the peripheral and central zones
of two normal prostate glands was also assayed.
Table 4 shows the assay results as means of sample B-NGF concentrations derived

from AA570 measurements in triplicate, and their standard deviations. The recovery

fraction and derived total B-NGF weight in the assayed tissue is shown, as is the

weight of tissue assayed and the resultant concentration of B-NGF in pg/g wet weight
of tissue. These final tissue concentrations are shown graphically in figure 41.
The mean concentration of B-NGF in BPH tissue was 1992pg/g wet weight of tissue

(SD = 684), while in prostate cancer tissues the mean concentration was 3100pg/g

(SD = 1503). The p value of the difference between these groups was 0.0512, failing
to reach significance at a confidence value of 95% (Mann-Whitney rank sum test). In
the normal glands, mean concentration was 2691 pg/g in the central zones and
1801 pg/g in the peripheral zones. The sample sizes of normal tissues were too small

(n=2) to allow formal statistical analysis.
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Mean SD Recovery Sample Weight B-NGFpg/g
pg/ml. pa/ml. Fraction(%). Total. Assayed. wet wgt.

tissue.
BPH specimens:
1. 95 15.51 29 655 515 1272
2. 134 7.04 35 766 497 1541
3. 116 29.31 27 859 481 1786
4. 161 19.19 32 1006 510 1973
5. 112 16.02 29 772 510 1514
6. 190 27.35 31 1226 523 2344
7. 147 16.08 27 1089 547 1991
8. 115 7.67 32 719 492 1461
9. 242 12.27 27 1793 528 3396
10. 83 2.21 31 535 408 1311
11. 168 19.40 35 960 534 1798
12. 174 39.47 38 916 428 2140
13. 95 17.79 32 594 454 1308
14. 209 18.88 33 1267 443 2860
15. 211 7.82 36 1172 367 3193

x=1992
Prostate Cancer Specimens:
1. 263 41.21 33 1594 495 3220
2. 251 30.36 39 1287 308 4179
3. 58 8.35 36 322 356 904
4. 238 26.90 35 1360 231 5887
5. 219 19.16 51 859 512 1678
6. 310 7.78 27 2296 532 4316
7. 218 13.38 35 1246 341 3654
8. 214 19.84 32 1337 334 4003
9. 198 21.21 35 1131 518 2183
10. 81 10.36 32 506 490 1033
11. 120 13.16 31 774 614 1261
12. 236 27.08 32 1475 491 3004
13. 147 22.00 41 717 244 2938
14. 156 7.36 35 891 300 2970
15. 377 24.65 35 2154 408 5279

x =3100

Normal Central Zone Tissue:
1. 227 22.56 32 1419 537 2642
2. 192 18.34 38 1011 369 2740

x =2691
Normal Peripheral Zone Tissue:
1. 160 1.75 37 865 415 2084
2. 131 32.44 42 624 411 1518

x- 1801

Table 4: The assayed concentrations of 13-NGF in 15 BPH and 15 prostate adenocarcinoma
tissues. The concentration of B-NGF in the normal tissues assayed is also shown. The original
assay results and their variance (as standard deviation,) is given. The other data used to derive
the tissue concentrations are shown (recovery fraction, and assayed weight of tissue.)
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Figure 41: Scattergram of B-NGF concentration measured by ELISA. Concentration
is expressed as pg/g wet weight of prostate tissue. The bars show mean
concentrations in the four groups of tissue assayed.
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RESULTS OF TISSUE MORPHOMETRY ANALYSIS.

Computerised video assisted image analysis provided a measure of the relative

contributions of stromal, epithelial and total-glandular tissue to the tissues used in
ELISA. (Total glandular tissue being the whole areas of glands without subtraction
of luminal areas.) These values were expressed as a percentage of total area as

described in "Methods". These relative measures are shown for the 15 BPH and 15

prostate cancer tisues in table 5.

The analysis of tissue sections was straight-forward as described in "Methods". The

only problem encountered was in defining the luminal border of the epithelial cells
in a number of BPH specimens. Figure 42 illustrates the problem. In a number of
sections shearing of the epithelium (partly a limitation of the frozen-section

techniques,) and filling of glandular lumina with debris made the recognition of the
luminal border of epithelial cells impossible. Such sections were "best-guessed".

Conversely the sites of the basal laminae of basal epithelial cells - that is, the limit of
the stroma around the gland - was always easily identified.
When all of the measures from BPH tissue had been made, they were examined in
terms of the ELISA results in those tissues (see below.) It was clear that the

measurement of epithelial area by the subtraction of luminal area from the glandular
area would not be used in the analysis of ELISA results. Therefore luminal areas
were not measured in prostate adenocarcinomas.
Correction of ELISA Results for Tissue Constituent Densities.

The ELISA result for each tissue specimen was compared with its relative contents

of glandular and, in the case of BPH tissues, epithelial tissue. These were plotted

against one-another for both the BPH and prostate adenocarcinoma tissues. The
results are shown in figure 43, 44 and 45. The lines of best fit were derived using the
linear regression equation (Pearson).
It is clear that there was a very poor and statistically insignificant relationship
between the epithelial content of the tissue and its B-NGF concentration, in spite of
the localisation of B-NGF to the epithelium on immunohistochemistry. There was a

better, and significant, correlation between the B-NGF concentrations and these
tissues' glandular volumes - for BPH; r = 0.67, p = 0.006, for prostate cancer tissue; r
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= 0.70, p = 0.003. Therefore the total glandular area was used as the morphometric

parameter in subsequent calculations.
The relationship of stromal volume density (being 1-glandular volume density) and
B-NGF concentration is not shown.

On the basis of the results of B-NGF immunohistochemistry, and the positive
correlation of glandular volume density and B-NGF concentration, a B-NGF

concentration in terms of assayed glandular mass was generated. That was:

[B-NGF] pg/lOOmg of glands =

([B-NGF] pg/g wet weight of tissue) x 10.

( Glandular Volume (%))

The resulting "corrected" ELISA results are shown in table 6.
These results are shown graphically in figure 46, which should be compared with

figure 41. It is seen that, while the gross B-NGF concentration is higher in prostate

cancer tissues than in BPH, after correction for glandular content the position is
reversed. That is, glandular tissue in BPH contains a higher mean B-NGF
concentration - 1597pg/100mg, SD = 788 - than does that in prostate cancer -

1058pg/100mg, SD = 559, p = 0.0195 (Mann-Whitney.)
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Number. Glandular Luminal Derived Derived
Area. (%) Area, (%) Stromal Epithelial

Area(%). Area(%).
BPH specimens:

1. 5 2 95 3
2. 21 11 79 10
3. 13 4 87 9

4. 7 3 93 4

5. 0 0 100 0
6. 21 12 79 9

7. 6 3 94 3
8. 10 6 90 4
9. 23 14 77 9
10. 9 2 91 7

11. 19 5 81 14

12. 11 5 89 6

13. 14 5 86 9

14. 26 18 74 8

15. 23 16 77 7

Prostate Cancer Specimens:

1. 48 52

2. 19 81
3. 11 89

4. 39 61

5. 7 93

6. 63 37

7. 62 38
8. 48 52
9. 46 54

10. 10 90
11. 12 88
12. 30 70
13. 33 67

14. 33 67
15. 66 34

Table 5: The results of tissue morphometric analysis. The directly measured
glandular and luminal measures are given. The stromal volume is derived by
subtraction of the glandular volume from 100%. The epithelial volume is derived by
subtraction of the measured luminal volume from the measured glandular volume.
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Figure 42: Photomicrograph of BPH tissue (original magnification x32). The luminal
border of the epithelial cells is impossible to distinguish due to debris in the gland
lumen and shearing of the tissue.
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Volume of Glandular Tissue (%).

Figure 43: Graph: The relationship between the percentage volume of glandular
tissue and B-NGF concentration (pg/g wet weight of tissue) in BPH tissue. The line is
of linear regression (Pearson, Minitab). There is a fair, and highly significant
correlation (r = 0.67, p = 0.006).

211



4000 -i
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Figure 44: Graph: The relationship between the percentage volume of epithelial
tissue and B-NGF concentration (pg/g wet weight of tissue) in BPH tissue. The line is
of linear regression (Pearson, Minitab). There is only a weak correlation which is not
significant (r = 0.22, p = 0.420).
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Figure 45: Graph: The relationship between the percentage volume of glandular
tissue and 13-NGF concentration (pg/g wet weight of tissue) in prostate
adenocarcinoma tissue. Glandular tissue here represented both benign glands as in
BPH and additionally all malignant epithelial areas. The line is of linear regression
(Pearson, Minitab). There is a fair, and highly significant correlation between these
parameters (r = 0.70, p = 0.003).
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BPH Specimen B-NGF Prostate Cancer B-NGF
Number. Concentration SpecimenNumber. Concentration

pg/lOOmg glands. Dg/100mg glands.

1. 2544 1. 671
2. 733 2. 2198
3. 1374 3. 823
4. 2817 4. 1509
* **** 5. 2396

6. 1116 6. 685

7. 3315 7. 589

8. 1461 8. 834

9. 1476 9. 475

10. 1456 10. 1033
11. 946 11. 1059
12. 1944 12. 1001

13. 688 13. 890

14. 1100 14. 900
15. 1389 15. 600

Table 6: The B-NGF concentrations of the assayed tissues measured by ELISA and
expressed as pg of B-NGF per lOOmg of glandular tissue as measured by tissue
morphometry. BPH sample number 5 (glandular density = 0%) has been omitted
because the result of correction for morphometric data (B-NGF concentration =
infinity) is non-sensical.
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Figure 46: Scattergram of B-NGF concentration in 14 BPH samples and 15 prostate
cancer tissues, measured by ELISA and expressed as pg/lOOmg of glandular tissue as
measured by video-image analysis. The bars show the mean values in the two
groups. They show that after correction for the content of glandular tissue the
position seen in figure 41 is reversed. That is, in terms of glandular tissue, BPH
contains more B-NGF than does prostate cancer tissue.
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Correlation of B-NGF Assay Results and PGP9.5 Staining.
The possibilty that tissue B-NGF concentration was correlated with the presence of
neural differentiation, as manifest by positive PGP9.5 staining, was investigated.

Figure 47 is a scattergram of the adenocarcinomas' B-NGF concentrations before
correction for morphometric data. The tumours are divided into PGP9.5 positive and

negative groups (data in tables 1 and 4.) Similarly figure 48 shows the B-NGF
concentrations in terms of assayed glandular weight (i.e. malignant and benign

glands assayed - data in table 6). It is clear that there is no difference in B-NGF

concentration, expressed in either way, between PGP9.5 positive and negative
tumours.
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Figure 47: Scatterplot: The original B-NGF concentrations (as pg/g wet weight of
tissue) for prostate cancers staining positively and negatively for PGP9.5. The bars
show the mean values (3237 and 2982pg/g). There is no significant difference
between these groups (p = 0.228).
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Figure 48: Scatterplot: The B-NGF concentrations "corrected" for the tissue glandular
content (pg/lOOmg wet weight of glandular tissue). Prostate cancers staining
positively and negatively for PGP9.5 are compared. The bars show the mean values
(1141 and 984pg/100mg). There is no significant difference between these groups (p
= 0.548).
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Correlation of B-NGF Assay Results and Gleason Scoring.
The relationship between B-NGF concentration and differentiation of the prostate

adenocarcinomas as expressed by Gleason scoring, was also examined. Figure 49

shows a plot of B-NGF concentration before morphometric correction against
Gleason score (data in tables 1 and 4.) There is clearly little relationship between
these parameters (r = 0.35, p = 0.223.) Similarly figure 50 is a plot of B-NGF
concentration expressed in relation to glandular mass (data in table 6,) against the
Gleason score. Again there is no significant correlation (r = 0.12, p = 0.680).
Like PGP9.5 staining, Gleason scores do not correlate significantly with B-NGF
concentration in pg/g tissue or pg/lOOmg glandular tissue.
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Gleason Score.

Figure 49: Graph: The relationship between the Gleason score of the 15 prostate
cancers and B-NGF concentration (pg/g wet weight of tissue) in those tissues. The
line is of linear regression (Pearson, Minitab). There is only a weak correlation
which is not significant (r = 0.33, p = 0.223).

220



<u 2500
co
</>

»- 2000
22
=3
■o
c

22 1500 H
O)

o

o> 1000
E
o
o

500 -

o>
Q.
u_
<3

6 8

Gleason Score.

10

Figure 50: Graph: The relationship between the Gleason score of the 15 prostate
cancers and their B-NGF concentrations expressed in terms of their glandular tissue
content (pg/lOOmg wet weight of glandular tissue). The line is of linear regression
(Pearson, Minitab). There is only a very weak correlation which is not significant (r
= 0.12, p = 0.680).
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RESULTS OF NORTHERN HYBRIDISATION ANALYSIS.

The presence of B-NGF in substantial amounts (905-5887pg/g wet weight of tissue,)
and its localisation in prostate tissue, had been demonstrated. Initial experience of

P75LNGFR immunohistochemistry also tended to suggest that that protein was

widespread in the prostate tissues. It was hoped, on the basis of these results, that the

presence ofmRNA transcripts for B-NGF and p75LNGFR couid bc demonstrated in

the tissues.

Initially northern blots of total tissue RNA transferred to uncharged nylon

membranes, were prepared. They were probed with a synthetic B-NGF

oligonucleotide probe cocktail (labelled by T4 polynucleotide transferase end-

labelling to >2xl0^dpm/pg,) or with an LNGFR cDNA probe (labelled by Klenow

fragment random primer-labelling to >lx10dpin/ grg). Specific bands of the

expected molecular size (B-NGF = 1.3kb, LNGFR = 3.9kb,) were not detected by
either probe preparation.
The presence of adequate amounts of blotted RNA was demonstrated by the

subsequent stripping of the B-NGF and LNGFR probes and re-probing of the
membranes with a cDNA probe for the 7S ribosomal RNA sequence (random

primer-labelled to >lxl()9dpm/mg). A typical result of such re-probing is shown in

figure 51.

As the mRNAs sought were not shown on the total RNA blots, poly-adenylated RNA
blots were prepared. Using the same probes and probe-labelling as for the total RNA
blots, however, it was still not possible to demonstrate bands representing the

presence of B-NGF or LNGFR transcripts. This was in spite of the use of highly
controlled electrophoresis conditions, high activity probes and pre-flashed

autoradiography films. The presence of sufficient RNA on the blots was checked
after stripping. In the case of poly-adenylated RNA blots the probe used was a cDNA

probe for mouse B-actin (random primer-labelled to >lxlOt)dpm/mg). Such a re-

probed blot is shown in figure 52.
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Figure 51: Photograph of northern blot. Each lane of the blot contains 30ug of total
RNA extracted from prostate tissue. After probing for B-NGF mRNA, which failed to
demonstrate that transcript, the membrane was stripped of probe with boiling 0.1%
SDS. The membrane was re-hybridised with the 7S RNA probe as described. The
expected transcript (720 bases as assessed with RNA size markers) is demonstrated
in all lanes.
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Figure 52: Photograph of northern blot. Each lane of the blot contains lOpg of poly-
adenylated RNA enriched RNA extracted from prostate tissue. After probing for
LNGFR mRNA, which failed to demonstrate that transcript, the membrane was
stripped of probe with boiling 0.1% SDS. The membrane was re-hybridised with the
B-actin cDNA probe as described. The expected transcript (2.1kB as assessed with
RNA size markers) is demonstrated in all lanes.
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REVERSE-TRANSCRIPTION POLYMERASE CHAIN REACTION (RT-

PCR) FOR 13-NGF.

