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ABSTRACT

This thesis is primarily concerned with the autoradiographic
lTocalization of receptors for neurotransmitters or neuromodulators within
the autonomic nervous system. In particular, it deals with the regional
and cellular localization of alpha-adrenoceptors, muscarinic cholinergic,
0 -opioid, substance P and atrial natriuretic peptide receptors either
on morphologically or immunocytochemically identified targets.

An in vitro autoradiographic approach has been used to establish
the regional localization of receptors in tissue sections from both human
benign hyperplastic prostate and sigmoid colon specimens. With the aid
of image analysis, it was established that there was an abundance of
alpha-1 adrenoceptors in the prostatic stromal compartment in comparison
with alpha-2 adrenoceptors, whereas muscarinic receptors were almost
exclusively epithelial. § -opioid binding sites were demonstrated in the
human colon using [3H][D-AlaZ,D-Leud] enkephalin and it was shown that
the greatest density of binding was associated with neurones in the
myenteric plexus, situated between the longitudinal and circular muscle
layers. The overall distribution and density of ¢ -opioid binding sites
appeared to be similar on tissue sections from patients suffering from
chronic constipation and from sections of uninvolved colon from patients
with rectal cancer.

In order to examine the immunocytochemical nature and receptor
expression of individual cell types, culture preparations from the rat
superior cervical ganglion, guinea-pig urinary bladder, rat trachea, rat
and guinea-pig atria and ventricles and rat sympathetic chain were exa-
mined. A proportion of the intramural neurones present within the

guinea-pig urinary bladder wall contained neuropeptide Y (NPY) and dopa-



mine B-hydroxylase (DBH) both in situ and in culture. Furthermore,
NPY-Tike immunoreactivity was colocalized with either somatostatin (SOM)-
or DBH-1ike immunoreactivity in subpopulations of cultured intramural
bladder neurones.

Peptide and muscarinic receptors were localized in several dif-
ferent culture preparations and, where identification based on cell
morphology alone was ambiguous, the cultures were concurrently labelled
by immunocytochemistry either to confirm their cellular identity or to
demonstrate their neurochemical content. Muscarinic receptors were loca-
lized on cultured vasoactive intestinal polypeptide (VIP)- and NPY-like
immunoreactive neurones from newborn rat superior cervical ganglia.
Likewise, SOM-like immunoreactive neurones of the guinea-pig bladder and
a large proportion of rat paratracheal neurones also expressed muscarinic
receptors in culture. In contrast to the neuronal localization of
substance P and muscarinic receptors, it was evident that atrial
natriuretic peptide receptors were situated on subpopulations of immuno-
cytochemically-identified non-neuronal cells in cultures from rat and

guinea-pig hearts and rat sympathetic ganglia.



CONTENTS

ABSTRACT

CONTENTS

LIST OF

TABLES AND FIGURES

ACKNOWLEDGEMENTS

PUBLICATIONS ARISING FROM THE WORK PRESENTED IN THIS THESIS

GENERAL

INTRODUCTION

HISTORICAL BACKGROUND

I.
II.
I1I.
Iv.
V.
GENERAL
L.

II.
III.

Iv.
v.

RESULTS
SECTION

Chapter

Chapter

The receptor concept

Neurotransmitter receptor mapping by autoradiography
Quantitative receptor autoradiography

Clinical applications of receptor autoradiography
Receptor localization on cultured cells

METHODS

Autoradiographic procedures
A. In vitro autoradiography
B. Tissue culture autoradiography
Tissue culture preparations
Immunocytochemistry
A. Tissue section immunocytochemistry
B. Tissue culture immunocytochemistry
C. Elution-restaining immunocytochemistry
D. Immunocytochemical controls
Combined tissue culture autoradiography and
immunocytochemistry
Sources and specific activities of radiochemicals used
in this work

I: Autoradiographic localization of receptors
in situ and in culture preparations

One: Autoradiographic analysis of alpha-adrenoceptors
and muscarinic cholinergic receptors in the
hyperplastic human prostate

Two:  The distribution of 0 -opioid binding sites in
the sigmoid colon of patients with idiopathic
chronic constipation

68

69

99



Chapter Three: Autoradiographic localization of binding sites
for [12517 substance P on neurones from cultured
rat superior cervical ganglion

Chapter Four: Autoradiographic visualization of muscarinic
receptors on rat paratracheal neurones in
dissociated cell culture

SECTION II: Immunocytochemical localization of
neurotransmitters/neuromodulators

Chapter Five: Neuropeptide Y-like immunoreactivity in intramural
ganglia of newborn guinea-pig urinary bladder

Chapter Six: Colocalization of peptides and a catecholamine-
synthesizing enzyme in intramural neurones of the
newborn guinea-pig urinary bladder in culture

SECTION III: Localization of receptors on immunocytochemically
defined neuronal and non-neuronal cells in culture

Chapter Seven: Autoradiographic localization of muscarinic
receptors on cultured, peptide-containing neurones
from newborn rat superior cervical ganglion

Chapter Eight: Localization of muscarinic receptors on
somatostatin-1ike immunoreactive neurones of the
newborn guinea-pig urinary bladder in culture

Chapter Nine: Visualization of specific binding sites for atrial
natriuretic peptide on non-neuronal cells of
cultured rat sympathetic ganglia

Chapter Ten: Autoradiographic localization of specific atrial
natriuretic peptide binding sites on
immunocytochemically identified cells in culture
from rat and guinea-pig hearts

GENERAL DISCUSSION

I. Are the findings of the in vitro autoradiographic studies
consistent with pharmacological observations?

II. Are the expressions of receptors and neuropeptides in
cultured cells influenced by the conditions of culture?

[II. Do the neuropeptides and receptors localized in culture
preparations reflect their role in the functional control
of sympathetic ganglia and visceral organs in situ?;
and finally

IV. Future directions

REFERENCES

5.

Page

116

137

157

158

174

193

194

215

228

255
285

287
291

298
310
314



LIST OF TABLES AND FIGURES

Page
GENERAL METHODS CHAPTER FOUR
Table 1 57 Figure 4.1
Figure A 59 Figure 4.2
Figure B 61 Figure 4.3
Table 2 63 Figure 4.4
Table 3 65 CHAPTER FIVE
CHAPTER ONE Figure 5.1
Figure 1.1 83 Figure 5.2
Table 4 85 Figure 5.3
Figure 1.2 87 CHAPTER SIX
Figure 1.3 89 Figure 6.1
Figure 1.4 91 Figure 6.2
Figure 1.5 93 Figure 6.3
Figure 1.6 95 CHAPTER SEVEN
Table 5 97 Figure 7.1
CHAPTER TWO Figure 7.2
Figure 2.1 110 Figure 7.3
Figure 2.2 112 Figure 7.4
Figure 2.3 114 Figure 7.5
CHAPTER THREE CHAPTER EIGHT
Figure 3.1 127 Figure 8.1
Figure 3.2 129 Figure 8.2
Figure 3.3 131 CHAPTER NINE
Figure 3.4 133 Figure 9.1
Figure 3.5 135 Figure 9.2