When ligand-competition assay failed to demonstrate LNGFR activity in the prostate

tissue, and later immunohistochemistry suggested that only small amounts of
LNGFR were present in the prostate, attempts to demonstrate LNGFR mRNA were

abandoned. In the case of B-NGF, however, data from immunohistochemistry,
ELISA, and western blotting supported the presence of substantial amounts of the
hormone in tissue.

Therefore the RT-PCR procedure for B-NGF mRNA was developed. Adrenal tissue
was used as a known source of NGF mRNA in developing the procedure. Figure 53
shows a resolving agarose/ethidium bromide gel containing the 542bp fragment

sought. It has been amplified from adrenal tissue.
When it was clear that the RT-PCR procedure was successful in adrenal tissue it was
used on one BPH tissue and one prostate cancer tissue. The results are shown in

figure 54. Subsequently the three BPH, three prostate cancer and two normal tissues
were examined. The results are shown in figures 55, 56 and 57. It was noted that the
variable amounts of the 542bp fragment in the final PCR mixture lead to a variation
in the apparent mobility of the amplified fragment (figures 55 and 56.) Therefore,

empirically, varying amounts of the final PCR mixture were loaded on gels to

demonstrate the identity of the band between samples when the amounts of the

fragment loaded were visually comparable (figures 58 and 59.)
It remained to be shown that the amplified 542bp fragment contained the restriction
sites for the endonucleases EcoRI, Pst I and Dral, which were predicted on the basis
of the PCR product sequence expected. Figures 60, 61 and 62 demonstrate these
restrictions.

To summarise, a specific cDNA fragment for B-NGF containing three predicted
restriction endonuclease sequences, was amplified from the prostate specimens
examined using the RT-PCR procedure.
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Figure 53: Photograph of resolving gel of PCR products. Lane 1 contains the lOObp
ladder for the assessment of molecular weight of amplified DNA. Lanes 2 and 3
contain lOpl of the PCR products from amplification of adrenal gland RNA with
HPRT (lane 2) and B-NGF (lane 3) primers. The expected band of 542bp from
amplification of prostate cDNA is seen in lane 3. The gel is of 2% agarose in TBE
buffer with ethidium bromide.
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Figure 54: Photograph of resolving gel of PCR products. Lane 1 contains the lOObp
ladder. The PCR positive control of HPRT cDNA is in lanes 2 and 4. lOpl of the
PCR products from amplification of cDNA from prostate cancer and BPH are in
lanes 3 and 5 respectively. The 542bp fragment is apparent in both lanes.
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Figure 55: Photograph of resolving gel of PCR products. Lanes 1 & 9: lOObp ladder,
lane 2: HPRT positive control, lanes 3,4 and 5: 10pl each of PCR products from 3
specimens of BPH cDNA amplification with the B-NGF primers, lanes 6,7 and 8:
Negative controls of 10pi each of extraction, RT and PCR reagents as described in
"Methods". Approximately 542bp fragments are seen in lanes 3,4 and 5 but are of
slightly different mobility. The most intense fragment (lane 3) seems to have the
highest mobility.
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Figure 56: Photograph of resolving gel of PCR products. Lane 1 & 9: lOObp ladder,
lane 2: HPRT positive control, lanes 3,4 and 5: 10pl each of PCR products from 3
specimens of prostate cancer cDNA amplification with the B-NGF primers, lanes 6,7
and 8: Negative controls of lOpl each of extraction, RT and PCR reagents.
Approximately 542bp fragments are seen in lanes 3,4 and 5. As in figure 55 these are
of slightly different mobility.
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Figure 57: Photograph of resolving gel ofPCR products. Lanes 1 and 2: 1 Oul each of
PCR products from 2 specimens of normal peripheral zone prostate tissue cDNA
amplification with the B-NGF primers. 542bp fragments are seen in lanes 1 and 2.
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Figure 58: Photograph of resolving gel of PCR products. Lanes 1,2 and 3: Negative
controls of lOpl each of extraction, RT and PCR reagents. Lane 4: HPRT positive
control. In lanes 5, 6 and 7 varying amounts (5-15 jj.1) of the PCR mixes in lanes 3, 4
and 5 of figure 55 (i.e. BPH cDNA and B-NGF primers) have been empirically
loaded to attempt to demonstrate that all are of the same molecular size.
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Figure 59: Photograph of resolving gel of PCR products. Lanes 1,2 and 3: Negative
controls of lOpl each of extraction, RT and PCR reagents. Lane 4: HPRT positive
control. In lanes 5, 6 and 7 varying amounts (5-15gl) of the PCR mixes in lanes 3, 4
and 5 of figure 56 (i.e. prostate cancer cDNA and B-NGF primers) have been
empirically loaded to attempt to demonstrate that all are of the same molecular size.

i
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Figure 60: Photograph of resolving gel of EcoRI restriction of PCR products. The
542bp PCR product from prostate tissue (lane 2) has been subjected to digestion with
EcoRI (lOpl of the digest mix in lane 3). The smaller fragment expected (59bp) is
too small to resolve and is lost. The larger (483bp) is apparent in lane 3.
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Figure 61: Photograph of resolving gel of Pstl digest of PCR products. The 542bp
PCR product from prostate tissue has been subjected to digestion with Pstl (lOpl of
the digest mix in lane 2). The two smaller fragments expected (163 and 168bp) are
seen as a single band in lane 2, while the larger (210bp) is clearly seen.

234



1 2

Figure 62: Photograph of resolving gel of Dral digest of PCR products. The 542bp
PCR product from prostate tissue (10pl in lane 1) has been subjected to digestion
with Dral (lOgl of the digest mix in lane 2). The two fragments expected (224 and
318bp) are clearly seen.
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WESTERN BLOTTING.

Immunohistochemistry for B-NGF using the polyvalent rabbit anti-mouse 2.5S NGF

serum localised the hormone to the prostate epithelium. This was in conflict with

previously published data where B-NGF localised to the prostate stroma [341],
Western blotting was carried out to check the specificity of this serum. The same

aliquot of the rabbit antiserum was used in immunohistochemistry and western

blotting.

Figure 63 shows a western blot where two BPH samples have been subject to

electrophoresis with controls of 50, 10 and 5ng each of rhBNGF and 2.5S-NGF. A
number of points are of note. It is clear that the predominant protein band detected in
both rhBNGF and mouse 2.5S-NGF controls is, as expected, in keeping with the

presence ofmonomeric NGF proteins - i.e. 14.5kDa for human protein and 13.25kDa
for the mouse growth factor. In the case of rhBNGF, however, a second fainter band
at just under 30kDa is also seen. It is believed that this band represents a small

portion of the recombinant protein migrating as the dimeric form of B-NGF in spite
of the denaturing conditions.
In the two preparations ofBPH a band in keeping with monomeric native B-NGF was

not seen. The specific band detected lay, instead, at just less than 30kDa molecular

weight, at the same level as the putatively dimeric band in the rhBNGF control, and
in keeping with migration of B-NGF in the prostate samples in its dimeric form. On
this blot mouse 2.5S-NGF behaved as a monomer only, but it was observed to

display a migration reflecting the presence of dimeric NGF in other experiments

(figure 64).

As seen in the "Introduction" B-NGF dimers are non-covalently linked and, as the

protein is not highly glycosylated, it had been expected that any B-NGF detected by
western blotting would be in its monomeric form, migrating at roughly 13kDa under

denaturing conditions.
Therefore variations in tissue preparation were made to attempt to demonstrate
monomeric B-NGF derived from prostate tissue. The alternative tissue preparation
methods are detailed in "Methods". Figure 65 shows the results of this experiment.
The protein bands produced are not so well defined as in the other blots shown, but
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clearly the alternative methods of tissue preparation did not substantially alter the

electrophoretic mobility of the protein band detected by immunoreactivity with the
rabbit anti-mouse 2.5S-NGF serum.

Figure 66 shows a final blot where two prostate cancer and two BPH specimens have
been treated by the routine method of preparation and electrophoresed, blotted and
detected. The potential reasons for the migration of 13-NGF in its dimeric form are

laid out in the "Discussion".
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Figure 63: Photograph of western blot: Lanes 1, 2 and 3 contain 50, 10 and 5ng
respectively of rhB-NGF while lanes 4, 5 and 6 contain 5, 10 and 50ng respectively
of 2.5S-mNGF. Lanes 7 & 8 contain 300pg each of protein preparations from two
BPH specimens. Size markers are drawn from the positions of "Rainbow" size
markers on the original blot.
The mouse and human pure protein preparations run at 13.25kDa and 14.5kDa
respectively but in lanes 1 and 2 of the human recombinant protein a second band at
just less than 30kDa is seen (arrow.) The human tissue lanes (1 & 2) show a band co-
migrating with this at just less than 30kDa.
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Figure 64: Photograph of western blot: Lane 1 shows the "Rainbow" size markers,
where the 30kDa band has been illuminated by the detecting system. Lane 2 contains
50ng of mouse 2.5S-NGF. The monomeric band at 13.25kDa is seen, but, in
addition, a faint band (arrow) is seen at roughly 26,500Da - in keeping with the
presence of dimeric 2.5S-mNGF.
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Figure 65: Photograph of western blot: Each lane contain 300pg of protein solution.
In lane 1 protein preparation was under standard de-naturing conditions. In lane 2 the
sample was boiled for 20, rather than 10, minutes. In lane 3 the sample was heated to
55°C only, instead of being boiled. In lane 4 denaturing agents were used at double
the concentrations used in standard conditions - i.e. 400mM dithiothreitol and 8%
sodium dodecyl-sulphate. In spite of these variations all lanes are at a molecular
weight of just less than 30kDa as in lane 1.
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Figure 66: Photograph of western blot: Lanes 1 & 2 contain 300pg of protein
prepared under de-naturing conditions from two BPH samples (different from those
in figures 63 and 65.) Lanes 3 & 4 contain 300pg of protein preparation from two
prostate adenocarcinoma specimens. All migrate at rather less than 30kDa - i.e. at
the molecular weight of dimeric B-NGF.
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LIGAND EXCHANGE ASSAY.

Other author's work [321,341] and initial efforts at p75LNGFR

immunohistochemistry suggested the presence of p75LNGFR m prostate epithelium.
This was further investigated by radio-ligand binding assay for LNGFR.

Figure 67 shows the displacement of ["25i]_2.5S mNGF from PC-12 microsomes by

the addition of increasing amounts of unlabelled 2.5S mNGF. Bound [^25^]_2.5S
mNGF cpm were reduced from 4564 to 2764 by the addition of 1500ng/ml of
unlabelled 2.5S mNGF. That is a background of non-specific binding of 60.5%.
Other authors have described non-specific backgrounds of around 50% for LNGFR

assays on membrane preparations [375], Conversely there is no displacement of

[125i]_2.5S mNGF from the microsomes prepared from BPH tissue. That is, there is

no evidence of specific [125pj_2.5S mNGF binding under these conditions (37°C for
one hour.)

Figure 68 shows one of the Scatchard plots generated for the PC-12 microsomes,
under the same conditions, after a number of additional unlabelled 2.5S mNGF

concentrations were added. The Kd for 2.5S mNGF calculated from this plot was

2.40x10'^nM. The total number of receptors was 3.05nmoles/g protein.

The possibility that endogenous NGF was blocking 2.5S mNGF binding sites on BPH

microsomes was investigated by incubation of BPH microsomes with 4M

magnesium chloride solution before assay. Figure 69 shows the result of this assay.

As in the case of untreated BPH microsomes, no displacement of bound [^5]]_2.5S
mNGF was demonstrated after the addition of increasing unlabelled 2.5S mNGF.

The results of varying the duration of incubation of microsomes with labelled and

unlabelled 2.5S mNGF at 4°C are shown in figure 70. Displacement of the labelled
hormone by unlabelled 2.5S mNGF was not demonstrated under any of these

conditions.
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Figure 67: Graph: The displacement of [125jj_2 5S mNGF by unlabelled 2.5S mNGF
from PC-12 but not BPH microsomes. Each data point represent 0. lpg/ml of
microsomal protein with 200,000cpm of [125pj_2.5S mNGF and unlabelled 2.5S
mNGF as shown. Incubated for one hour at 37°C. Data is represented as percentage
of total binding (i.e. at unlabelled 2.5S mNGF = Ong/ml).

243



14 -i

Kd = 2.40x10"8M

[Rt] = 0.305

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

2.5S mNGF bound (nM)
Figure 68: Scatchard plot of the binding of 2.5S mNGF with microsomes from PC-12
cells. Microsomes were as in the previous figure but with unlabelled 2.5S mNGF at

3000, 1500, 750, 562.5, 375, 187.5 and Ong/ml. Incubated one hour at 37°C. The line
drawn is of best fit by linear regression (Pearson, Minitab.) The equation of
regression is b/f= 12.7 - (41.6 x b). r = 0.963, p = 0.008.
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Figure 69: Graph: The failure of uniabeiied 2.5S mNGF to displace j '^3i]-2.5S
mNGF from BPH microsomes treated with magnesium chloride. Each sample
contained 0. lpg/ml of microsomal protein after treatment with 4M magnesium
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Figure 70: Graph: The failure of unlabelled 2.5S mNGF to displace [^25j]_2 5S
mNGF from BPH microsomes at 4°C with various incubations (key). Each point is a
mean of two measures of bound hormone (cpm). Each sample was O.lpg/ml of
microsomal protein with 20,000cpm of [^^I]-2.5S mNGF and unlabelled 2.5S
mNGF as shown. Unlabelled 2.5S mNGF fails to displace the radiolabelled hormone
under all the conditions tested.
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Chapter 5

Discussion.

THE RESULTS OF THIS THESIS.

THE HISTOLOGICAL ASSESSMENT OF PROSTATE TISSUE.

It was a requirement, for B-NGF ELISA, that every assayed chip should be entirely

benign in the case of "BPH" tissues, or should contain at least a portion of
adenocarcinoma in the case of "cancer" tissue. Progressive staining of frozen
sections with Carazzi's haematoxylin and eosin provided sufficiently clear
differentiation of malignant and benign tissues, as assessed by an independent

pathologist, for this requirement to be met.

Unfortunately, as noted, the less extensive nature of well-differentiated

adenocarcinoma in the prostate gland lead to the exclusion of well-differentiated

tumours from the ELISA assessment. This problem made a worthwhile comparison
of B-NGF concentrations in well and poorly differentiated prostate carcinomas

impossible.

B-NGF IMMUNOHISTOCHEMISTRY.

The presence and localisation of antigens reacting with polyclonal rabbit anti-2.5S-
NGF serum were demonstrated immunohistochemically.

Positive staining for the antibody was localised to the prostate epithelium in normal,

benign hyperplastic and malignant prostate tissues. The prostate stroma in all three

tissues, apart from very occasional cells, failed to show specific staining with the
rabbit anti-2.5S-NGF serum. The staining of prostate epithelium was most intense
towards the apical, secretory border of the secretory epithelium. This was most

clearly seen in the benign epithelia while the single layer of epithelium in malignant
tissue showed a more generalised stain. Notwithstanding, basal epithelial cells in

benign tissues were also seen to react with the anti-serum.
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This pattern of positive staining of the prostate epithelium with sera raised against
2.5S or G-NGF was in keeping with previous descriptions in other mammals.

MacGrogan's description of staining in the guinea pig prostate, with mature B-NGF

sequences localised to the apical prostate secretory cells is particularly similar [320],
Shikata had similar findings [339], In human tissue, DeSchryver-Kecskemeti et al
have reported the epithelial distribution of B-NGF in a small number of prostate
tissues. In three prostate adenocarcinomas stained with an anti-B-NGF mouse

monoclonal antibody, epithelial staining of tumour elements was seen. Benign tissue
in the six cases studied showed similar but smaller and more sporadic foci of

staining. The primary antibody concentrations used were similar to those in the

staining reported here [349],
In contrast to these rather consistent findings in mammalian prostates is the report of
Graham et al [341], As noted in the introduction, Graham found positive staining for
B-NGF not in the epithelium but in the stroma surrounding both malignant and

benign epithelia. The antibody used was the same polyclonal rabbit anti-2.5S-NGF
serum used here. Graham used rhodamine conjugated goat anti-rabbit IgG and

immunofluorescence for detection while here sheep anti-rabbit biotinylated F(Ab')2

fragments were used. It would not be expected that such changes in detection
methods would lead to the opposed findings of this work and Graham's. The use of
different blocking sera before application of the primary serum to tissue sections

may explain some of the differences in staining seen. Graham used ovalbumin
solution as the blocking serum. Here 20% sheep serum was used. The use of

blocking serum from the species in which the secondary antibody is raised should
more fully block non-specific binding sites for the secondary antibody than do
albumin solutions [350], Nonetheless, if this were the case it would be expected that
Graham would find staining in both stroma and epithelium. These differences in

blocking sera are more certainly relevant to the localisation of p75LNGFR as

detailed below.

Perhaps the differences in staining in this work and Graham's can be attributed to the

primary antibody dilutions used. Graham used very much more dilute serum than
was used here (1:500 to 1:1000 in comparison to 1:100). Certainly in preliminary
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experiments here to optimise antibody dilution, 1:100 dilutions produced the most
intense staining, while dilutions beyond 1:350 failed to produce specific staining in

prostate tissue. If this were the case, then Graham's findings may simply represent

non-specific staining with secondary antibody in the absence of specific staining
with the rabbit anti-2.5S-NGF serum. In the absence of data here on the use of

rhodamine conjugated secondaries and immunofluorescence it is impossible to be
certain of the reasons for the disparity in results.

ENZYME LINKED IMMUNOSORBENT ASSAY (ELISA) FOR B-NGF.

PRELIMINARY EXPERIMENTS.

Maximising B-NGF yield from prostate tissue.

Attempts to increase the yield of B-NGF from prostate tissue by sonication of tissue
homogenates and enzymic digestion were unsuccessful. These techniques were both
successfully used in EGF and TGF-B extractions previously carried out in this
laboratory [89], In the case of sonication, 6-NGF activity was rendered undetectable
in prostate tissue. The cause of this loss of reactivity is unclear but is presumed to be
due to heating of the homogenised sample in spite of the care taken to maintain

samples at 4°C.
After collagenase and hyaluronidase digestion, B-NGF activity was still measurable
in prostate homogenates but B-NGF concentrations in a given sample were clearly
reduced by this treatment. It was surprising that B-NGF concentrations were reduced.
Stored supernatants from the ultracentrifugation step in tissue preparation
represented the usual assayed sample in these experiments. In spite of the fact that
these supernatants were exposed to collagenase/hyaluronidase for only a matter of
minutes at low temperature before assay their B-NGF concentrations were reduced
by this exposure.

As will be seen in the discussion of the results of western blotting for B-NGF below,

the methods of extraction of protein from prostate tissue used in these studies had
some profound effects on the secondary structure of extracted B-NGF. It is of note
that, in experiments unreported here, the mouse monoclonal anti-2.5S NGF antibody
used in ELISA did not recognise recombinant human B-NGF in western blotting
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conditions. That is, after denaturing electrophoresis, transfer and fixation, epitopes
for the monoclonal antibody were lost. It is presumed that heating at sonication and

gentle enzymic digestion were sufficient to mask these epitopes.
Because of the failure of sonication or digestion to increase assayed B-NGF

concentrations, only simple homogenisation and ultracentrifugation were used in the

preparation of samples for B-NGF ELISA.
The Specificity of B-NGF Assay.
The ELISA system differentiated known concentrations of rhB-NGF when a coating
concentration of primary antibody of 0.4pg/ml was used. In experiments on prostate

tissue, similarly, dilution of assayed samples produced appropriate reduction in
measured B-NGF concentrations, indicating that a specific protein in prostate tissue,
and not a component of the assay or tissue-extraction reagents, was being measured.
The specificity of the assay system has been well documented [351], Flere, the assay

was tested against honnones known to be present in prostate tissue. These shared

sequence homology with B-NGF, in the case of insulin and IGF-I [224], or, in the
case of EGF, were known to have neurotrophic activity [247], Insulin and EGF

showed no activity in this assay system. Although IGF-I showed minimal activity,
this was not related to the concentration of IGF-I present and would clearly not

interfere with the results of the B-NGF assay.

Measurement of B-NGF Recovery from Prostate Tissue.
Previous reports of the use of this assay system in human prostate tissue have not

commented on the use of honnone recovery measures. The manufacturers of the
ELISA reagents recommend that hormone recovery be measured by the addition of
unlabelled B-NGF to portions of tissue homogenates before ultracentrifugation. Then
the difference in assay results between homogenates with and without additional
hormone would represent the recovered fraction of the added amount of hormone.
Here this technique was found unsatisfactory. No differences in assay results were

found with additions of unlabelled hormone up to lOOpg per homogenate. The

reason for this is unclear from these experiments. As noted in the introduction, rhB-
NGF is longer than B-NGF with 10 additional amino-terminal amino-acids. It is

postulated that these additional residues alter the secondary or tertiary structure of B-
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NGF such that the recombinant hormone reacts with prostate tissue constituents

rendering the recombinant hormone unrecoverable. It can be further postulated that
the reduction in availability of native B-NGF noted in the presence of rhB-NGF may

be explained by formation of heterodimers of B-NGF and rhB-NGF monomers which

are similarly unrecoverable. In any case, it was clear that the addition of rhB-NGF

was not measuring B-NGF recovery from prostate tissue.

Hormone recovery was therefore measured by the addition of ,5S mouse

NGF. This technique has previously been successfully used in this laboratory for

prostate tissue peptide assays [89], The advantages of this technique are that the

recovery fraction is measured in the assayed tissue (not in a separate tissue sample,
assumed to be identical to assayed tissue), and that the amount of hormone added is
small - overcoming the problem noted above when adding larger amounts of
unlabelled hormone. At 1500Ci/mmol, 500cpm of the labelled 2.5S mNGF is

equivalent to 3-4pg. The disadvantages are the risk to the operator of gamma

exposure and the possibility that mouse 2.5S NGF, particularly when labelled after
Bolton-Hunter [346], does not behave comparably to native human B-NGF. The first

disadvantage was accepted. As to the second there is ample evidence that mouse

[125jj_2.5S NGF reacts specifically with human growth factor receptors [377] and is

immunologically similar to human B-NGF [351]. As noted in the introduction they
share more that 90% sequence homology.
With modifications of the manufacturer's protocol suggested by these preliminary

experiments the final protocol for B-NGF assay was arrived at.

the results of b-ngf assay.

B-NGF assay in BPH tissue revealed a mean hormone concentration of 1992pg/g wet

weight of tissue (SD = 684pg/g). In adenocarcinomatous tissue, the mean

concentration was 3100pg/g (SD = 1503pg/g, p = 0.512). In the case of normal tissue
the whole prostates available allowed the division of tissue into its central and

peripheral zone components. Their mean B-NGF concentrations were 2691pg/g and
1801 pg/g respectively. Although there were insufficient data-points in normal tissue
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to allow statistical comparison, it was seen that these measures were comparable to

assay results in BPH and prostate adenocarcinoma.

Clearly these measured B-NGF concentrations are higher than those found in human

prostate by previous authors. Harper was unable to demonstrate B-NGF activity in

human prostate using the chick dorsal root ganglion neurite extension assay. The
limit of detection of that assay was estimated at 310pg/g [338], The much greater

sensitivity of the ELISA used here (limit of detection = 5pg/g [351],) would explain
the detection of the range of B-NGF concentrations found.
The ELISA system used has been previously used by MacGrogan et al in B-NGF

assay in prostate tissue. Those authors found B-NGF concentrations of 0-1720pg/g in
human prostate tissue [321], Although these authors detected B-NGF, they clearly
found lower concentrations than were found here. Indeed MacGrogan found
undetectable B-NGF concentrations in ten of the 13 tissues studied. Here rhB-NGF

was used in the control curve for B-NGF ELISA. In MacGrogan's work the control

curve was of mouse 2.5S-NGF, against which the mouse monoclonal antibodies
used in the assay were raised. The ELISA system identifies human B-NGF with 90%

of the efficiency with which it identifies the purified, native mouse hormone [351],
That is, using mouse 2.5S-NGF as the control will lead to an under-estimation of the
concentrations of native human B-NGF present. In addition MacGrogan used the
addition of known amounts of unlabelled 2.5S-NGF to measure hormone recoveries.

The problems in the use of that method encountered here have been seen. It is

thought that the use of rhB-NGF as the control protein and of labelled 2.5S-NGF to

measure hormone recovery explains the higher B-NGF concentrations found here
than those reported by MacGrogan.

TISSUE MORPHOMETRY AND ITS RELATIONSHIP TO B-NGF

CONCENTRATION.

It was clear from the results of ELISA that mean tissue B-NGF concentration was

higher, weight-for-weight, in prostate cancer than in BPH. In both groups of patients
the B-NGF concentration varied widely, as did that measured by other workers [321],

Equally it was clear that B-NGF was localised to the prostate epithelium by
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immunohistochemistry. Therefore the possibility that the variability in B-NGF
concentration in tissue was simply due to variation in epithelial content of the tissues

assayed arose. Further, it is known that prostate adenocarcinoma tissue contains a

higher proportion of epithelial elements than does benign tissue [120], and it may be
that the higher B-NGF concentration found in prostate adenocarcinoma simply
reflects that fact. Therefore an analysis of the epithelial content of the assayed tissues
was carried out.

Epithelial content was estimated by the measurement of epithelial and glandular
elements in prostate tissue sections and the extrapolation of those areas to underlying
tissue component volumes. This extrapolation and the interpretation of ELISA data
in terms ofmorphometric data so derived, depends on two assumptions. Firstly, that
such areas measured on tissue sections truly reflect tissue volumes in the sectioned

tissue. Secondly, that the measured tissue component areas in one part of a prostate

chip are consistent with the values in the adjacent parts of the chip - in this case the

un-sectioned, assayed, portion of the chip.
The first of these assumptions has examined by Rohr et al [354] who cite the work of
nineteenth century geologists and subsequent mathematical models for this

assumption of "stereology" - the extrapolation of volumes from a surface. Thereby
the surface (in this case a tissue section) is itself seen as a sample of the underlying
volumes. It is clearly liable to sampling error but the "geometrical probability" is that

any single surface so made will reflect underlying volumes. In this view the second

assumption seems reasonable. The sample (i.e. the section) will reflect the

neighbouring volumes. Certainly the correction of biochemical data for

morphometric measurements has been described [111,120], but it clearly is subject
to potentially gross sampling error.

Tissue morphometric analysis itself was straightforward. The only difficulty
encountered was as described in the results chapter. Namely, that the accurate

measurement of epithelial areas was precluded by the poor definition of the

epithelial-luminal interface in the frozen sections analysed. Subsequently it was

found that no statistically significant relationship between epithelial volumes and B-
NGF concentrations could be demonstrated. Nonetheless the correlation of
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"glandular" volumes and B-NGF concentrations was strong in both benign (r = 0.67,

p = 0.006,) and malignant tissue (r = 0.70, p = 0.003). This finding, made

independently of immunohistochemical data, strongly supports the
immunohistochemical localisation of B-NGF to prostate epithelium: in tissues with

relatively more benign and malignant glandular elements, B-NGF concentrations

were relatively higher.
The comparison of B-NGF concentrations expressed as pg/g wet weight of tissue, and
as pg/lOOmg of "glandular" tissue, was illuminating. B-NGF concentrations in
adenocarcinoma were higher than those in benign tissues. However, after B-NGF
concentrations were expressed in terms of the assayed tissue's "glandular" content, it
was clear that malignant epithelial tissue contained less B-NGF (x = 1058pg/100mg)
than benign epithelium (x = 1597pg/100mg, p = 0.0195). So the malignant state is
associated with a relative loss of B-NGF by the prostate epithelium in spite of the
hormone's higher concentration in tissue.
Such apparent over-expression of epithelial proteins in prostate cancers has

previously been described, most notably
for PSA. In prostate adenocarcinoma PSA concentrations in prostate tissue are

higher than in benign glands. Such increases in PSA concentrations are dependent
not on over-expression of PSA in malignant epithelial cells. Rather, the greatly
increased numbers of those cells is responsible for the increase in the epithelial

product PSA. In fact, cell-for-cell, prostate adenocarcinoma cells produce less PSA
than do their benign counterparts [378], The data here would suggest that a similar
situation pertains for B-NGF. The absolute increase in B-NGF concentrations noted in
adenocarcinomatous tissue depends not upon over-expression of B-NGF but simply
on increased epithelial cell numbers.
The morphometric analysis here was tedious and subject to sampling error.

Nonetheless it had a major impact on the interpretation of ELISA results. It is

suggested that the interpretation of many differences in biochemistry of benign and

malignant prostate tissues would be affected by the use of morphometric data.
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IMMUNOHISTOCHEMISTRY FOR NEUROENDOCRINE CELL

MARKERS.