149
151
153
155

168
170
172

187
189
191

206
208
210
212
214

224
226

241
243



Figure
Figure
Figure
Figure

Figure

9.3
9.4
9.5
9.6
9.7

CHAPTER TEN

Figure
Figure
Figure
Figure
Figure
Figure

Figure

10.1
10.2
10.3
10.4
10.5
10.6
10.7

Page
245

247
249
251
253

271
273
275
277
279
281
283



ACKNOWLEGEMENTS

First of all, I would like to thank my supervisor, Professor
Geoffrey Burnstock, for his enthusiastic support, guidance and patience
throughout the duration of this work. Also, I wish to thank my
collaborators and colleagues: Noel Buckley for his initial instruction in
the technique of autoradiography; Chris Chapple, Professor Lennard-Jones
and the surgeons of St. Marks Hospital for providing the human tissue
specimens examined in Chapters One and Two; Pam Greengrass who performed
the saturation analyses and Marie Phillips who assisted with the
densitometric analyses in Chapter Two; John Wharton and Professor Julia
Polak for providing some of the 125I-atrial natriuretic peptide and
antisera used in Chapters Nine and Ten. [ would also like to thank
Miriam Windsor and Doreen Bailey of the Tissue Culture Laboratory for
growing many of the culture preparations examined throughout the course
of this work, and particular thanks go to Doreen Bailey for establishing
the trachealis muscle culture technique. I am also grateful to Mike
Gilbert and Jane Pendjiky of the photographic unit for providing an
excellent service.

Finally, my thanks go to Candy Hassall, Charles Hoyle and John
Wharton for invaluable discussion and critical assessment of much of the
work presented in this thesis, to Brian Samways and my parents for their
unfailing support and to Annie Evans for typing this thesis and for her

tolerance and help over the years.

This work was supported by a studentship from the Department of
Anatomy and Developmental Biology, University College London and also

funding from the British Heart Foundation.



PUBLICATIONS ARISING FROM THE WORK PRESENTED IN THIS THESIS

James, S., Hoyle, C.H.V., Burnstock, G., Jass, J.R., Jeffrey, [.J.M. and
Lennard-Jones, J.E., Autoradiographic localization of § -opioid
binding sites in human sigmoid colon, European Journal of
Pharmacology, 142 (1987) 185-186.

James, S. and Burnstock, G., Autoradiographic localization of binding
sites for 125I-substance P on neurones from cultured rat superior
cervical ganglion, Brain Research, 458 (1988) 205-211.

James, S. and Burnstock, G., Neuropeptide Y-like immunoreactivity in
intramural ganglia of the newborn guinea pig urinary bladder,
Regulatory Peptides, 23 (1988) 237-245.

James, S., Chapple, C.R., Phillips, M.I., Greengrass, P.M., Davey, M.J.,
Turner-Warwick, R.T., Milroy, E.J.G. and Burnstock, G., Autoradio-
graphic analysis of alpha-adrenoceptors and muscarinic cholinergic
receptors in the hyperplastic human prostate, The Journal of Urology,
142 (1989) 438-444,

Chapple, C.R., Aubry, M.L., James, S., Greengrass, P.M., Burnstock, G.,
Turner-Warwick, R.T., Milroy, E.J.G. and Davey, M.J., Characterization
of human prostatic adrenoceptors using pharmacology, receptor binding
and localisation, British Journal of Urology, 63 (1989) 487-496.

James, S. and Burnstock, G., Autoradiographic localization of muscarinic
receptors on cultured, peptide-containing neurones from newborn rat
superior cervical ganglion, Brain Research, 498 (1989) 205-214.

James, S. and Burnstock, G., Localization of muscarinic receptors on
somatostatin-like immunoreactive neurones of the newborn guinea pig
urinary bladder in culture, Neuroscience Letters, 106 (1989) 13-18.

James, S., Hassall, C.J.S., Polak, J.M. and Burnstock, G., Visualisation



10.

of specific binding sites for atrial natriuretic peptide on non-
neuronal cells of cultured rat sympathetic ganglia, Cell and Tissue
Research, 259 (1990) 129-137.

James, S., Bailey, D.J. and Burnstock, G., Autoradiographic visualization
of muscarinic receptors on rat paratracheal neurones in dissociated
cell culture, Brain Research (1990) in press.

James, S. and Burnstock, G., Colocalization of peptides and a
catecholamine-synthesizing enzyme in intramural nerones of the newborn
guinea pig urinary bladder in culture, Regulatory Peptides (1990) in
press.

James, S., Hassall, C.J.S., Polak, J.M. and Burnstock, G.,
Autoradiographic localization of specific atrial natriuretic peptide
binding sites on immunocytochemically identified cells in culture from
rat and guinea-pig hearts. Cell and Tissue Research (1990) in press.

Hoyle, C.H.V., James, S., Kamm, M., Lennard-Jones, J.E. and Burnstock,
G., Neuromodulatory actions of enkephalins are attenuated in the
sigmoid colon of patients with idiopathic chronic constipation
compared with that of patients with rectal carcinoma. Submitted to

Gastroenterology.



GENERAL INTRODUCTION

11.



12.

Prior to 1966, the autoradiographic localization of receptors was
limited to the use of irreversible 1igands. However, the development of
autoradiographic techniques specifically for diffusible molecules by
Stumpf and Roth (1966) and the introduction in 1979 of the in vitro
autoradiographic technique of Young and Kuhar enabled the identification
and pharmacological characterization of receptor binding sites whilst
retaining the histological resolution necessary to identify the cellular
region expressing the binding sites.

One of the most common applications of receptor autoradiography in
recent years has been the localization of binding sites to specific
tissue regions (for reviews, see Kuhar, 1982a,b; Kuhar et al., 1986). In
many ways, this localization amounts to a type of drug screening, since
tissues that contain high concentrations of specific binding sites are
probably target tissues where a particular ligand may have a physio-
logical action. Examples of screening tissue for the presence of binding
sites are seen in section [ of this thesis where, in Chapter One,

6 -opioid binding sites have been localized in tissue sections from
segments of post-operative human sigmoid colon, and in Chapter Two,
alpha-adrenoceptors and muscarinic cholinergic receptors have been
visualized in tissue sections of hyperplastic human prostate. For each
of these Tigands, a unique and detailed map of the tissue regions which
contain high concentrations of the binding sites has been obtained.
Correlation of physiological function and binding site location should
ultimately enable more selective therapeutic treatments.

Although in vitro autoradiography at the light microscope level is

ideally suited for the localization of receptors to cellular regions,
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limitations in the resolution attainable with this technique have
prevented visualization of neurotransmitter receptors over the surface of
identified cell types. I have attempted to overcome the Timitations of
the in vitro tissue section technique by using mixed cell culture
preparations. Whereas previous reports have characterized both substance
P binding sites in the superior cervical ganglion (SCG; Niwa et al.,
1985) and muscarinic receptors in tracheal smooth muscle (Barnes et al.,
1988; van Koppen et al., 1985; Yang et al., 1986), no precise infor-
mation as to their cellular location was reported. By using a cell
culture autoradiographic technique, I was able to directly visualize
substance P binding sites on an identifiable subpopulation of neuronal
cells from the rat SCG (Chapter Three). Furthermore, the distribution of
muscarinic receptors on cells cultured from rat trachealis muscle was
also visualized, where, in addition to labelling of the smooth muscle
cells, most, if not all of the paratracheal neurones present in these
culture preparations, expressed muscarinic receptors (see Chapter Four).
As muscarinic receptor antagonists are known bronchodilators (Gross and
Skorodin, 1984), the detailed Tocalization of muscarinic receptors may be
helpful in the design of future therapeutic agents.