Here antibodies against chromogranin A failed to stain prostate tissue, while
antibodies against synaptophysin stained nerve bundles in the gland but failed to

stain any neuroendocrine cells. Both stained cells of the islets of Langerhans in the

pancreatic positive control tissue.
The presence of positive staining of nerve to synaptophysin in the absence of any

epithelial staining would suggest that the typically presynaptic synaptophysin is not

expressed by neuroendocrine cells at this site [170]. In the case of the absence of

positive staining for chromogranin A, however, others have described the widespread

staining of neuroendocrine cells in the human prostate with antibodies against the

protein [174,192], It is suggested that this disparity depends on the particular anti-

chromogranin sera used here and elsewhere. For example, in Cohen's paper

suggesting a prognostic role for chromogranin A staining in prostate adenocarcinoma
the antibody used was a monoclonal anti-chromomgranin A by Enzo, and differed
from the Dako preparation used here [192], Chromogranin A has a number of

different size forms with various tissue distributions. That is, the antibody

preparation here may recognise epitopes not present in the particular chromogranin
A species found in prostate tissue [379],

Staining with antibodies to PGP9.5 showed a positive reaction in islets of

Langerhans and nerve bundles in prostate tissue. In addition however PGP9.5

reactivity was found in prostate adenocarcinomas. Of the seven tumours which
showed any PGP9.5 staining, only two showed confluent, widespread staining - that

is, that classified as grade 3 by di'Sant-Agnese [189], The remainder showed only
isolated patches of PGP9.5 positivity, but these clearly differentiated those tumours

from those which failed entirely to stain for PGP9.5. All tumours which showed any

degree of PGP9.5 staining were grouped together in this analysis.
PGP9.5 staining as a means of identifying neuroendocrine cells in prostate has not

previously been described. However this antigen has been used as a marker for
neural and neuroendocrine cells in many other tissues and is known, in those

settings, to be specific for them [380], Certainly the proportion of prostate cancers
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stained positively with antibodies to PGP9.5 (47%) was identical to that found to

stain for neuroendocrine markers by di'Sant-Agnese and Jensen in 1987 using the

argyrophil reaction and NSE, chromogranin and serotonin immunohistochemistry

[189],

It should equally be said that PGP9.5 reactivity was not found in all prostate cancers

as would be suggested by Abrahamsson's finding of neuroendocrine differentiation in

prostate cancers. Abrahamsson used a number of antibodies against neuroendocrine

markers, each of which only stained a proportion of prostate cancers [190], This

suggests that neuroendocrine cells of the prostate are a heterologous population of
cells. This is borne out by the varied secretory products of these cells [188],

Nonetheless, as the PGP9.5 hydrolase is apparently ubiquitous in cells of neural

differentiation, it is perhaps surprising that all cancers were not stained [171], One

may postulate that the endodermal/cloacal ontogeny of prostate neuroendocrine cells

may lead to varying degrees of "neural" differentiation in these cells - that is that
PGP9.5 is not expressed in all such cells, as it certainly is in cells of neuro¬
ectodermal derivation [172], It is as likely, given the very sparse nature of
neuroendocrine differentiation in some of Abrahamsson's tumours, that PGP9.5 does

indeed stain all neuroendocrine prostate cells and that the relatively limited number
of sections examined here explains the apparent absence of any neuroendocrine cells
in eight of the 15 tumours examined. In any case, it is suggested that the categorical
differentiation of PGP9.5 positive or negative staining prostate cancers here reflects
the degree of neuroendocrine differentiation of those cancers. So, even if all prostate
cancers do contain PGP9.5 expressing cells, those tumours found to be negative here
would be grade 1 tumours in di'Sant-Agnese's classification, while positively stained
tumours would correspond to grades 2 and 3 [189],
The Correlation of PGP9.5 Staining and 6-NGF Concentration.
It was a disappointment that no significant relationship between each prostate

adenocarcinoma's neuroendocrine differentiation and its contained PGP9.5

concentration could be found. The mean 13-NGF concentration in PGP9.5 positive

tumours was marginally greater than that in PGP9.5 tumours, whether expressed as

picograms B-NGF per gram wet weight of tissue or per lOOmg of glandular tissue. It
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may be that if many more cancers were analysed this difference would be

statistically significant. But clearly, whether or not neuroendocrine cells are

prognosticating in prostate cancer [192,196], measurement of B-NGF would not

differentiate cancers with and without neuroendocrine differentiation.

It was seen in the introduction that although neuroendocrine cells may not usefully

prognosticate in prostate cancer, their presence in prostate cancer metastases could
be a mechanism for the development of hormonal independence. Unfortunately
metastatic prostate cancers were not available for B-NGF assay here.
Cancers are clones of a single cell [136], Many cancers induce surrounding cells to

produce a supporting stroma for the cancer cell such that clinically diagnosed
cancers often contain a number of cell types in an ordered architecture. Here,

especially in poorly differentiated prostate cancers, it is clear that neuroendocrine
cells represent a proportion of the epithelial cells of the cancer itself. So, a

proportion of prostate cancer epithelial cells themselves seem to respond to an

unknown stimulus by neuroendocrine differentiation. It may be that that stimulus is
B-NGF or another neurotrophin and that various levels of neuroendocrine
differentiation in prostate cancers depend not on varying neurotrophic concentrations
but on varying prostate cancer sensitivity to neurotrophic stimuli. It is interesting to

speculate that the stimulus to neuroendocrine differentiation in cancer is the same

stimulus that drives the creation of neurally differentiated cells from the
uncommitted epithelial cells of the normal developing cloaca.
B-NGF Concentration and Gleason Score.

B-NGF concentration was correlated with Gleason scoring of prostate cancers. The

use of the Pearson correlation to compare these parameters is admittedly

questionable as Gleason scoring, being based on the subjective judgement of the

pathologist, is not a truly linear nor indeed numerical measurement. Nonetheless it
was felt that this correlation did reflect the lack of a relationship between Gleason

scoring and B-NGF in these data. It is worthy of note that the lack of a correlation
between Gleason score and B-NGF correlation may be due to the exclusion here of

many low grade carcinomas.
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THE IDENTITY OF IMMUNOHISTOCHEMICAL B-NGF-LIKE ACTIVITY

The disparity between the immunohistochemical localisation of B-NGF here and by
other authors may reflect a lack of specificity of the polyvalent primary serum used.
Therefore western blotting of prostatic protein prepared from human tissue was

undertaken to better identify the proteins recognised at immunohistochemistry.
A single protein band of high intensity was identified by western blotting. This

appeared at a molecular weight of rather less than 30kDa. B-NGF is known to be a

non-covalently linked homodimer. Therefore it was expected that under denaturing
conditions any band identified by the polyvalent rabbit anti-mouse 2.5S-NGF serum

would lie in the molecular weight range of the B-NGF monomer - i.e. around 14kDa.

Therefore denaturing conditions were varied by the exposure of prostatic proteins to

higher dithiothreitol and sodium dodecyl sulphate concentrations and by boiling

samples for longer than normal or by heating samples to only 55°C. None of these
manoeuvres altered the position of the band identified on immunoblotting.
There are a number of possible explanations for this apparently high molecular

weight of blotted B-NGF. It may be that the rabbit anti-mouse serum is identifying a

protein other than the described neurotrophins with non-covalently based tertiary
structure - B-NGF, BDNF, NT-3 and NT-4. This seems unlikely. The antiserum is
known to recognise human B-NGF as was demonstrated here by the intense
monomeric bands seen on western blotting of rhB-NGF as well as mouse 2.5S-NGF.
Given the search for human genomic B-NGF-like sequences, it is unlikely that other
undescribed proteins would be present with sufficient homology to B-NGF to be

recognised by the antiserum used. As the band detected lay at the very position
which would be expected for dimeric B-NGF, it seems most likely that the protein

constituting the band does indeed represent covalently bound dimers of B-NGF. In

support of this contention is the finding here of bands similarly suggestive of dimeric
rhB-NGF and 2.5S-NGF in blots of pure preparations of those proteins. The

preparation of rhB-NGF used was more than 98% pure while the 2.5S-NGF

preparation is of 95% purity. In spite of this a small portion of blotted protein in both
cases was detected at a molecular weight to suggest the presence of covalently linked
dimers. It is postulated that the process of protein extraction from prostate tissue, the
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fibrous nature of which necessitates the use of high energy disintegration such as

tissue milling, lead to the generation of covalently linked B-NGF dimers. The B-NGF
molecule certainly contains a number of cysteine residues where such covalent

linkage could occur [222], Further in support of this contention is the finding by

Negro of protein bands consistent with B-NGF dimers in incompletely purified 13-
NGF preparations under denaturing conditions [235],
It is held then, that the protein identified represents B-NGF in a dimeric form.

Certainly the antibody recognised a single protein consistent with such a form. The
antiserum used in western blotting was from the same manufacturer's aliquot as that
used in immunohistochemistry, supporting the specific, epithelial localisation of B-
NGF found in immunostaining.

Unfortunately the western blots do not directly support the identity of antigens
measured by ELISA with B-NGF. The mouse monoclonal anti-mouse 2.5S-NGF

serum used in ELISA was used as the detecting antibody in western blots not

reported here. No protein band was seen, presumably because of the loss of a single
identified epitope under denaturing conditions which commonly limits the use of
monoclonal antibodies in western blotting [368],
It can be seen that the western blots here failed to identify B-NGF-like

immunoreactivity of greater molecular weight than 30kDa. So, no evidence for the

presence of 42-65kDa proteins as suggested by Djakiew's studies of prostate cells in
culture was found [342], These data would suggest that B-NGF activity in the human

prostate represents B-NGF itself.

THE ENDOGENOUS PRODUCTION OF HUMAN PROSTATIC B-NGF.

Immunohistochemistry, ELISA and western blots all demonstrated the presence of B-
NGF protein in human prostate tissue. The presence of B-NGF mRNA transcripts,

demonstrating the endogenous production of B-NGF by human prostate, was sought.
It did not prove possible to detect the mRNA in northern blots. In spite of the use of

high activity oligonucleotide probes (>lxl0^dpm/pg), long exposure to pre-flashed

autoradiography film, and the demonstrable presence of high amounts of blotted

prostatic total and poly-adenyl-enriched mRNA species.
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These findings are in keeping with those ofMacGrogan et al [321], They had similar

problems in demonstrating the presence of B-NGF mRNA transcripts using random-

primer labelled cDNA probes. They adopted a technique of polymerase chain

reaction labelling, generating probes of 2xl09cpm/pg. Thereby they were able to

show mRNA transcripts in BPH tissue. The process of radiolabelling by PCR was

not available here, and therefore a simple method of reverse transcription-

polymerase chain reaction was used to demonstrate B-NGF transcripts.
B-NGF mRNA transcripts were found in all the BPH and prostate carcinoma tissues
examined. It was concluded that both malignant and benign prostate tissues were

endogenously producing B-NGF.
The RT-PCR used here was non-quantitative and no comment could be made as to

the relative amounts of B-NGF mRNA present in malignant and benign tissues. The
DNA fragment generated was relatively long (542bp) for a PCR product. It was not

possible to identity primer sites in Borsani's B-NGF cDNA sequence closer together,

so as to produce a PCR product of the ideal length (200-300bp). Perhaps the length
of the PCR product explains the difficulty seen in electrophoresis of RT-PCR

products, whereby samples of PCR product from different samples appeared to be of
different lengths. It was shown empirically that, when similar amounts of PCR

product from each specimen were loaded, such behaviour was abolished and all PCR

products were of the expected length of 542bp. The identity of PCR products was

further checked by digestion with the restriction endonucleases Dral, EcoRI and Pstl.
All produced restriction fragments of the expected length.

LOW-AFFINITY NERVE GROWTH FACTOR LIGAND EXCHANGE

ASSAY.

Ligand exchange assay for B-NGF binding sites was undertaken on the basis of initial

findings at p75LNGFR immunohistochemistry. That is, that p75LNGFR was

profusely present in prostate benign epithelium - as was previously reported by

MacGrogan [321] and Graham [341],
PC-12 rat phaeochromocytoma cells provided a positive control and ligand exchange

assays were carried out using labelled and unlabelled mouse 2.5S NGF on PC-12 and

260



prostatic tissue microsomal preparations. In spite of the demonstration of specific

binding by PC-12 and the generation of a Scatchard plot for that binding, specific

binding of 2.5S NGF could not be demonstrated in the prostate tissues studied.

Variation in binding conditions used, and the abolition of binding by endogenous B-
NGF present in prostate tissues, did not alter this finding.

NORTHERN HYBRIDISATION FOR p75LNGFR.
As with B-NGF mRNA, it was not possible to show the presence of p75FNGFR
mRNA in prostate tissue. Again, blots contained adequate amounts of blotted total or

polyadenylated RNA species and, in this case, a cDNA probe of high specific

activity (lxlO^dpm/pg) was available.
This finding was surprising in that MacGrogan et al were able, easily, to demonstrate

P75LNGFR transcripts in prostate tissue. Why there was this disparity in results is
not clear. It can be said that here both ligand exchange assay and northern blotting

did not demonstrate the presence of p75LNGFR jn the significant amounts suggested

by others' p75^NGFR immunohistochemistry.

p75LNGFR IMMUNOHISTOCHEMISTRY.

Graham et al [341], and subsequently Pflug et al [345], describe p75FNGFR
immunohistochemistry with the Boehringer mouse monoclonal anti-human nerve

growth factor-receptor antibody used here. As in the B-NGF immunohistochemistry

reported by Djakiew's group, these authors used immunofluorescence detection and
5% ovalbumin as the blocking serum. Here with 5% bovine serum albumin as the

blocking serum similar results were obtained. That is, p75LNGFR was localised to

the basal proliferative layer of benign prostate epithelium. This staining was profuse,

specific and widespread in the benign tissues studied. p75fNGFR staining was not

carried out in malignant prostate tissue here, but in Graham's work p75^NGFR was

reported to be localised to the malignant epithelium [341], MacGrogan et al report a
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similar distribution of staining in benign prostate tissue but the exact protocol of
their staining technique is not clear [321],
The failure of both northern blotting and ligand exchange assays to show the

presence of p75LNGFR jn prostate tissues here lead to a reassessment of the

P75LNGFR staining. Prostate tissue was stained with the mouse monoclonal anti-

human nerve growth factor-receptor antibody again but after blocking the sections
with 20% normal goat serum in keeping with the biotinylated goat anti-mouse IgG

antibodies used for detection. After this change all epithelial staining for p75LNGFR
was lost in the 15 benign and 15 malignant prostate tissues studied. This negative

staining of both benign and malignant prostate epithelia was seen in the presence of

positive staining of smears of p75^NGFR expressing PC-12 cells.

In those prostate sections stained by this second method of p75LNGFR
immunohistochemistry, very sparse, fibrillary and punctate areas of positive

p75LNGFR staining were seen. The exact nature of these areas in terms of the cell or

tissue types bearing p75^NGFR |s unclear in the absence of double staining

immunohistochemical studies of prostate tissue with anti-p75LNGFR ancj a variety
ofmarkers of cellular differentiation. However it is the contention of this work that

these areas most likely represent the staining of the cellular populations most

commonly expressing p75LNGFR in the adult - that is, sympathetic and sensory

neurons and their supporting Schwann cells [330-332],

CONFLICTING VIEWS OF B-NGF IN THE HUMAN PROSTATE.

TheWork of Djakiew.
The work presented here suggests a distribution and concentration of B-NGF in the
human prostate in keeping with that found in the prostate and its analogues in other
mammals. As discussed elsewhere in this work, an alternative view of B-NGF in the

human prostate has been propounded by Djakiew and his co-workers in a number of

papers.

Central to this view is the distribution of B-NGF-like immunoreactivity found by

Graham el al [341], There, NGF was localised to prostatic stroma surrounding
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prostatic glandular elements, while p75LNGFR was localised to prostatic epithelial
cells. Differences in the protocols for immunohistochemistry in that study and here

have already been noted. Djakiew's group have repeated the staining of p75LNGFR
with similar results and have further stained prostatic tissue for p 140/r^ receptors,

finding a similar epithelial distribution of those receptors to that for p75LNGFR
Again, in that second study the blocking solution used in immunohistochemistry was

not described, or was ovalbumin and not a serum specific to the secondary antibody

[345J. It is also noteworthy that MacGrogan et al were unable to demonstrate the

presence of pl40/r^ mRNA in human prostate on northern blotting.
In support of the findings of immunohistochemistry, Djakiew cites results from cell

culture. There he found that cultured prostatic malignant epithelia (TSU-pr-1) and

primary culture of benign prostatic stromal cells both produce B-NGF

immunoreactivity. It is not clear why prostatic epithelial cells in culture should

produce NGF when Graham did not find such production in vivo [341,342], Equally

Djakiew and co-workers suggest, on the basis ofwestern blots, that BPFf and prostate

carcinoma tissues produce less p75^NGFR than does normal prostate tissue and that
this finding supports their semi-quantitative findings of decreased

immunohistochemical staining in BPH and prostate cancer cells in culture, compared
to normal prostatic cells [344],

Djakiew's view is that B-NGF or B-NGF-like proteins in the prostate are stromal

products which act on high and low-affinity epithelial receptors to stimulate

epithelial growth. This view is based on immunohistochemical studies with, it is

suggested, questionable protocols. The findings of these immunohistochemical
studies are supported by findings at primary and other cell cultures, with their
inevitable problems of changes in prostatic cellular phenotypes caused, it seems, by
the process of culture itself [381], In Djakiew's view, B-NGF has a role very similar
to that of other prostatic growth factors in mediating stromal and epithelial growth.
In this view the essentially neurotrophic role of B-NGF elsewhere in humans and
other mammals is irrelevant to its prostatic functions.

263



The Role of B-NGF Suggested by this Work.

The data presented here suggest a very different function for B-NGF. Firstly,

immunohistochemistry, supported by tissue morphometric and ELISA data, and

western blotting suggest that B-NGF is an epithelial product in the human prostate.

ELISA data suggest that it is present in sufficiently high concentration in benign and

malignant glands (greater than lng/ml) to exert its neurotrophic function [382], RT-
PCR demonstrates the endogenous production of B-NGF in benign and malignant
human prostates, while western blotting would suggest that B-NGF-like

immunoreactivity in the gland truly represents B-NGF and not a heavier analogue of
it. More detailed examination of B-NGF immunohistochemistry here reveals

epithelial B-NGF to be most densely present at the apical, secretory border of the

prostatic glandular epithelium. B-NGF was also found, albeit more sporadically in

prostatic basal epithelial cells.

B-NGF, then, is a secretory protein of the prostate epithelium being secreted into the
lumina of the prostatic glands and ducts. This is in keeping with findings in other
mammals where B-NGF is present in significant concentrations in prostatic fluid.
Some of the roles of B-NGF in the prostatic fluid and ejaculate are dealt with below.
The distribution of B-NGF in basal cells would suggest that in addition to its
exocrine secretion, the hormone is acting on prostatic elements subjacent to the

epithelium in the prostatic stroma.

Any suggestion of the nature of prostatic stromal elements reacting to B-NGF based
on the evidence here is more contentious. It is suggested, however, that the failure to

demonstrate NGF receptor sites or mRNA for p75LNGFR here was because of the
low abundance of these receptors in the prostate. So, in contrast to earlier

P75LNGFR immunohistochemistry, it was found that p75^NGFR staining in

malignant and benign tissue, used here as a marker of B-NGF responsive cells, was

very sparse. It was localised to tiny, punctate areas of prostatic stroma which seemed
not to be related to the nuclei of prostatic stromal cells. It is held that these areas

represent sensory and sympathetic neuronal processes, or their supporting cells, in
the prostate.
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In this view B-NGF in the human prostate, as in lower mammals, and in keeping with
its well documented neurotrophic functions, is an epithelial product secreted into

prostatic fluid and additionally into the prostatic stroma. In the stroma it acts

neurotrophically on sympathetic and sensory nerves of the gland. Thereby it is

responsible for the maintenance of the prostatic nerves and presumably, in the

developing prostate as in other developing tissues, for the growth of that nerve

supply and its distribution to its targets.

REPRODUCTIVE FUNCTION OF B-NGF.

The functions of prostatic fluid are, as noted in the introduction, unclear. However

they have largely been understood in terms of its effects on spennatozoa. Coffey has

suggested that prostatic fluid has anti-bacterial functions in the male genital tract

[29], B-NGF may act as mediator of such functions by its activation of p75LNGFR.
and, more especially, pHO^-bearing lymphocytes, to enhance both humoral and

cellular immunity [257,383], In addition to these general effects, however, specific
roles for B-NGF in reproductive processes have been described.
B-NGF is known to be generated in the mammalian testis, being localised by

MacGrogan et al to the cytoplasm of germ cells [320], The presence of B-NGF
mRNA has been demonstrated in spermatocytes and other germ cells [384], while

Sertoli cells express p75^NGFR which is down-regulated by increased androgen
concentrations [385], More recently Russo et al have demonstrated the expression of
a 3.2kb mRNA transcript in mouse testis which hybridised with probes against 3.7kb

p75f.NGFR mR]\jA under high stringency conditions in northern blots. This short
LNGFR transcript was localised to spermatids on in situ hybridisation. Most

interestingly the expression of this transcript only began on the 18th post natal day of

experimental animals - contemporaneously with the beginning of spermatogenesis in

the mouse. p75^NGFR mRNA itself was seen to be expressed in the lamina propria
around seminiferous tubules in the embryonic testis. Russo speculates that B-NGF
and the other neurotrophins, and their receptors, are intimately involved both in the

development of testicular architecture and the changes in the gonad occurring at
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puberty [386], In the human testis both B-NGF and neurotrophin receptors have been
demonstrated [387,388],

Distal to the testis in the male tract, functions for B-NGF in the prostatic plasma are

less definite. It is known, however, that B-NGF is associated with actin-rich

acrosomal area of the spermatozoon critical for the penetration of the ovum at

fertilisation. The capacity of B-NGF to bind the kallikrein-like, y-subunit of the 7S

NGF protein complex has lead to the suggestion that, in the ejaculate, it may protect
the gamete from the activity of that and other protease enzymes [320],

15-NGF IN NON-PROSTATIC HUMAN TUMOURS.

In view of its neurotrophic nature, and the apparent ubiquity of its effects on normal
neural crest derivatives, it is unsurprising that most studies of B-NGF in neoplasia
have emphasised its action in tumours derived from the neural crest.

The characteristic behaviour of immortal cell cultures of such neuroectodermal

tumours has been seen in the case of PC-12 already. In Greene and Tischlers' original

description of PC-12 exposed to physiological concentrations of B-NGF, growth
arrest and differentiation, in terms of neurite outgrowth, were seen [270], That is, B-
NGF acts to limit the growth of the neoplastic cell and cause its differentiation.

Yaeger et al have described similar behaviour in human neuroectodermal cell lines

[389], In the D54 glioma, U118 and U251 glioblastoma multiforme, TE671
medulloblastoma and Hs294 melanoma cell lines, B-NGF treatment lead to a

reduction of growth rates and varying degrees of differentiation. All such cell lines
are known to carry neurotrophin receptors with melanoma cell-lines having a

particularly high concentration of these receptors [377], Ross et al have
demonstrated the presence of neurotrophin receptors on the further melanoma cell

lines, WM245 and A875 [330], The latter bears large numbers of B-NGF binding
sites and has been used as a source of such sites for their characterisation [377],

The potential for phenotypic change in cultured cells has already been noted in
relation to the work of Djakiew on B-NGF in the human prostate. These cell culture
studies of human neuroectodermal tumours, however, are supported by in vivo

findings. Ross et al found staining for neurotrophin receptors in human pigmented
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naevi and melanomas. They also demonstrated such staining in neurofibromas and a

phaeochromocytoma [330], Most significant, perhaps, is the description of

neurotrophin receptors in human neuroblastomas by Kogner et al. They carried out

northern blots for p75LNGFR ancj pi40trkA mRNA transcripts in neuroblastoma
tissue from 45 children. On the basis of these blots they distinguished three groups of

children. In those with neuroblastomas expressing both p75LNGFR ancj p\4QtrkA^
survival was 100% (n = 19). In contrast neuroblastomas expressing no pl4Cfr^ and

with variable p75LNGFR expression were invariable fatal (n = 15). 63% of children

had survived neuroblastomas with pl40/r^-/' expression but lacking p75LNGFR
[390],
In neural crest-derived human tumours then, B-NGF acts to slow tumour growth, and

the expression of B-NGF receptors, particularly the p\40tr^ proto-oncogene

product, is associated with less aggressive tumour behaviour.

B-NGF IN HUMAN PROSTATIC ADENOCARCINOMA.

In spite of the good prognostic value of B-NGF and B-NGF-responsiveness in these

non-prostatic tumours, the postulate of this thesis was that B-NGF production by

prostatic adenocarcinomas might be a bad prognostic sign.
In this view neuroendocrine cells of the prostate are seen to be derivatives of
endodermal rather than neuroectodermal lineages as discussed in the introduction,
and based on the work of Le Douarin [164]. Equally, being present in relatively high
numbers in prostate cancer metastases in comparison with primary tumours,

neuroendocrine cells in prostate cancers are presumed to be derivatives of
adenocarcinomatous prostatic epithelial cells. Then, the presence of B-NGF in

prostate cancers, and its capacity to cause neural differentiation in cell lines, could
be seen to be related to the occurrence of neuroendocrine cells in prostate cancers.

The data presented here, however, do not support this postulate. B-NGF was

expressed in biologically active concentrations by all the prostate cancers examined
here. It was not, however, possible to demonstrate by ligand exchange, northern

blotting or immunohistochemistry, that prostate epithelial cells had the capacity for
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B-NGF responsiveness in terms of B-NGF receptor expression. No significant
correlation was found between prostate adenocarcinoma B-NGF concentrations and

the presence or absence of neuroendocrine cells in those tumours. Neither was it

possible to show a correlation between the B-NGF concentrations in prostate

adenocarcinomas and the most widely reported histological parameter of
differentiation and hence prognosis - that is, Gleason scoring.
The data of this thesis would suggest that B-NGF is a normal product of prostatic

epithelial cells and that such cells continue to produce B-NGF after
adenocarcinomatous change. The data on B-NGF concentration as measured directly

by ELISA would suggest that B-NGF expression is increased in prostate cancer. In

fact, the correction of ELISA data for morphometric parameters of assayed tissue
would suggest a more complex picture. Thereby, although the absolute concentration

of B-NGF was raised in prostate cancer tissue, the concentration of B-NGF per unit
mass of epithelial cells, was less in the transformed state than in benign tissue. This
situation for B-NGF closely parallels that of the much more commonly assayed

prostate epithelial product, PSA. Although PSA levels in prostate cancer are higher
than in normal prostate and BPH tissue, the production of PSA by the individual

prostate cancer cell is reduced in comparison to its benign counterpart. The clinically
useful rise in tissue and circulating PSA in prostate cancer is simply caused by the
increased density of epithelial cells in malignant tissue [378],
B-NGF expression, as a by-product of increased epithelial cells in prostate cancer,

may have no teleological purpose - as seems to be the case for PSA. It may be, as is
further considered in the case of BPH below, that B-NGF production by malignant

prostate epithelium is responsible for the acquisition of elements of stroma by

growing prostate cancer epithelia. However it is unlikely that B-NGF production or

responsiveness is involved in oncogenesis itself.

B-NGF IN BENIGN PROSTATIC HYPERPLASIA.

The data presented in this thesis suggest a a more likely role for B-NGF in BPH than
in prostate adenocarcinoma. As noted in the introduction, differential measures of

growth factor concentrations in normal prostate tissue and BPH have rarely shown an
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increase in these factors in BPH. A few studies have suggested that TGF-B and bFGF
concentrations are increased in BPH, and this increase has been mooted as a cause

for prostate tissue growth and particularly for the increased stromal tissue densities
seen in BPH in comparison to normal tissue [80,143,150], Here, in keeping with the

majority of studies, the two normal prostate tissue samples available had B-NGF
concentration in the range of the 15 BPH samples measured. It does not seem that B-
NGF expression is significantly increased in BPH.
What role could B-NGF have in the development of the BPH nodule? The best

described function of B-NGF is the stimulation and maintenance of sympathetic and

sensory neural processes in the periphery. Sympathetic nerves are present in prostate

tissue [65], In Chappie's description of innervation of BPH tissue it is clear that BPH

tissue, at least in some areas, bears increased numbers of sympathetic nerves as

demonstrated by dopamine-B-hydroxylase staining [151]. The data presented here,

suggesting that prostate epithelium produces B-NGF which acts on p75LNGFR_
bearing stromal nerve fibres or their supporting cells, would make B-NGF the most

likely mediator of sympathetic nerve growth into the BPH nodule.
The action of B-NGF in the periphery of the developing organism is to rescue

susceptible nerve fibres from naturally occurring cell death [243], It has been less
clear that B-NGF can promote nerve growth in the mature organism. Recently,

however, evidence that B-NGF can stimulate nerve growth in the adult has appeared.
Thrasivoulou and Cowen have studied the rat middle cerebral artery. In mature and

elderly animals the artery has a sympathetic nerve density of around half of that seen
in young animals on tyrosine hydroxylase immunohistochemistry. Transplanted rat

middle cerebral arteries showed a similar difference in the density of innervation

which depended on the age of the artery donor and not on the age of the recipient.
That is, the artery is re-innervated after transplant and the degree of re-innervation

depends on the influence of the arterial graft itself. Moreover, the application of B-
NGF to elderly rat arterial transplants lead to a higher degree of re-innervation of the

graft than was seen in untreated grafts from young animals. So B-NGF, at least in this

model, does stimulate sympathetic nerve growth in the adult mammal [391],
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a-adrenoreceptor antagonists are increasingly prevalent in the management of

symptomatic BPH and lead to a decrease in urethral closing pressure [63,392,393],

Through promotion of adrenergic nerve growth, B-NGF may promote the dynamic

component of increased urethral pressure in BPH.