Direct study of the neurochemical nature of neurones present within
the detrusor muscle wall of the urinary bladder in situ is limited by
their inaccessibility and the difficulties in distinguishing the proper-
ties of extrinsic nerves from those of intrinsic nerves. In section II
of this thesis, these problems have been overcome by the use of disso-
ciated cell culture preparations from the newborn guinea-pig urinary
bladder, in which the neurochemical content of the intramural neurones

present in these cultures was investigated by immunocytochemistry using
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antisera to neuropeptide Y (NPY), dopamine (3 -hydroxylase (DBH; Chapters
Five and Six) and somatostatin (SOM; Chapter Six).

In view of the large numbers of NPY- and SOM-1ike immunoreactive
neurones present in these cultures, the possibilities that NPY and SOM,
or NPY and DBH were colocalized in a subpopulation of intramural bladder
neurones in culture were investigated using Tramu's elution-restaining
technique (Tramu et al., 1978) and the findings are reported in Chapter
SiXe

Since a number of techniques can be applied concurrently to the same
culture preparation, related questions can be asked about a particular
cell type at the same time. In Chapters Seven and Eight of section III,
I have used the combined autoradiographic and immunofluorescence method
devised by Buckley and Burnstock (1986a) for localizing muscarinic
receptors over the surface of specific subpopulations of immunocyto-
chemically identified peptide-containing neurones cultured from the
newborn rat SCG and guinea-pig bladder. Such information could enhance
our understanding of the complex physiology of these ganglia, especially
as evidence suggests that some of these peptides have a modulatory effect
on cholinergic transmission at the ganglionic synapse (Kawatani et al.,
1985; Mo and Dun, 1984).

The discovery of atrial natriuretic factors (see Genest, 1986), has
prompted extensive investigation of the localization of atrial natriure-
tic peptide (ANP) binding sites, both in the central and peripheral ner-
vous systems (see, for example, Mantyh et al., 1986; Quirion et al.,
1984). In Chapters Nine and Ten, the combination of cell type-specific
immunocytochemical markers and autoradiography has enabled the concurrent

visualization of ANPj_»g binding sites on specific subpopulations of
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immunocytochemically identified non-neuronal cells in two types of
culture preparations of rat sympathetic ganglia and in dissociated
cultures of the rat and guinea-pig atria and interatrial septum and rat
ventricles.

The implications of this approach in terms of the biology of
receptor expression and future drug development are discussed in the

General Discussion section.
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I. THE RECEPTOR CONCEPT

The concept that chemical agents which initiate or modify cellular
response might do so through the action at specific cellular locations
was first advanced by J.N. Langley (1852-1925) who, studying the
antagonism between pilocarpine and atropine on salivary flow, concluded

in 1878 (Langley, 1878):

... we may, I think, without much rashness assume that there

is some substance or substances in the nerve endings or gland

cells with which both atropine and pilocarpine are capable of

forming compounds. On this assumption, then, the atropine or
pilocarpine compounds are formed according to some law of

which their relative mass and chemical affinity for the

substance are factors."

As with many other developments in science, the study of cellular
receptors appears to have had several origins expressed simultaneously.
It was in fact Paul Ehrlich (1854-1915) who introduced the term ‘recep-
tor', whose concepts were originally based on Edward Pfliiger's idea of
specific protoplasmic 'side-chains', with which toxins interacted, and
were thus neutralized. Although a far-sighted concept, it took Ehrlich
about ten years to apply his 'side-chain' theory to the problem of drug
action, until in 1907, he concluded (Ehrlich, 1960):

"I have now formed the opinion that some of the chemically

defined substances are attached to the cell by groupings that

are analogues of toxin receptors: these I will distinguish

from the toxin-receptors by the name of chemo-receptors.”

Langley's previous work, however, featured strongly in Ehrlich's

eventual conclusions. In a paper published in 1906, studying the effects

of nicotine and curare on skeletal muscle responses in birds, he observed
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that neither curare nor nicotine prevented direct stimulation of the
muscle, and suggested that they must therefore combine with some other
excitable substance on the muscle cell, which he called the 'receptive
substance' (Langley, 1906). This theory was elaborated over the next few
. years, leading to the proposal that the 'receptive substance' of muscle
was possibly not a separate compound, but that it could be a 'side-chain'
of the contractile substance, which was along the lines of Ehrlich's
earlier work.

Thus, by the turn of the century, the work of both Langley and
Ehrlich had directed attention toward the two most fundamental features
of the drug-receptor interaction: specificity, which is the basis of
cellular recognition; activation, which is the abi]ity of the drug-
receptor complex to initiate a response. Unfortunately, however, the
practical impact of Langley and Ehrlich's receptor theories was very
limited at this time, as pharmacological science was in its infancy, and
the experimental and theoretical means whereby their theories could be
tested were not available.

For decades, the receptor concept was indispensable for discussing
and hypothesizing on the mode of action of pharmacological agents until,
in the 1920s and 1930s, A.J. Clark and J.H. Gaddum began a quantitative
approach to drug/receptor interaction. Based on the earlier work of
Langmuir (1918), Clark formulated a mathematical analysis of
drug/receptor interactions which was modelled on the mathematical treat-
ment of molecular adsorption at surfaces (Clark, 1933, 1937). Gaddum
later extended Clark's work to cover competitive antagonism (Gaddum,
1937, 1957). Nevertheless, as late as 1943, Dale was still doubting the

usefulness of the receptor concept. Others denied the existence of
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receptors, whilst the majority considered they would only be demonstrable
indirectly, by the biological effects of activation. The demonstration
by Waser of curare binding at the neuromuscular junction by autoradio-
graphy in the early fifties came close to satisfying the sceptics.
However, the real honours must go to Paton and Rang, who in 1965, first
demonstrated the presence of a saturable binding component in intestinal
muscle with 14C-atropine. In fact, this 'component' actually represented
the muscarinic cholinergic receptor. Although the muscarinic receptor
was one of the first to be detected by ligand binding techniques, the
greatest success in the area of purification and isolation of receptor
proteins has come with the nicotinic cholinergic receptor in the electric
organ of various invertebrates (see, for example, Karlin et al., 1976).
Several laboratories have isolated the protein subunits of the receptor,
and the detailed molecular structure can now be correlated with the func-
tional properties of the receptor (for review, see Anholt et al., 1983).
Receptor research has come a long way since Paton and Rang first
demonstrated the presence of a cholinergic muscarinic receptor in the
guinea-pig intestine. From simply mapping receptor distributions in the
brain, we have now arrived at a stage where measurable alterations in
receptor numbers and sensitivities may be directly correlated with the
control of specific biological responses. It is therefore worthwhile
reviewing the major technical advances that have placed receptor research

at a forefront of molecular science.
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IT. NEUROTRANSMITTER RECEPTOR MAPPING BY AUTORADIOGRAPHY

One of the earliest and most widely reported uses of receptor auto-
radiography has been the establishment of receptor maps in the brain.
Initial attempts to localize neurotransmitter receptors in the brain
began in the early 1970s, and derived from the work of other
investigators who were working with steroid hormone receptors (Roth and
Stumpf, 1969; Stumpf and Roth, 1966) and with irreversible ligands, such
as alpha-bungarotoxin for the nicotinic cholinergic receptor (Barnard,
1979). These early maps provided a powerful insight into the mechanism
of drug action, as they identified receptor sites within specific tissue
regions at which the administered drugs initiated their pharmacological
effects. Much of this earlier work involved the in vivo administration

of the radioligand (for reviews, see Kuhar, 1982a,b, 1983).