Potential trophic effects of prostatic innervation on prostate cells and thereby on the
fixed component of increased urethral pressure should also be considered. The
decrease in size of secretory units on the denervated side of unilaterally denervated
rat prostates was reported by Martinez-Piniero et a/ [394], Such changes most likely

depend on the loss of cholinergic secretomotor fibres. Adrenergic innervation may

also, however, be involved in trophic changes in smooth muscle. Vascular smooth
muscle has received most study in this regard. It is clear that cultures of such smooth
muscle show increased growth in response to the application of catecholamines

[395,396],

The major finding of this work has been the production of B-NGF in biologically
active concentrations by prostatic epithelium. B-NGF production represents a means

whereby growing prostatic epithelium can recruit a sympathetic nerve supply. The

presence of sympathetic nerves and their catecholamine products in BPH is

responsible for a proportion of both dynamic and fixed urethral resistances in the

clinically manifest disease (figure 71).
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B-NGF

Noradrenaline

Figure 71: TGF-B, bFGF and B-NGF as mediators of the stromal-epithelial
relationship in BPH. TGF-B and bFGF are produced by epithelia and stromal cells
respectively. They act synergistically to promote stromal growth while the growth
inhibiting effects of TGF-B at the epithelium temper the growth promoting effects of
bFGF as described by Walsh [150], B-NGF is secreted by epithelial cells both into the
prostatic lumina and stroma. In the stroma it acts to promote sympathetic nerve
growth. The sympathetic nerves in turn release catecholamine causing increased
smooth muscle tone and additionally smooth muscle growth.
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FURTHER EXPERIMENTS PLANNED.

The Identity of p75LNGFR Staining in Prostatic Stroma.

This interpretation of B-NGF's role in the prostate, and particularly in BPH, depend
on the presence of sympathetic nerves bearing neurotrophin receptors in the prostate

stroma. Here, the presence of p75LNGFR in the prostate stroma in a distribution
consistent with its presence in sympathetic nerves has been shown. Further, it is clear
from a number of studies that sympathetic nerves are distributed to normal prostate
and BPH tissue [65,151],

The combination of staining for p75LNGFR an(j markers of general neural

differentiation (such as PGP9.5) and specifically for adrenergic neurones (dopamine-

B-hydroxylase) would allow the identification of p75' -i^'^-bearing elements in the

prostate. Immunohistochemistry of serial sections of prostatic tissue for these various
stains would allow such an identification. A more definite if more demanding

method would be the double staining of single prostate sections with p75LNGFR an(j
neural cell markers.

Prostatic Epithelial B-NGF Production.
The most contentious finding of this work has been the localisation of B-NGF to the

prostatic epithelium. This immunohistochemical finding is supported by western

blotting and by the combination of tissue morphometry with ELISA data.
Further confirmation of the epithelial localisation of B-NGF in the prostate could be

provided by in situ hybridisation studies. The difficulty encountered here and by
other authors in northern blotting would suggest that prostatic B-NGF mRNA is a

low abundance message. It may be that the B-NGF mRNA message would only be
localised by in situ PCR techniques. The demonstration of such message would not

only confirm or refute the conflicting localisations of B-NGF but would also localise
B-NGF expression as opposed to the simple presence of B-NGF protein.
The presence of B-NGF in mammalian and human semen has been well recorded.
The identification of B-NGF in expressed prostatic secretion by ELISA, or more

specifically by western blotting, would be a simple method to support its secretion by

prostatic epithelial cells. It would be interesting to compare B-NGF levels in
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expressed prostatic secretion from normal and prostatitis patients. The potential for
B-NGF to act as an inflammatory mediator may be elucidated by such a study.
Neuroendocrine Cells in Prostatic Carcinoma.

In the discussion of the correlation of PGP9.5 staining and B-NGF concentration

above, the possibility was raised that neurotrophic influences may stimulate
neuroendocrine differentiation in prostate cancer cells - in spite of the failure here to

demonstrate a correlation between PGP9.5 expression and B-NGF concentration. It is
clear from Djakiew's work that some cultures of prostate cancer cells express

neurotrophin receptors. It would be a relatively simple study to expose prostate

cancer cell-lines to B-NGF for longer periods than in Djakiew's studies. Any

neuroendocrine differentiation induced by such exposure could by demonstrated by

simple staining of cell-cultures with anti-PGP9.5 sera.
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Growth factors in benign prostatic hyperplasia
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Benign prostatic hyperplastic tissue has been shown to produce, and
respond to, a variety of peptide growth factors which appear to mediate
communication between cells in the gland. Androgenic effects may be
exerted on prostatic tissue through the modulation of these hormones and
their receptors.

Current Opinion in Urology 1993, 3:1-4

Introduction

The traditional view of the control of prostate cellular
growth in both normal and disease states has emphasized
the role of androgens. These behave as classical endo¬
crine hormones in that they are secreted by the testis into
the blood and reach their target organs via the circulation.
Certainly, androgenic influence is a prerecjuisite of nor¬
mal prostate development and the development of be¬
nign prostatic hyperplasia (BPH). Individuals with defec¬
tive androgen receptors develop only vestigial prostates
and BPH does not develop in individuals castrated before
puberty. Nevertheless, studies of prostate cells in culture
have demonstrated that many will grow in the absence
of androgens.
Such findings have led to the investigation of other hor¬
monal factors that may influence prostate growth. Much
of this interest has centred on the growth factors. Unlike
the endocrine hormones, growth factors are produced by
a wide range of tissues and not predominantly by a single
glandular organ. Their effects are manifest locally in their
tissue of production and not on distant target organs.
Such effects of diffusible factors on neighbouring cells
are termed 'paracrine'. Some cells secrete factors that af
feet the secreting cells themselves ('autocrine' secretion).
This self stimulation has also been described in relation
to growth factors.
The literature relating to growth factors in the prostate
is confused. Studies in experimental animals, human au¬
topsy material, operative specimens, organ cultures and
cell cultures have often provided conflicting information.
In this review, the growth factors identified in the prostate
will be briefly discussed with particular reference to pa¬
pers appearing in the past 12 months.

Epidermal growth factor

Epidermal growth factor (EGF) is the best described
growth factor in the human prostate and can be taken

as a paradigm of this family of proteins. It is a relatively
small protein consisting of a single chain of 53 a-amino
acids with a molecular weight of 6 kDa: typically, the
growth factors have a molecular weight of less than 30
kDa. Like other growth factors, EGF acts upon specific
glycoprotein cell surface receptors. Binding of EGF to its
receptor stimulates protein kinase activity in the intracel¬
lular portion of the receptor. EGF binding is followed
by phosphorylation of a number of intracellular pro¬
teins including the receptor itself and by the activation
of secondary intracellular messenger systems [1*]. The
end result, typical of most but not all growth factor ac¬
tions, is DNA replication and cell division [2].

EGF is produced by the human prostate and has been
isolated from prostatic and seminal fluid in addition to
prostatic tissue [3**].

Prostate epithelial cell growth in culture requires EGF
amongst a number of factors but, as noted above, not
androgens [4], Further, in the androgen-sensitive LNCaP
malignant prostate cell line, administration of androgen
leads to an increase in the number of EGF receptors ex¬
pressed. It has been postulated that in-vivo effects of an¬
drogens may be mediated by changes in the expression
of peptide hormones or of their receptors.

In the past year, Frydenburg et al. [5**] published di¬
rect evidence of a correlation between EGF and andro¬
gen responsiveness in vivo in BPH. Previous studies on
prostate tissue, in contrast to in vitro cell culture stud¬
ies, have failed to show such a correlation. Indeed, it has
been stated that EGF receptors are present in only a small
proportion of BPH samples and that this hormone has
no significant role in the growth of BPH [6]. Fryden¬
burg used a tritiated synthetic androgen for androgen-
receptor-binding studies, a video image analysis system
to analyze the epithelial content of the tissues histologi¬
cally, and very careful tissue handling to exclude burnt
tissue from transurethral resection specimens. Thereby
EGF receptors were demonstrable in over 80% of 89
BPH specimens studied. A significant positive correla-
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BPH—benign prostatic hyperplasia; EGF—epidermal growth factor; FGF—fibroblast growth factor; TGF—transforming growth factor.
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tion between androgen and EGF receptor numbers was
demonstrated.

Further confirmation of the expression of EGF receptors
in BPF1 has been published by Mellon et al. [7*]. In an
immunohistochemical study, they found that 88% of 34
BPFI samples examined stained positively for EGF recep¬
tor. It is of note that in normal prostates from young men
(under 30 years of age) studied in our laboratory, EGF
receptors are not present or are present at very low levels
[!•]. In Mellon's [7*] and other previous reports, recep¬
tor expression was found only in the basal layers of the
epithelium. There was no evidence of receptor expres¬
sion in the prostatic stroma.

Jones and Flarper [8] have recently further elucidated the
relation of epithelial cell growth and the expression of
EGF receptor in the prostate. They studied the prolif¬
eration of BPH explants with immunohistochemistry for
the Ki-67 antigen (a marker of proliferating cells). They
allied this with cytokeratin, prostate-specific antigen and
prostatic acid phosphatase immunochemistry, which dis¬
tinguishes basal from luminal cells. They also stained for
EGF receptor. The outgrowth from their explants was of
EGF receptor-positive basal cells in all cases. As the au¬
thors state, such explants may behave in this way simply
as a response to injury. Notwithstanding this, their study
supports the belief that basal epithelial cells behave as
stem cells with the capacity for proliferation in response
to external stimuli.

ing to DNA fragmentation, chromatin condensation and
apoptosis. Similar changes are seen after castration and
the time course of these changes is similar after both
castration and TGF Pj application. It is suggested that
TGF-Pj is involved in the programmed cell death of
rat prostate after castration. This work has been car¬
ried out in rodents only but it suggests that the effects
of androgen depletion on prostate cell death may be at¬
tainable without the effects of such depletion on other
androgen target organs.

Fibroblast growth factor

Acidic and basic forms of this hormone are described;
both are mitogenic for prostate epithelial cells in vivo.
The production of the basic form has been described in
the human gland [11]. Fibroblast growth factor (FGF) is
of particular interest in BFH because it is mitogenic for
prostatic fibroblasts in addition to epithelial cells [12],
It is clear from morphometric studies that increase in
the stromal, fibrous elements of the gland is responsible
for most of the tissue mass in this condition [13]. In an

elegant study using northern blot hybridization analysis,
Mori et al. [14] have demonstrated a significant increase
in the expression of the basic FGF gene in BPH in com¬
parison to normal tissue.

Transforming growth factors

As their names suggest, the transforming growth factors
(TGF) (a and P) have been particularly associated with
the transformed malignant state. TGF-a is a product of
a wide variety of malignant tissues and has more re¬
cently been described in benign tissues. Its amino-acid
sequence shows 45% homology to that of EGF and it
acts on the same receptor as that hormone. It has re¬
cently been described in BPH for the first time. With a
radioimmunoassay, Yang et al. [9"] have demonstrated
its presence at approximately one-half of the concentra¬
tion of EGF in tissue from transurethral prostatectomies.
Concentrations in prostate cancer tissues were similar
but normal prostate tissue was not studied.

Five distinct isomers of TGI" (3 are described (TGF-P1_5.)
Unlike the other growth factors described, they gen¬
erally inhibit the growth of target cells. Isaacs' group
[10"] have studied the effects of TGF-(3] on normal rat
prostates in vivo and in vitro. In vitro they have demon¬
strated a dose-dependent effect of TGF-Pj in increasing
cell death in the presence of androgens. Their in-vivo
studies involved the application of 50 ng/day of TGF-Pj,
via a pump and cannula, directly to the ventral prostate.
In the presence of normal serum testosterone levels, an¬
imals treated in this way suffered reduction in the mass
of the ventral prostate. The reduction in prostate mass is
attributed to programmed cell death. That is, it involves
a series of energy-dependent biochemical changes lead-

Other growth factors
The growth factors described above have received the
most attention but many others have been described in
the prostate. Anong them are insulin and insulin-like
growth factors I and II, platelet-derived growth factor,
the haemopoietic growth factors, prolactin and growth
hormone [3"]. In fact, this list can be extended fur¬
ther, depending only on one's stringency in defining a
'growth factor". One peptide growth factor which was
hitherto detected in the prostate in only trace amounts is
nerve-growth factor. It is trophic for sympathetic and sen¬
sory neurons. Graham et al. [15] have now demonstrated
its presence in the prostate stroma immunohistochemi-
cally. Its receptor is expressed by prostate epithelium.
McGrogan et al. [16*] have confirmed the endogenous
production of this hormone in the gland by means of
northern blot hybridization.

Growth factors in the pathogenesis of BPH

Oesterling [17] has recently reviewed the anatomical
and histological origin of BPH emphasizing the previ¬
ous work of McNeal [18] and Cunha [19]. The earli¬
est change in the gland in BPH is the development of
epithelial buds peri-urethrally, particularly in the transi¬
tional zone of the gland. McNeal [18] considered this
to be analogous to the embryonic development of the
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gland. In his embryonic animal studies, Cunha [19] has
shown that such eady development depends upon the
influence of the stroma on the epithelial elements: the
'stromal-epithelial relationship'. 'Embryonic reawaken¬
ing' is the theory of the pathogenesis of BPH whereby
this capacity of the stroma is regained. Peptide growth
factors are the strongest candidates as mediators of this
putative relationship.

Bosch [20*] and Griffiths et al. [21] have reviewed this
and other theories of BPH pathogenesis. Bosch [20*]
concludes that there is no hard evidence as yet for a
stromal-epithelial relationship in the adult but that ex¬
cess basic FGF or deficient TGF (3j could mediate such
effects. Similarly, Griffiths [21] concludes that the case for
a central role for growth factors in BPH is unproven.

Conclusion

There is now a plethora of information on peptide
growth factors in the prostate but as noted it remains
fragmentary. It would appear that the growth factors
are involved in intercellular communication and cellular
growth control in the gland. Further, many of the effects
of androgens on the gland may be mediated by these
factors. If such a relationship with androgens exists, it is
clearly highly complex.

Normal and hyperplastic prostate tissues differ in their
production of, and response to, the growth factors.
Whether such differences represent causal events in the
development of BPH is unknown. The study of growth
factors has increased our appreciation of the complexi¬
ties of the control of prostate growth; it has also revealed
new approaches whereby that growth may be prevented
or reversed in the future.
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The expression and localisation of /?-nerve growth factor (/7-NGF) in benign
and malignant human prostate tissue: relationship to neuroendocrine
differentiation

AB Paul, ES Grant and FK Habib
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Summary /I-NGF is a determinant of sympathetic innervation and a neural differentiation factor. In the
present study, we have examined 15 benign prostatic hyperplastic and 15 prostate cancer patients for the
expression and localisation of /I-NGF by reverse transcription-polymerase chain reaction (RT-PCR), Western
blotting, immunohistochemistry and ELISA. We have correlated the /I-NGF concentrations to prostate
morphometry and neuroendocrine differentiation. The presence of /!NGF mRNA transcripts was confirmed by
RT-PCR where a 542 bp product was found with specific primers for the human /I-NGF cDNA sequence.
The presence of the peptide was also confirmed by Western blot analysis which showed a protein co-migrating
with recombinant human /i-NGF. Our results demonstrate that p-NGF is localised to prostate epithelium, and
the concentrations of the peptide were not significantly different in malignant (mean + s.d.; 3100+ 1502 pg g-1
wet weight of tissue) than in benign tissues (1992 + 684 pg g_1, P = 0.512). We were, however, unable to
correlate the concentrations of /1-NGF to neuroendocrine differentiation in malignant tissues. Clearly, the
present study demonstrates that /I-NGF is a product of the prostate and may be involved in the control of the
sympathetic innervation of the human prostate.