In vivo Tabelling of receptors

The term 'in vivo' receptor labelling is applied to the procedure
where receptors are labelled in intact, living tissue after systemic
administration of the radioligand or drug. Although extensively used in
the early seventies, the technique is probably best exemplified
historically by studies with opiate radioligands. Shortly after the
discovery and characterization of opiate receptors in 1973 (Pert and
Snyder, 1973a,b), techniques were developed for measuring receptor-
associated [3H]diprenorphine binding after in vivo injections to rats
(Pert et al., 1975). Using the dry-emulsion autoradiographic technique
developed by Stumpf and Roth (1966) for the autoradiographic localization

of diffusible substances, opiate receptors were subsequently visualized
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in brain and spinal cord after injections to rats of 3H opiate agonists
(Atweh and Kuhar, 1977a,b,c; Pert et a}., 1976). Initially, there were
few problems in evaluating opiate receptor distribution. However, dif-
ficulties arose when it was subsequently shown that naturally occurring
peptides had high affinities for opiate receptors in in vitro binding
assays (for example, Hughes et al., 1975). Further investigations showed
that opioid peptide binding to receptors, and receptor-mediated effects,
demonstrated differential sensitivities to antagonism by naloxone (Chang
and Cuatrecasas, 1979; Goldstein et al., 1979; Lord et al., 1977).
Consequently, interpreting data from in vivo studies became more
complicated, since the in vivo binding of an exogenous opiate receptor-
selective radiotracer was likely to represent competitive interactions at
the receptor between the tracer and multiple endogenous receptor ligands.
Findings that opioid peptides were probable contributors to normal brain
function therefore Ted to a novel approach to interpreting the resulting
binding data. This approach was based on the premise that if the effects
of endogenous opioids are mediated by binding at opiate receptors, then
occupancy of opiate receptors by opioid peptides should inhibit the
binding of exogenous ligands at those receptors. Therefore, by comparing
differences in receptor-bound radiotracer between control and
experimental animals, changes in endogenous opioid activity at receptors
after behavioural manipulations could be measured. This has subsequently
been successfully accomplished (for example, Dum et al., 1983; Panksepp
and Bishop, 1981).

Nevertheless, many other serious limitations of the technique and
the introduction of ‘'in vitro' autoradiography by Young and Kuhar (1979)

have resulted in a reduction of the use of the in vivo technique. For
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example, one of the major problems associated with in vivo autoradio-
graphy has always been the choice of appropriate controls in receptor
occupancy studies. Ruling out non-specific factors such as alterations
in drug metabolism or region-specific changes in blood flow can sometimes
require more effort than the main experiment. Furthermore, ligands that
do not cross the blood/brain barrier or those which are rapidly degraded
are precluded from use.

Even in the light of these differences, the in vivo technique can
provide answers that the in vitro technique cannot. For example, only
the in vivo technique can determine which set of receptors may be
occupied by a blood-borne hormone. Furthermore, attention has returned
recently to in vivo ligand distribution experiments, with the hope of
developing clinically applicable receptor assays, analogous to in vitro
receptor autoradiographic methods. This work has been prompted by the
advent of emission tomographic scanners which provide investigators with
the opportunity to measure receptors in intact humans by non-invasive
techniques (for example, Eckelman et al., 1984; Wagner et al., 1983; see

also section IV).

In vitro labelling of receptors

Although the hinged-coverslip apposition technique was first intro-
duced by Hoecker and Roofe in 1949, it was thirty years later that Young
and Kuhar brought the technique to the forefront of receptor science and
expanded the field of receptor research in the central nervous system
(CNS). By this approach, slide-mounted tissue sections are incubated
with radioligands in vitro for purposes of producing autoradiographs.

The in vitro labelling approach has many advantages over the in vivo
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method. A great advantage of the technique is the ability to control
more precisely the labelling conditions so that greater pharmacological
specificity is achieved. Furthermore, the technique is far more economi-
cal, as comparison of the distribution of several different receptors in
serial sections can be performed.

Initially, as with the in vivo technique, the most common use of in
vitro autoradiography was the mapping of receptors in the brain, thereby
helping to complete the elucidation of chemical organization in the CNS
(for example, Palacios et al., 1986a; Young and Kuhar, 1979b). As the
functions of many brain regions are now well-known, the localization of
specific receptors in different brain areas can therefore be correlated
with possible physiological or pharmacological effects of drugs directed
at these receptor sites. A popular example of this can be seen with the
opiate drugs. Opiate administration causes a variety of physiological
effects, including analgesia and respiratory depression, which can only
be fully understood if these effects are associated with receptors in
various neuronal circuits that actually mediate these effects (Kuhar,
1978).

Without doubt however, one of the most important advantages of the
in vitro technique with respect to modern-day pharmacology is that the
visualization of numerous peptide ligands has been achieved as the
peptides are no longer subject to metabolism by proteases present in the
tissue fluids, and the blood/brain barrier - previously impermeable to

many peptides - is circumvented.
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Regulatory peptide autoradiography. In the last ten to fifteen years,

peptides have become the largest single class of candidate neurotrans-
mitters, and have been found, almost without exception, in every part of
the body in vertebrates (Polak and Bloom, 1986) and many invertebrate
species (Van Noorden, 1984). In parallel with the steadily growing
number of peptides being discovered, multiple receptors for these
peptides have been characterized (for review, see Palacios and Dietl,
1987). The study of peptide receptors has however been particularly
limited by difficulties associated with the use, in most cases, of
radiolabelled peptides as ligands (Unden et al., 1985), where the major
difficulty in the design of peptide labelling conditions has been the
protection of the peptide radioligand from enzymatic degradation.
Although this can be prevented by the addition of peptidase inhibitors to
the incubation medium, unfortunately, over the years, it has become
apparent that there is no universally applicable cocktail, and each
peptide appears to have specific requirements (see, for example, Mantyh
et al., 1984; Zarbin et al., 1983). Although the use of low temperatures
also reduces degradation (Hanley et al., 1980), possibly the most
effective means of avoiding degradation is the use of metabolically
protected versions of the peptides as 'stable analogue' ligands as, for
example, enkephalin (Miller et al., 1978), substance P (Sandberg et al.,
1982) and somatostatin (Maurer and Reubi, 1985) analogues. The tendency
of peptides to adsorb to surfaces has also been a problem with both
radiolabelled and unlabelled peptides. For example, when Putney et al.
were examining the binding of 125I-physa1aem1’n to rat parotid acinar

cells, they found that non-specific binding was as much as 80% of the
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total binding at saturation (Putney et al., 1980). As a consequence,
many protective substances which occupy the adsorptive sites have been
introduced into the labelling procedures (for example, Mantyh et al.,
1984).

One of the major advantages of the in vitro autoradiographic
technique is that one can examine different receptors in different but
adjacent tissue sections. In the field of peptide receptors this
feature has proved to be invaluable, as it appears to be a general rule
that multiple receptor subtypes exist for a given peptide family. Again,
the historical and foremost example is the case of the opioid receptor
(see Snyder and Goodman, 1980). However, one of the most comprehensive
receptor subtype studies in recent years has involved the tachykinins.

To date, three distinct binding sites for mammalian tachykinins have been
described (for review, see Buck and Burcher, 1986). The NK-1 site, which
preferentially binds substance P has been identified in brain (Cascieri
and Liang, 1984), and in a variety of peripheral tissues such as rat
salivary gland, duodenum and bladder and guinea-pig intestine and bladder
(Buck et al., 1984a; Burcher et al., 1986; Burcher and Buck, 1986; Liang
and Cascieri, 1981). The NK-2 site, which favours neurokinin A, is found
almost entirely in peripheral tissue such as the hamster, rat and mouse
bladder and in rat and guinea-pig gastrointestinal tissue (Buck et al.,
1984b; Burcher et al., 1986; Burcher and Buck, 1986). In contrast, the
NK-3 site, which preferentially binds neurokinin B and the non-mammalian
tachykinins eledoisin and kassinin, is found mainly in the CNS (Beaujouan
et al., 1984; Cascieri et al., 1985; Cascieri and Liang, 1984), but also
in the guinea-pig intestine (Burcher et al., 1986).

The mapping of very distinct regional distributions for these
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peptide Tigands demonstrates the power of receptor autoradiography to
provide information on the presence of different subtypes of receptors
for peptides. Correlation between their location and physiological
function may therefore Tead to the development of specific and effective

therapeutic drugs.
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III. QUANTITATIVE RECEPTOR AUTORADIOGRAPHY

Just as receptor binding techniques have improved over time, so too
have methods for analysing autoradiographic images. Early in the develop-
ment of image analysis, it was necessary to count the actual grains that
were darkened on an area of film or emulsion-coated coverslip (Young and
Kuhar, 1980). Several important technical advances which have developed
over the past few years have facilitated quantification and include the
availability of tritium-sensitive sheet film (Alexander et al., 1981;
Palacios et al., 1981; Rainbow et al., 1982; Unnerstall et al., 1982),
and the application of computerized image analysis techniques to the
problem of quantitation (see Altar et al., 1984; Davenport et al., 1989a;
Kuhar and Unnerstall, 1985).

Whilst substantial progress has been made in this field, there are
still some problems that are causing inaccuracy and confusion. The main
problem with quantitative autoradiography is that grain density in
nuclear emulsions and optical densities in film are not linearly related
to the radioactive content of the tissue. Because of this non-linear
relationship, the quantitative interpretation of autoradiographs requires
the simultaneous use of autoradiographic standards along with experimen-
tal tissues (see Davenport and Hall, 1988; Kuhar and Unnerstall, 1985).
An additional problem associated with the use of tritiated ligands is
that of 'quenching'. Because of the relatively low energy of beta rays
produced by tritium, there is a significant degree of tissue absorption
of the beta rays. In practical terms, this has proved to be a serious
problem in the brain where the quenching by white matter is significantly

greater than that by grey matter (Alexander et al., 1981; Herkenham and
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Sokoloff, 1984; Kuhar and Unnerstall, 1985). Much work has been directed
at solving this problem including defatting the brain tissue (Herkenham
and Sokoloff, 1984). However, this approach is not practical with every
ligand and has yet to be shown to be useful in any other tissue apart
from the brain. Another approach has been to calculate correction fac-
tors for the various brain regions that reflect the absorption charac-
teristics of those regions (see Kuhar and Unnerstall, 1985).

Considering the quenching problems associated with the use of
tritiated ligands, the most obvious method of combatting these problems
is to avoid the use of tritium. Iodine-125 appears not to have the
grey/white quenching problem to a great degree, and iodinated ligands are
available in very high specific activities. However, the use of this
isotope is not without its own drawbacks, as the uniformity of section
thickness becomes a problem when using Iodine-125. Despite these
problems, quantitative autoradiography of microscopic specimens is now
widely used for receptor studies and, as with other autoradiographic
techniques, the initial application for computerized densitometric image
analysis has been the mapping of receptors in the brain (for example,
Altar et al., 1985; Penney and Young, 1982; Unnerstall et al., 1982).
Recently however, in addition to comprehensive CNS receptor mapping,
quantitative autoradiography is being effectively applied to the
periphery. For example, using computer-assisted image analysis, specific
binding sites for endothelin have been measured in a wide range of
peripheral tissues including the heart, kidney and lungs in the rat, pig

and humans (Davenport et al., 1989%).
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IV. CLINICAL APPLICATIONS OF RECEPTOR AUTORADIOGRAPHY

In vitro

The application of quantitative autoradiographic techniques to the
study of various human diseases has made possible the gathering of new
information concerning the biochemical pathology of certain illnesses
(see, for example, Greenamyre et al., 1985; Mash et al., 1985; Penney et
al., 1984; Uhl et al., 1984; Walker et al., 1984; Whitehouse et al.,
1985). For example, Huntington's disease is a dominantly inherited
neurological disease in which the pathology lies mainly in the striatum,
particularly the caudate nucleus and the putamen. Early studies using
homogenate techniques reported alterations in the number of
Y -aminobutyric acid (GABA) and benzodiazepine receptors in Huntington's
disease brains (Enna et al., 1976; Reisine et al., 1979). Recent guan-
titative autoradiographic studies have both confirmed and qualified these
earlier observations and have shown marked decreases in both GABA and
benzodiazepine receptors locally in the striatum where there is no loss
of neurones. In contrast, there were increases in GABA/benzodiazepine
receptors in the substantia nigra pars reticulata, which normally
received GABAergic inputs from the striatum (Penney and Young, 1982;
Walker et al., 1984; Whitehouse et al., 1985).

The localization of opiate receptors has also been studied in
Huntington's disease brains (Penney et al., 1984) where striatal and
globus pallidus opiate receptors are decreased by 50%. This pallidal
change has led researchers to suggest that after striatal neuronal death,
there is a loss of opiate receptors instead of an upregulation of

receptors as seen with GABA and benzodiazepine receptors. Furthermore,
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in view of the suggestion that glutamate receptors may be important in
memory formation (Lynch and Baudry, 1984), it is interesting to note that
glutamate receptors are also markedly reduced in the caudate/putamen of
Huntington's disease brains (Greenamyre et al., 1985).

In contrast to Huntington's disease, very few autoradiographic
studies of receptors have been reported in Parkinson's disease. Probably
the most interesting change that has been noted in the Parkinson's brain
compared with control brain is the change seen in neurotensin receptors
where their numbers are reduced in the substantia nigra of the
Parkinson's patients (Uhl et al., 1984).

Benzodiazepine and GABApj receptors have been studied in Alzheimer's
brains using both autoradiographic and homogenate techniques (Owen et
al., 1983; Penney and Young, 1984). Homogenate studies have reported
slight decreases in benzodiazepine binding in the cerebral cortex
compared with few changes in GABAj receptors. There is, however, a 44%
decrease in benzodiazepine binding in the parahippocampal cortex. The
supposedly presynaptic GABAj receptors are also decreased in the cortex
of Alzheimer's brains (Chu et al., 1987). Furthermore, because
Alzheimer's disease has been associated with dramatic decreases in
cortical acetylcholine levels, and in the number of cholinergic cortical
afferent neurones (McGeer et al., 1984; Whitehouse et al., 1981), it has
been of interest to measure cholinergic receptors in Alzheimer's brains
and Mash and Potter and others have used selective binding techniques to
reveal decreases in presynaptic muscarinic receptors in the cerebral
cortex (Mash et al., 1985). Substantial decreases in cortical glutamate
(Greenamyre et al., 1985, 1987) and somatostatin (Beal et al., 1985)

binding have also been reported in the brains of patients with dementia
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of the Alzheimer's type.