Keywords: human benign hyperplastic tissue; prostate cancer, nerve growth factor; neuroendocrine cells;
sympathetic nerve

Beta nerve growth factor (/I-NGF) stimulates the growth of
sympathetic and some sensory neurites; in vitro, NGF was
found to stimulate the growth of dendritic processes from the
undifferentiated PC-12 rat adrenal phaeochromocytoma cell-
line (Tischler and Greene, 1975) while, in vivo, in adult
mammals, tissue NGF concentrations correlated with the
density of tissue sympathetic innervation (Korsching and
Thoenen, 1983). NGF also acts as a positive chemotaxin for
neurones and may facilitate their contact with their target
tissues (Gundersen and Barrett, 1980). NGF production,
therefore, is a means whereby tissues influence the density
and distribution of their sympathetic and sensory innerva¬
tion.

Mouse /I-NGF is a homodimer of two protein molecules
of 14.5 kDa each. /I-NGF purified from mouse salivary
glands (the most abundant source of the hormone) is
shortened during purification to a 26.5 kDa dimer known
as 2.5S mNGF (Bradshaw, 1978). Mouse and human /I-NGF
show 92% sequence homology and are immunologically
similar, such that antibodies raised against the mouse protein
will recognise the human (Nikolics, 1993; Naher-Noe et a!.,
1993). The mouse /I-NGF gene is expressed as a number of
splice variants (Nikolics, 1993). However, only one transcript
of the highly homologous (Ullrich el al., 1983) human gene
has so far been described; this mRNA transcript is spliced
from just two exons. The whole sequence of the mature
hormone is coded in one exon (Borsani et al., 1990). /I-NGF
dimers are non-covalently bound, and the hormone appears
as a monomeric form under denaturing conditions. Study of
/I-NGF in neoplasia has emphasised its possible role in
tumours derived from the neural crest and in neurogenic
tumours. In the D54 glioma, U118 and U251 glioblastomas,
TE671 medulloblastoma and Hs294 melanoma cell lines, /I-
NGF treatment leads to variable differentiation of these cells
with a reduction in growth rates (Yaeger et al., 1991). All of
these cell lines bear /I-NGF receptors, with melanoma cell
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lines having a particularly high concentration of these
receptors (Buxser et al., 1984). The capacity of /I-NGF to
inhibit growth of neurogenic tumours is supported by the in
vivo finding that neuroblastomas which express high-affinity
/I-NGF receptors have a better prognosis than those which
do not (Kogner et al., 1993).

In spite of the role of adrenergic innervation in outflow
tract obstruction (Lepor and Shapiro, 1990) and recent
interest in prostate neuroendocrine cells as a prognosticator
in prostate adenocarcinomas (Cohen et al., 1991), /I-NGF has
received little attention in the human prostate. In the
prostates of rodents, it may be present in high concentration
and is localised to prostate epithelium (Harper and Thoenen,
1980; Shikata et al., 1984; MacGrogan et al., 1990). Recently,
MacGrogan et al. have found /i-NGF expression and variable
/I-NGF concentrations (0-1720 pg g"1) in human benign
hyperplastic (BPH) tissue (MacGrogan et al., 1992).
Furthermore, Djakiew's group have localised /I-NGF to the
stroma of the human gland by immunohistochemistry
(Graham et al., 1992) - a surprising result in view of the
high degree of conservation of the hormone and its epithelial
localisation in other mammals. In cell culture studies, this
group have demonstrated that proteins produced by prostate
stromal and epithelial cells that are immunologically related
to, but heavier than, /1-NGF (42-65 kDa), stimulate the
growth of both stromal and epithelial cells in culture
(Djakiew et al., 1991).

The aims of this study were to examine the expression of
/I-NGF in benign hyperplastic and malignant human prostate
tissue at the protein and mRNA levels. /I-NGF concentration
and neuroendocrine cell content of prostate adenocarcinomas
were also compared.

Materials and methods

Tissues

Transurethral resection of the prostate (TURP) 'chips' were
obtained from 15 cases each of BPH and prostate cancer. For
control studies, an adrenal gland was obtained from an organ
donor (aged 15 years) after familial consent. Tissues were
snap-frozen in liquid nitrogen and stored at — 70°C.
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Randomly selected prostate chips from prostate adenocarci¬
noma specimens were examined histopathologically and
tumour grade assessed by Gleason scoring. Paraffin-
embedded tissue from the 15 prostate adenocarcinomas was
obtained. Paraffin-embedded autopsy pancreas tissue was also
obtained and islets of Langerhans used as a positive control
for neuroendocrine stains.

Reverse transcription-polymerase chain reaction (RT- PCR)
for fi-NGF
Total cellular RNA was prepared from prostate tissues by the
method of Chomczynski and Sacchi (1987). Briefly, 5 fig of
sample RNA were reverse transcribed by the addition of
20 /d of 25 mM magnesium chloride, 10 p\ of transcriptase
buffer, 10 pi of 10 mM dNTP mixture, 100 U RNAsin, 2.5 pi
of oligo (dT) and 67.5 U AMV reverse transcriptase
('Reverse transcription system" kit, Promega Corporation,
Southampton, UK). The mixture was incubated for 1 h at
42°C. /j-NGF primer sequences were 5-GACCCAAGCT-
CAGCTCAGC-3' and 3'-TATTCTGGTGGCGGTGTCTG-
5', defining a 542 bp fragment designed from the human fi-
NGF cDNA sequence (Borsani et al., 1990). PCR amplifica¬
tion was carried out in a volume containing 20 p\ of the RT
product mixture, 8 pi of Taq polymerase buffer, 10 pi of 5'
and 3' primers, 16 pi of 1.25 mM dNTP mixture and 0.2 pi of
Taq polymerase (Promega 'Taq polymerase' kit). Reaction
mixtures underwent denaturation at 94°C for 90 s, annealing
at 58°C for 90 s and extension at 72°C for 150 s for 35 cycles
using a Hybaid 'Thermal Cycler' (Flybaid, Teddington, UK).
As a positive control, RNA isolated from adrenal tissue was
subjected to RT-PCR amplification in the same way as
prostatic RNA. Dial, EcoKl and Pstl (Promega) digests were
carried out at 37°C for 1 h in 35 pi volumes containing 20 pi
of PCR product, 2.5 pi of endonuclease buffer, 2.5 pi of
acetylated bovine serum albumin (BSA), 9.5 pi of ultrapure
water and 0.5 pi of the endonuclease. RT-PCR products,
endonuclease digests and a 100 bp molecular weight ladder
were size fractionated and visualised by electrophoresis on
1 % (w/v) agarose, 1 x TBE gels with ethidium bromide.

Western blot analysis of [i-NGF-like immunoreactivity in
prostate tissue
Protein electrophoresis was after Laemmli (1970). Prostate
tissue was powdered and homogenised in a solution
containing 0.1 M sodium chloride, 0.01 M tris-HCl, 0.001 M
EDTA, 1 /jg mb1 aprotinin and 100/rgmU' phenylmethyl-
sulphonyl fluoride (PMSF) (pH 7.6). The homogenates were
subsequently diluted 1 : 1 (v/v) in denaturing buffer [100 mM
tris-HCl, 200 mM dithiothreitol (DTT) 4% (w/v) sodium
dodecyl sulphate (SDS), 0.2% (w/v) bromophenol blue and
20% (w/v) glycerol], boiled for 10 min, sonicated for 1 rnin
('Soniprep-150', Sanyo-Gallenkamp, Leicester, UK) and
centrifuged at 14 000# for 10 min. The protein concentra¬
tion of the supernatant was assayed using the Bradford
(1976) method.

Aliquots of 300 pg of prostate protein and 5, 10 and 50 ng
rh/J-NGF standards along with 20 pi of'Rainbow' molecular
weight markers (Amersham International, Amersham, UK),
were electrophoresed at 20 mA in the stacking gel (5%
polyacrylamide, 187.5 mM Tris, 0.1% SDS, 0.1% ammonium
sulphate) and 40 mA in the resolving gel (15% polyacryla¬
mide, 375 mM Tris, 0.1% SDS, 0.1% ammonium sulphate),
using Tris-glycine as a running buffer (25 mM tris-HCl,
575 mM glycerine, 0.1% (w/v) SDS). The gels were
equilibrated in transfer buffer [48 mM tris base, 39 mM
glycine, 20% (v/v) methanol and 0.0375% (w/v) SDS] and
blotted overnight onto nitrocellulose membranes ('Hybond-
C", Amersham International) using a Biorad 'Trans-blot'
semi-dry apparatus. The membranes were washed in TNF
(50 ntM tris base, 150 mM sodium chloride, 2 mM EDTA)
and blocked in the same solution with 2% (w/v) BSA and
5% (w/v) semi-skimmed dried milk for 2 h at room
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temperature. The membranes were then incubated for 1 h
in the blocking solution with 1 : 1000 polyvalent rabbit anti-
2.5S mNGF. Bound primary antibody was detected by
incubation in the blocking solution with 1 : 1000 horseradish
peroxidase-conjugated whole donkey anti-rabbit IgG for 1 h
at room temperature. Antibody detection was performed with
the enhanced chemoluminescence (ECL), Western blotting
analysis system (Amersham).

Immunohistochemical staining for fi-NGF and neuroendocrine
cells

Frozen sections of prostate tissue and adrenal gland (7-
8 pm) were cut, fixed in methanol (4°C, 3 min) and stained
for /J-NGF. The [i-NGF primary antibody was polyvalent
rabbit anti-2.5S mNGF (Universal Biologicals, London, UK)
diluted 1 :100 in Tri-buffered saline (TBS) with 3.5% bovine
serum albumin (BSA) and 0.1% sodium azide (TBS/BSA/
azide). For neuroendocrine cell staining 4 pm sections of the
paraffin-embedded malignant prostate and autopsy pancreas
tissues were used. The primary antibody was polyvalent
rabbit anti-human PGP9.5 (Ultraclone, Isle of Wight, UK;
1 :400 in TBS/BSA/azide).

Briefly, slides were incubated in 20% normal sheep serum
(Scottish Antibody Production Unit, Carluke, UK) in TBS for
30 min before exposure to the primary antibody for 30 min.
After a TBS wash, sections were subsequently incubated with a
secondary sheep anti-rabbit IgG biotinylated F(ab')2 fragment
(Boehringer Mannheim Biochemica, Lewes. UK), at a dilution
of 1 :400 in TBS/BSA/azide for 30 min. After a further TBS
wash, slides were incubated with streptavidin-linked alkaline
phosphatase ('extravidin', Sigma, 1 : 1000 in TBS/BSA/azide)
for 30 min. The substrate colour reaction was developed with
fuchsin chromogen solution ('New Fuchsin", Dako, High
Wycombe, UK) for 15 min before counterstaining with
Mayer's haematoxylin for 1 min. Slides were air-dried and
mounted with DPX medium and cover-slips. The adrenal and
pancreatic tissues provided positive controls for /j-NGF and
PGP9.5 staining, respectively, while negative controls were
carried out with the omission of the primary antisera from the
TBS/BSA/azide preparation.

Sections were examined for positive staining for /J-NGF
and PGP9.5 by an independent pathologist. Tumours were
simply classified as positive or negative for PGF9.5.

Enzyme-linked immunosorbent assay (ELISA)
The concentration of /J-NGF in prostate tissues from patients
with BPH and prostate cancer was measured as follows:
230-550 mg of frozen prostate tissue was pulverised in a
'mikrodismembrator', (Braun Medical, Aylesbury, UK) and
the powdered tissue was suspended in 500 pi of 100 mM tris-
HCl containing 400 mM sodium chloride, 2% (w/v) BSA,
0.1% (w/v) sodium azide, 4 mM EDTA, 1 mM phenylmethyl-
sulphonyl fluoride (PMSF) and 7 ug ml 1 aprotinin and
homogenised with an 'Ystrall' homogeniser (Ystrall GmbH,
Dottingen, Germany). For recovery, 500 c.p.m. of [l2SI]2.5S
mNGF 1500 Cimmol~' (NEN, DuPont, Stevenage, UK)
were added to each homogenate and allowed to equilibrate
for 2 h at 4°C, following which homogenates were
ultracentrifuged at 100 000 # for 10 min. Gamma emissions
from the supernatant and pellet were counted and the
recovery fraction for NGF assessed - c.p.m.supernatant/
c.p.m.supematant+peiiet. Supernatants were diluted 1 : 1 with a
solution containing 20 mM calcium chloride and 0.2% (w/v)
Triton X-100. Aliquots of 100 pi were incubated along with
rh/J-NGF (Boehringer Mannheim) standards (0 —
315 pg ml1) in microtitre plates ('Maxisorp', Nunc, Kamstr-
up, Denmark), coated with 0.4 pg ml"1 mouse monoclonal
anti-mouse /!-(2.5S, 7S) NGF (Boehringer Mannheim) in
triplicate for 16 h at 4°C. This was followed by an incubation
with a second-antibody mouse monoclonal anti-mouse /J-
(2.5S, 7S) NGF-/j-galactosidase (Boehringer Mannheim) at
1 :9 dilution for 2 h at 37°C. The substrate colour reaction
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was developed with 2mgmU1 chlorophenol red-|0-D-
galactopyranoside at 37°C for 2-4 h. The AA540 nm was
measured on a Biorad '450 microplate reader' (Biorad,
Hercules, CA, USA).

Tissue morphometry
Frozen sections were cut from a portion of each prostate chip
subject to ELISA. After haematoxylin and eosin staining,
these sections were used for tissue morphometry. Sections
were examined with a microscope attached to an Olympus
'CCD' camera and Olympus 'Cue-2' (Olympus Optical,
Tokyo, Japan), image analysis software. The entire area of
the sections was analysed to avoid problems of random
sample selection in tissue. The total area of each tissue
section and the area of its contained acini and ducts were

measured - referred to here as the 'glandular' area.
To ensure that the frozen sections accurately reflected the

relative portions of glandular and stromal tissues in the
assayed tissue, they were taken immediately adjacent to the
assayed tissue itself. The small size of prostate tissue fragments
provided by TURP precluded taking a number of frozen
sections through the assayed tissue. It was assumed that areas
of tissue components measured on a tissue section reflect the
underlying volumes of those tissue components in the tissue
studied. Furthermore, it was assumed that the relative
volumes of tissue components accurately reflects the relative
weights of those tissue components. These assumptions have
been verified by Rohr et ol. (1976). Thereby, as the weight of
each prostate chip used in ELISA was known, the percentage
volume of 'glandular' tissue (i.e. prostate ducts and acini) and
its weight could be calculated in each ELISA sample.