At the moment, only a limited number of studies have been performed
with a small number of brains, and much work needs to be done to define
the unique receptor pathology of different disorders. Using quantitative
autoradiography, researchers can begin to ask not only if the receptor is
up- or down-regulated in a disease state, but also whether receptor dys-
function may be involved in the pathophysiology of the disease. This
type of receptor investigation must, undoubtedly, be extended to the
peripheral nervous system. For example, several lines of evidence have
already indicated that the tachykinins, substance P and substance K, play
a role in regulating the inflammatory responses in peripheral tissues
(Mantyh et al., 1988a), and to test this hypothesis, quantitative
receptor autoradiography has been used to examine possible abnormalities
in tachykinin binding sites in surgical specimens from patients with
ulcerative colitis and Crohn's disease. The results demonstrated that
concentrations of receptor binding sites for substance P, but not for
substance K, were increased to 1,000-2,000 times the normal Tlevel by
cells involved in mediating inflammatory and immune responses (Mantyh et

al., 1988b).

In vivo

Positron-emission tomography (PET) is a technique that produces an
image of the distribution of a previously administered radionucleotide in
any desired section of the body. PET uses the properties of annihilation
radiation that is generated when positrons are absorbed in matter, to
provide an image that is a representation of the spatial distribution of
the radionucleotide at a selected plane through the tissue. The great

advantage of this approach is that it is non-invasive, thus providing a
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much larger population for receptor measurement than is possible with
post-mortem tissues.

Using 18F-1abelled fluoro-deoxyglucose, PET investigators quickly
adapted a technique developed by Sokoloff et al. (1977) for measuring
Tocal brain-glucose metabolism. Since this early adaptation, PET has
been effectively used for several diverse measurements. For example,
using the now accepted technique for the measurement of brain/blood flow
and metabolism, PET has provided important new information on the
metabolism of brain tumours (see Patronas et al., 1982), the effect of
focal epilepsy on the brain (Engel et al., 1982) and the changes in local
metabolism that occur with aging (Duara et al., 1984), dementia (Foster
et al., 1984) and other degenerative diseases (Kuhl et al., 1982).
Equally promising are studies of patients at risk of stroke (Powers and
Raichle, 1985).

Since receptors are undoubtedly involved in many neuropsychiatric
disorders, the possibility of assessing receptors in vivo in humans in
various clinical populations, before, during and after either the onset
of clinical symptoms, or drug treatment, provide an exceptional
opportunity for the assessment of the roles of specific receptors in
certain disorders. However, this aspect of the technique is in its
infancy and the transition from quantitative in vitro binding studies to
equivalent in vivo examinations with PET have been complex and difficult.
The same problems encountered by workers in the early seventies apply to
this modern-day technique. For example, in vitro binding affinity and
number of binding sites are analysed under strict equilibrium conditions.
In contrast, in vivo studies have to be made under non-equilibrium

conditions brought about by factors that affect the regional
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concentration of the free radioligand in the brain, such as non-specific
binding of tracer in blood and brain, blood/brain barrier permeability
and blood flow. As a result, quantitative estimates of the number of
receptors and their affinity cannot be obtained from a single
measurement.

Despite these problems, the papers published so far indicate the
eventual feasibility of this approach. For example, a decline in dopa-
mine and serotonin receptors with age has already been noted (Wong et
al., 1984). Furthermore, the demand for new, non-peptide 1igands being
established by these new techniques is being met gradually by drug manu-
facturers. For example, opioid receptors have already been visualized in
the human brain using a carfentanil (Frost et al., 1985).

Another in vivo imaging technique is single photon imaging. As with
every other imaging technique, it has its own particular advantages and
disadvantages. It has, however, been used successfully to image

muscarinic cholinergic receptors in vivo (Eckelman et al., 1984).
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V. RECEPTOR LOCALIZATION ON CULTURED CELLS

Although the development of ligand autoradiography has greatly
advanced our knowledge of receptor localization in the brain and other
tissues, it does not, by itself, permit the localization of receptors to
individual, well-characterized cell types. In recent years therefore,
several techniques, including neurological lesioning (see, for example,
Helke et al., 1986; Palacios et al., 1986b), electron microscopy (Hamel
and Beaudet, 1984; Kuhar et al., 1981; Patel et al., 1982) and immunocy-
tochemistry (Ariano and Kenny, 1985; Moon Edley and Herkenham, 1984) have
been used in conjunction with 1igand autoradiography to determine the
cellular and subcellular localization of receptors. An additional
approach, which has been responsible for providing much valuable infor-
mation that would have been difficult to obtain in situ, has been the
application of autoradiographic techniques to cell culture preparations.

The advantages of cell and tissue culture preparations in a wide
variety of investigations have long been recognized; cultured cells are
more accessible for direct investigation; diffusion delays and barriers
to applied drugs are minimized; the humoral and cellular components of
the culture conditions can be controlled and the properties of the cells
can be observed over an extended period of time in culture (Hassall et
al., 1989). Furthermore, culture preparations are proving to be
increasingly useful in the field of receptor research, as the senstivity
of autoradiographic techniques used with cultures can be several orders
of magnitude higher than those found with biochemical techniques on
equivalent preparations.

It is, however, important to choose the most suitable type of
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culture preparation. For example, mixed cell cultures are not
particularly valuable for quantitative radioligand binding studies of
receptor number, as the proportions of constituent cell types will vary
between cultures. Furthermore, no information as regards the cellular
localization of these receptors is obtained from such studies.

Regardless of these restraints however, radioligand binding studies of
membrane homogenates of culture cells have been carried out (for example,
Galper and Smith, 1978), and comparison of the results of such studies
and those employing intact cultured cells from the same tissue can be of
value (for example, Nathanson, 1983). Undoubtedly however, the greatest
advantage afforded by culture preparations is the high level of
resolution which ultimately enables binding sites to be visualized over
particular cell types, whereas in previous studies using tissue sections,
the cellular localization of the receptors could only be surmised
(compare Buckley and Burnstock, 1984a; Hassall et al., 1987; James and
Burnstock, 1988a; James et al., 1990a, with Buckley and Burnstock, 1984b;
Hancock et al., 1987; Niwa et al., 1985; Gutkind et al., 1987,
respectively).

As with earlier autoradiographic techniques, the jnitial culture
studies were performed on cultured cells of the CNS. Prior to these
studies, membrane-associated receptors for neurotransmitters in mammalian
brain were generally assumed to be present on neurones, despite the fact
that no direct receptor binding evidence verified this assumption.
Gradually, however, the short-sightedness of this assumption was
realized, and acting on reports which showed that alpha-adrenergic
agonists decreased isoproterenol-induced cyclic AMP in astrocyte primary

cultures (McCarthy and De Vellis, 1978; Van Calker et al., 1978),
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Ebersolt et al. (1981) characterized both alpha-1 and alpha-2 adrenocep-
tors in mouse brain astrocytes from primary cultures. However, even
highly purified cell preparations provided no insight into the hetero-
geneity of expression amongst individual cells in culture.

Encouraged by the successful demonstration of the distribution of
nicotinic cholinergic receptors across the surface of cultured muscle
cells (Sytkowski et al., 1973; Anderson and Cohen, 1977), several groups
of workers attempted to develop an analogous approach which could be used
to examine the cellular distribution of receptors on identified popula-
tions of CNS cells. As a result, Hosli and Hos1i (1982) visualized
alpha- and beta-adrenoceptors on neurones and glial cells in organotypic
cultures of rat cerebellum, brain stem and spinal cord (see also, HGsli
and Hosli, 1986).

Although receptors were now being visualized directly on the surface
of specific cell types, their identification at the light microscopic
level, based on morphology alone, was occasionally ambiguous. However,
an important advantage of culture is that a number of techniques can be
applied concurrently to the same culture preparation. Therefore, to
determine which types of cells in a mixed culture expressed receptors,
their identity was verified by immunocytochemically labelling the
proteins characteristic of specific cell classes (McCarthy, 1983).
Subsequently, Burgess and McCarthy (1985) developed a microcomputer-based
video method to quantify neurotransmitter receptors on single, immuno-
cytochemically defined culture cells, which they applied to determine
whether beta-adrenoceptors were more numerous on neurones or non-
neuronal cells in primary neural cultures, whether agonist exposure

decreased the number of beta-adrenoceptors (see also, Baker et al., 1986)
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and to assess the heterogeneity of receptor expression within a single
cell type.

Although these initial autoradiographic studies were performed on
cultured cells of the CNS, in the last five years or so, receptor
localization on cultured cells of the peripheral nervous system (PNS) has
been investigated. In addition to studies on established culture
preparations, a number of culture preparations of intramural ganglia have
been developed (Baluk et al., 1983; Hassall and Burnstock, 1986; James et
al., 1990b; Jessen et al., 1983; Pittam et al., 1987). Whereas pre-
viously, studies of intramural ganglia in situ have been limited by their
inaccessibility, tissue culture preparations in which intramural ganglia
are either isolated and explanted, or dissociated from the surrounding
tissue have enabled extensive studies that would otherwise be very dif-
ficult to conduct. Much work has been carried out on explant cultures of
the myenteric and submucous plexuses of the gut (see, for example, Jessen
and Mirsky, 1983; Saffrey et al., 1984), and it has become apparent that
the degree of organization and activity of the enteric nervous system
Tikens itself to the CNS. In view of recent electrophysiological studies,
it also seems that other peripheral intramural ganglia may not function
simply as relay stations (Pittam et al., 1987), and there is increasing
evidence that the neurones present within these ganglia have specialized
roles in the complex local control mechanisms (Burnstock et al.,
1987a,b).

As with the initial autoradiographic studies on CNS culture
preparations, the first receptors located in peripheral sympathetic and
intramural cultures were located primarily on neuronal cells (Buckley and

Burnstock, 1984a, 1986a; Hassall et al., 1987; James and Burnstock,
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1988a). Furthermore, using a combined autoradiographic and immunocy-
tochemical approach (Buckley and Burnstock, 1986a), it has been possible
to determine the neurochemical content of neuronal subpopulations
expressing specific receptors (Buckley et al., 1988; James and Burnstock,
1989a,b). However, as with cells cultured from the CNS, recent studies
have shown that atrial natriuretic peptide binding sites are present on
specific subpopulations of non-neuronal cells in culture preparations of
sympathetic ganglia (see James et al., 1990a, and Chapter Nine) and the
heart (see Chapter Ten), suggesting complex neurone-glial interactions.
With the establishment of methods for localizing an increasing
number of 'classical' neurotransmitter receptors and the neurotrans-
mitter/neuromodulator peptide receptors, the scope for receptor research
enlarges and in particular, the study of factors regulating receptor
expression is facilitated. It is already well-known that the cell
surface receptors for several ligands can be modulated by a variety of
factors (Hollenberg, 1979). For example, one ligand binding to its own
receptor can regulate the number and affinity of a second receptor
(Yamada et al., 1980a). Agonist- and antagonist-induced changes in
receptor number and sensitivity have also been examined in preparations
of cultured heart cells (Galper et al., 1982; Hunter and Nathanson,
1986). Furthermore, the influence of nerves on the distribution of
acetylcholine receptors on muscle can be monitored in co-culture prepara-
tions (Peng and Poo, 1986; Ziskind-Conhaim et al., 1984). Therefore, the
ability to study cells in culture over an extended period of time facili-
tates studies of progressive changes in the properties of receptors and

their distribution under defined conditions.
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I. AUTORADIOGRAPHIC PROCEDURES

A. IN VITRO AUTORADIOGRAPHY: Procedure for light microscopic visualiza-

tion of receptors in cryostat tissue sections.

The in vitro autoradiographic technique used in Chapters One and Two
is based on the method developed by Young and Kuhar in 1979, and is
illustrated in Fig. A. The procedure is based on our ability to label
receptors in tissues, retaining their anatomical and cellular structures
as intact as possible, and to process these tissues for autoradiography
in a way that prevents the dissociation of the ligand from the receptor.
Generally, there are many variations of this procedure and different
radioligands require specific labelling conditions. This is exemplified
in Table 1, which gives a summary of the labelling conditions used for
Tocalizing alpha-adrenoceptors, muscarinic cholinergic and & -opioid

receptors in cryostat tissue sections (see Chapters One and Two).

1. Slide preparation

Chromic acid-washed microscope slides, frosted on one end, were
‘subbed' by sequentially dipping twice in a solution consisting of gela-
tin (0.5 g, Sigma) and chrome alum (chromium potassium sulphate; 50 mg,
BDH) dissolved in 100 m1 of distilled water. The dipping was done at
room temperature. When the slides had dried, they were stored in a dust-

free environment until use.

2. Coverslip preparation

Glass coverslips (22 x 64 mm, Chance) were cleaned overnight in

chromic acid. The coverslips were then washed for 2 hours in running tap
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water, rinsed twice for 30 minutes in distilled water and dried in a 70°C

oven. They were stored in a dust-free environment until use.

3. Emulsion-coating the coverslips

This procedure was carried out under safe-light conditions (I1ford S
Safelight, No. 902). A water-bath was heated to a temperature of between
43 and 45°C. Nuclear emulsion (I1ford, K2) was placed in a glass Coplin
jar in the water-bath and diluted 1:1 with distilled water. When the
emulsion had melted and was free of air bubbles, the pre-cleaned
coverslips were carefully dipped into the molten emulsion. The under-
side of the coated coverslip was wiped clean of emulsion and placed on an
even, ice-cooled metal plate for 15-20 minutes to set. The emulsion-
coated coverslips were then left in darkness for a further 4 hours at
room temperature to dry, before being placed in light-tight boxes con-
taining dessicant. The boxes were sealed securely and stored at 4°C

until use.

4, Tissue preparation

The tissue of interest was freed of connective tissue and fat and
placed directly onto cold, cork blocks. The specimens were mounted in
'Tissue Tek II 0.C.T.' and frozen in liquid nitrogen-cooled isopentane,
prior to mounting onto aluminium microtome chucks. The tissue blocks
were allowed to equilibrate with the temperature of the cryostat, which
varied between -18°C and -12°C, before being sectioned (10-15 ym). The
sections were thaw-mounted onto the lower ends of the subbed, single-
frosted microscope slides and allowed to dry at room temperature. The

slide-mounted sections were stored with dessicant at -20°C until use.