The correlation (Pearson) between % volume of
'glandular' tissue and /I-NGF concentration was calculated.
The ELISA results were recalculated as pg /1-NGF 100 mg~'
'glandular' tissue.

Statistics

Statistical comparisons were obtained using the Mann-
Whitney rank sum test and Pearson's linear regression
('Minitab 8.0c.', Minitab, PA, USA).

Results

Reverse transcription-polymerase chain reaction for [i-NGF
mRNA

The presence of /I-NGF gene transcripts in BPH and prostate
cancer tissue was examined by PCR amplification after
reverse transcription of total RNA from three BPH and three
prostate cancers. A 542 bp amplification fragment indicating
the presence of /I-NGF mRNA was seen in the positive
control adrenal specimen and all prostate specimens (Figure
1).

The RT-PCR protocol did not allow quantitation of the
/I-NGF mRNA present, however, endonuclease digests
confirmed the identity of the amplified fragment. Oral
generated fragments of 224 and 318, £c«RI of 59 and 483
and Pstl of 163, 168 and 210.

Detection of [i-NGF protein by Western blotting
Protein extracted from three BPH tissues and three prostate
cancers were analysed by Western blot for the presence of /?-
NGF. The prostate specimens with the highest [i-NGF
concentrations, as measured by ELISA, were used for
Western blotting. A single protein band was found in all
the specimens analysed which co-migrated with a sample of
positive control rh/I-NGF (Figure 2). Like the RT-PCR. the
Western blots were not quantitative. In gels not shown, the
protein band found in prostate tissue was run sufficiently far
into the resolving gel to exclude the presence of heavy, NGF-
like proteins (45 kDa or heavier).

Immunohistochemical staining

/i-NGF In BPH tissue specimens («=15, i.e. 15 patients),
specific and intense staining for p-NGF was confined to the
epithelium with only occasional stromal cells showing faint
staining (Figure 3). Staining was most intense at the apical
border of prostate epithelium (Figure 4). In cancer tissue
(»= 15), staining was also confined to epithelium of
adenocarcinomas while surrounding stroma was not stained
(Figure 5). Positive staining for /I-NGF was seen in the
adrenal gland controls, and no staining was seen in the
negative controls (not shown).

Neuroendocrine cells (PGP9.5) Fifteen prostate cancer
specimens were examined for PGP9.5 staining. Positive
staining in adenocarcinomas varied from sparse focal groups
of cells to a widespread staining as shown in Figure 6.
Tumours, however, were simply classified as positive or
negative and, of the 15 specimens examined, seven tumours
were PGP9.5 positive and eight were PGP9.5 negative. All
pancreatic positive control tissues showed staining in cells of
the islets of Langerhans, while negative controls showed no
staining.

P-NGF concentrations in prostate tissues
The concentrations of /I-NGF in 15 adenocarcinomatous and
15 BPH specimens were measured using an ELISA assay.
The detection limit of the assay was 5pgmL' and the
recoveries varied between 27% and 51% (mean +
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Figure 1 A composite photograph of resolving gels (1% agarose,
1 x TBE, ethidium bromide) of RT-PCR products. Lane I
contains the 100 bp ladder. Lane 2 contains a positive control
amplification of hypoxanthine reductase mRNA. Amplifications
from BPH tissue are in lanes 3, 4 and 5; adenocarcinomas in lanes
6, 7 and 8. Lane 9 contains the positive control adrenal
amplification product. In all the tissues examined, the presence
of /1-NGF mRNA is demonstrated by the presence of the
expected amplification product of 542 bp.

1 2 3 4 5 6 7

Figure 2 A composite photograph of Western blots. Lane 1
contains lOng positive control rh/I-NGF. Lanes 2, 3 and 4
contain 300 pg each of protein prepared from BPH tissue. Lanes
5, 6 and 7 contain 300 pg each of protein prepared from
adenocarcinoma tissue. Protein was detected with polyclonal
rabbit anti-mouse 2.5S NGF primary antibody. Ail prostate
tissues showed the indicated protein band which co-migrated with
recombinant human /I-NGF.
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Figure 3 Benign hyperplastic tissue stained with polyclonal
rabbit anti-mouse 2.5S NGF serum (original magnification
x 32; positive staining, black). Specific staining is seen to be
confined to the glandular epithelium and is most marked towards
its luminal aspect.

Figure 5 Prostate adenocarcinoma (original magnification x 32)
stained for /J-NGF. The tumour is infiltrating from the upper
right hand corner of the field into an area of stroma. Positive
staining is largely confined to the epithelial cells of this
moderately well-differentiated area of tumour. There is little
staining of cells in the stroma.

:
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Figure 4 Higher power view (original magnification x 128) of a
benign prostate epithelium stained for /J-NGF (black). The basal
epithelial cells show occasional staining but staining is most
pronounced along the luminal aspect of the secretory layer cells.
The underlying stroma is not stained.

Figure 6 Prostate adenocarcinoma stained with polyclonal rabbit
anti-human PGP9.5 serum (original magnification x 12). Wide¬
spread areas of positive (black) PGP9.5 staining are seen. Staining
of neural bundles is also apparent.

s.d. = 33.9 + 4.879). The distribution of /J-NGF concentrations
as expressed per gram wet weight of tissue in BPH and
prostate cancer is detailed in Figure 7. The mean ± s.d.
concentration in BPH tissue (1992 + 684 pg g_1) was
lower than the concentration in prostate cancer
(3100+ 1503 pg g_1) but, because of the significant overlap
in the two groups, the difference was not significant
(P = 0.512). Furthermore, there was no significant correla¬
tion between the /J-NGF concentrations in adenocarcinoma
and Gleason score.

Tissue morphometry and the interpretation of ELISA results
with morphometric data
The contribution of 'glandular' tissue to total volume was less
in BPH («= 15, 0-26%, .x: = 13.9%, s.d. = 7.88) than in
adenocarcinoma («=15, 7-66%, x=35.1, s.d. = 20.27). In
BPH and adenocarcinoma, the contribution of 'glandular'
tissue to assayed volume and the /J-NGF concentration
correlated significantly (Pearson, Figure 8).

One BPH specimen contained stromal tissue only. That
specimen was excluded. For the other BPH and cancer
tissues, the /J-NGF concentration was recalculated as
pglOOmg-1 'glandular' tissue. The concentration so
expressed was significantly higher in BPH tissue («=14,
mean= 1597 pg 100 mg~', s.d. = 788) than in adenocarcino¬
ma («=15, mean= 1058 pg 100 rng"1, s.d. = 559, P = 0.0195;
Figure 9).

The relationship between fi-NGF concentrations and PGP9.5
staining in prostate cancer

The /J-NGF concentrations in prostate cancer were correlated
to the PGP9.5 staining patterns but there was no difference
found between PGP9.5 positive (« = 7; mean /J-NGF
concentration 3238 pgg"1) and the PGP9.5 negative (« = 8;
mean /J-NGF concentration 2982 pg g"1) groups (P = 0.773).
Similarly, after correction for morphometric data, there was
no significant difference between the two groups (PGP9.5
positive, mean=1141 pg 100 mg~'; PGP9.5 negative,
mean = 959 pg 100 mg~', P = 0.452).

Discussion

The data presented in this study demonstrated the
immunohistochemical localisation of /J-NGF to the epithelial
elements in prostate tissue. This contrasts to earlier studies
showing that /J-NGF localised to the prostate stroma. While
both studies employed the same primary /J-NGF antiserum,
there were differences in the techniques employed with regard
to blocking agents. The earlier report by Graham et al. (1993)
used ovalbumin with a goat secondary antibody, whereas, in
the present study, we employed 20% sheep serum along with
a sheep secondary antibody. Whether this would account for
the differences seen is not clear, but it is well established that
the use of blocking and secondary sera from the same species
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Figure 7 A scattergram of /1-NGF concentration measured by
ELISA. Concentration is expressed as pgg~' wet weight of
prostate tissue. The bars show mean concentrations in the two
groups of tissue assayed.
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Figure 9 Scattergram of /1-NGF concentration in 14 BPH
samples and 15 prostate cancer tissues, measured by ELISA
and expressed as pg lOOmg-' of glandular tissue as measured by
video-image analysis. The bars show the mean values in the two
groups. After correction for the content of glandular tissue the
position seen in Figure 7 is reversed. That is, BPH glandular
tissue contains more /1-NGF than does prostate cancer tissue.
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Figure 8 The relationship between the percentage volume of
glandular tissue and /i-NGF concentration (pgg~' wet weight of
tissue) in BPH (top) and prostate adenocarcinoma (bottom)
tissues. The lines are of linear regression (Pearson). In both
tissues, there are moderately strong and highly significant
correlations (BPH r = 0.67, P- 0.006; adenocarcinoma r= 0.70,
P = 0.003).

produces less non-specific staining (Bancroft and Cook,
1994). This, however, does not explain the failure by
Graham et al. (1992) to stain the epithelium in their prostate
specimens. Significantly, however, /i-NGF is a highly
conserved protein, and in support of our findings are
previous studies demonstrating that /i-NGF is localised to
prostate epithelium in other species (Harper and Thoenen,
1980; Shikata et al., 1984; MacGrogan et al., 1990). In
addition, in the case of prostate adenocarcinoma, such
epithelial staining has been previously described by
DeSchryver-Kecskemeti et al. (1987), who localised /i-NGF
to epithelial elements of five human prostatic adenocarcino¬
mas by immunohistochemistry. The localisation of /3-NGF to
the epithelium in humans is in keeping with these findings. In
spite of the low abundance of /i-NGF in these tissues, this
study, like those cited, demonstrated intense /(-NGF staining
in the prostatic epithelia studied.

The concentrations of /?-NGF found in the human
prostate (905-5887 pgg"' wet weight of tissue) were high
in comparison to other previously studied human tissues.
MacGrogan et al. (1992), however, found up to 1720 pg g"1
in BPH tissues. In their studies, /I-NGF recovery from tissue
homogenates was not measured, and the control protein used
was mouse 2.5S NGF. The measurement of recovery with
[l25I]2.5S mNGF, and the use of rh/f-NGF as the control
would explain the higher /i-NGF concentrations found here.

The comparison of /i-NGF concentrations expressed as
pg g~' wet weight of tissue and as pg 100 mg"1 of 'glandular'
tissue was illuminating. /i-NGF concentrations in adenocar¬
cinoma were higher than those in benign tissues. However,
after /i-NGF concentrations were expressed in terms of
the assayed tissue's 'glandular' content, it was clear
that malignant epithelial tissue contained less /i-NGF
(mean = 1058 pg 100 mg-1) than benign epithelium
(mean = 1597 pg 100 nig"1, Z3 = 0.0195). Hence, the malig¬
nant state is associated with a relative loss of /i-NGF by the
prostate epithelium in spite of the hormone's higher
concentration in tissue. The morphometric analysis here
was tedious and subject to sampling error. Nonetheless, it
had a major impact on the interpretation of ELISA results. It
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is suggested that the interpretation of many differences in
biochemistry of benign and malignant prostate tissues would
be affected by the use of morphometric data.

The original report of Cohen et al. (1991) that
neuroendocrine differentiation was a powerful prognostica-
tor in prostate adenocarcinoma has not been supported by
other authors (Allen et al., 1995). Although the presence of
these cells may not be a prognosticator, there is evidence that
as prostate adenocarcinomas dedifferentiate (Allen et al.,
1995), progress (Aprikian et al., 1994) and become androgen
independent (Berner et al., 1993), they contain a higher
portion of neuroendocrine elements. It is also clear that these
cells do not bear androgen receptors in normal hyperplastic
or adenocarcinomatous prostate tissues (Iwamura et al.,
1994; Bonkhoff et al., 1993) and that some of their secreted
products may be growth promoting for prostate epithelial
cells (Power et al., 1991; Pinski et al., 1993). Therefore, it can
be postulated that androgen depletion therapies confer a
survival advantage to neuroendocrine cells over other
prostate cancer cells and that neuroendocrine cells may then
promote androgen-independent prostate cancer growth (di
Sant-Agnese, 1995).

Because of local experience in staining bronchogenic
carcinomas for neuroendocrine elements with antibodies

against PGP9.5, that antibody was used to stain neuroendo¬
crine cells in prostate tissue. As far as we are aware, this is
the first report of such a use of this antibody. PGP9.5 is a
25 kDa hydrolase which is specifically associated with neural
and neuroendocrine cells (Wilson et al., 1988) and which is
responsible in those cells for the C-terminal hydrolysis-
activation of ubiquitin (Jentsch, 1992).

The proportion of adenocarcinomas showing PGP9.5
staining in the present study was 46.7%, and this was
similar to the figure found by di Sant-Agnese and Jensen
(1987), using the argyrophil reaction and a battery of
immunohistochemical stains (47%). Interestingly, we were
unable to detect any correlation between the concentration of
the neural differentiation factor /?-NGF and the presence of
neural differentiation, as demonstrated by positive PGP9.5
staining.

Western blot analysis of prostate proteins with the primary
antiserum used in immunohistochemistry identified a single
protein band which co-migrated with a sample of rh/i-NGF.
Earlier studies by Djakiew et al. (1991) have also described
heavier NGF-like protein products (42-65 kDa) from
prostate cell cultures, but there was no evidence of these
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heavy NGF-like proteins in the human prostate tissues
analysed here. NGF-like proteins in the human prostate
represent jS-NGF itself, while heavier NGF-like proteins were
not detected in native human tissue.
/i-NGF in peripheral tissues has predominantly been

regarded as a determinant of sympathetic and sensory
innervation. Recent studies have demonstrated that, in
addition, NGF is involved in the paracrine control of
prostate epithelial growth through the production of NGF
by prostate stroma (Graham et al., 1992); these act
mitogenically via specific receptors on the epithelium
(Djakiew et al., 1991).

However, our own data do not support this view as we
have immunohistochemically localised /(-NGF to prostate
epithelium and confirmed this by demonstrating the presence
of a positive correlation between /?-NGF concentration and
the epithelial content of prostate tissue. Malignant prostate
epithelia contain less [I-NGF than do benign epithelia, but
the concentration of /J-NGF in malignant tissue, as a whole,
is higher than that in benign tissue.

The data presented here suggest that /5-NGF is an
endogenous product of the prostate gland and /J-NGF
concentrations present in the gland (1-6 ng g-1) are similar
to concentrations causing neuronal differentiation and growth
in vivo (Tischler and Greene, 1975).

Graham et al. (1992) and MacGrogan et al. (1992) have
localised the low-affinity nerve growth factor to the prostatic
epithelium, in keeping with the view that /?-NGF acts upon
those cells. As /(-NGF also stimulates the growth of
sympathetic neurones, we postulate that, by producing
/(-NGF, prostate epithelium may recruit sympathetic
nerves - and hence smooth muscle. That is, that /(-NGF
may be one mediator of the stromal-epithelial relationship,
produced by the epithelium and acting upon the stroma
(Tenniswood, 1986).
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