5. Labelling of tissue sections

This procedure is illustrated in Fig. A. Slide-mounted tissue sec-
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tions were allowed to equilibrate to room temperature. Isotonic buffers
were always used for pre-incubations, incubations and rinsing so as to
prevent any unnecessary stress on tissue morphology. Incubation with the
radioligand was carried out at room temperature. Ice-bath temperatures
(4°C) were used for washing, as this slowed the dissociation of receptor-
bound 1igand while not affecting the rapid loss of non-specific binding.
Before drying, the slides were dipped into ice-cold distilled water to
remove salts from the slides and tissue sections, which could have caused
autoradiographic artefacts. The sections were dried rapidly under a
stream of cool, dry air before being stored with dessicant.

6. Generation of autoradiographs

The emulsion-coated coverslips were brought to room temperature
before being apposed to the slide-mounted tissue sections. This proce-
dure was carried out under safe-light conditions. The coverslips were
attached by a drop of cyanoacrylate resin (Radio Spares) to the frosted
end of the slide so that the emulsion-coated side of the coverslip was
permanently apposed to the slide and tissue section. These assemblies
were stacked on top of each other in groups of 10 and bound securely
together with tissue paper, ensuring that the autoradiographs were kept
in register with the tissue sections. They were then stored in the dark

at 4°C for a suitable exposure time (see Table 1).

7. Development of autoradiographs

The exposure time depended on the radioligand used and the amount of
radioactivity in the tissues, and varied from 4 to 20 weeks (see Table 1).
After adequate exposure, the slide/coverslip assemblies were allowed to
equilibrate to room temperature. Specially cut wooden spills were

placed in between the coverslip and the tissue section, enabling the
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development (undiluted Kodak D19, 3 minutes, 20°C) and fixation (Hypam
1:4, 5 minutes, 20°C) of the coverslip, and staining of the tissue sec-
tion (e.g. toluidine blue). Histoclear (National Diagnostics) was used
as a clearing agent, since it greatly reduced the number of lost speci-
mens due to dissolution of the resin bond between coverslip and slide. A
few drops of DPX mountant were then placed between the coverslip and the
slide. The wooden spill was removed, thus bringing the tissue section
and its corresponding autoradiograph back into register. The complete
assemblies were then examined under phase-contrast optics to view the
tissue, and dark-field optics to view the autoradiographic silver grains
overlying the tissues. The tissue sections and their corresponding

autoradiographic images were photographed using Kodak Pan-X, rated at 32

ASA.

8. Quantitation of autoradiographs

The autoradiographs were analysed by two independent observers using
an image analysis system (Seescan) and the results were combined. The
object of the analysis was to compare grain densities within the same,
cell type-specific area on consecutive sections labelled either with dif-
ferent radioligands (see Chapter One) or with the radioligand in the
presence of different displacers (Chapter Two). Serial sections of
specimens were labelled under different conditions, thus enabling the
same tissue area to be analysed and compared. This minimized errors
introduced if areas of different cell type content had been measured.
Also, comparison was contained to individual patients, and not from
patient to patient, thus negating errors introduced by variation in cell
size and innervation. As the image analysis system used was linked

directly to the microscope, the definition Tost on photographic analysis
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was minimized. The autoradiographic grains and the background within a
unit area on the image analysis screen were distinguished on the basis of
colour (dark green autoradiographic grains on a light green background).
The percentage area occupied by dark green grains was measured. Mean
total and non-specific binding values (% grain occupancy/unit area) were
determined for each cell type-specific area from each section, for every
labelling condition used. Specific binding values were obtained by
subtracting the non-specific binding values from the total binding

values.

B.  TISSUE CULTURE AUTORADIOGRAPHY: Procedure for light microscopic

visualization of receptors in tissue culture preparations.

The tissue culture autoradiographic technique used in Chapters Three
and Four is illustrated in Fig. B. In contrast to the regional receptor
localization provided by in vitro autoradiographic studies, this pro-
cedure allows the visualization of binding sites over particular cell
types. Generally, the labelling conditions vary considerably from ligand
to ligand, and the experimental conditions used for localizing muscarinic
cholinergic, substance P and atrial natriuretic peptide receptors in
tissue culture preparations have been summarized in Table 2. The method
used to label cultures with [3HIpropylbenzilylcholine mustard (PrBCM) has
been described extensively in Buckley and Burnstock (1986a). Therefore,
the visualization of peptide receptors in tissue culture preparations is
described in more detail below. Several different culture preparations

were labelled throughout the course of this study (see Table 3).

1. Pre-incubation

Coverslips with adherent cultures were removed from their growth
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chambers - Nunc multiwells or modified Rose chambers (Rose, 1954) - and

transferred to either clean multiwells or petri dishes. The cultures

were pre-incubated in a physiological buffer (pH 7.4-7.6) at room tem-

perature, which allowed leaching of endogenous Tligand from the cultured

cells.

2.

Incubation with radioligand

The pre-incubation buffer was discarded, and the cultured cell-

coated coverslips were incubated in the same physiclegical buffer, in the

presence of the radiolabelled peptide (generally iodinated) and in the

presence or absence of a displacer. The unlabelled peptide was used as

the displacer, as specific peptide antagonists were largely unavailable.

At this experimental stage, many variables had to be taken into account:

(1)

(11)

(iii)

(iv)

Time: The incubation time for each radioligand was designed so that
the binding interaction was at equilibrium. However, peptide
binding in culture frequently exhibited rapid kinetics.

Temperature: Generally, incubations were carried out at room tem-
perature (20°C). However, when the stability of the radiolabelled
peptide was poor, or the kinetics of binding were too rapid, a lower
temperature (4°C) was used.

Buffers: Physiological buffers were used with a pH range of 7.4-7.6.
The tendency to adsorb to surfaces was a problem with the peptides
used in these studies. In order to reduce the amount of radiola-
belled peptide adsorption, the adsorptive sites were occupied with a
protective substance that did not interfere with specific binding
sites. Generally, bovine serum albumin (0.4 mg/ml) was added to the
incubation buffer.

Peptidase inhibitors: Protection of the radiolabelled peptide from
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enzymatic degradation was essential. This was prevented by the
addition of specific peptidase inhibitors to the incubation medium.
The stability of the peptide was subsequently tested by high-

performance 1liquid chromatography (HPLC).

3. Rinses

After the incubation was complete, the cultured cell-coated
coverslips were rinsed at 4°C in buffer followed by a rinse in ice-cold
distilled water to remove salt deposits from the buffer. The rinses were
rapid and performed at a low temperature to minimize diffusion of the
radiolabelled peptide from the receptor. The cultures were then fixed in
either glutaraldehyde vapour at 50°C (30 minutes) or 4% paraformaldehyde
in 0.1 M phosphate-buffered saline (PBS, pH 7.4, Oxoid Ltd.) for 1 hour

at 4°C, washed in 80% ethanol for 5 x 5 minutes and air dried.

4. Emulsion-coating the cultured cells

When the cell-coated coverslips were completely dry, they were
attached, cell-side uppermost, to the lower half of chromic acid-cleaned,
3 x 1" microscope slides with DPX mountant. The nuclear emulsion
(I1ford, K5) was prepared in the same way as that described for in vitro
autoradiography in section I. A.3. When the emulsion had melted and was
completely free of air bubbles, the microscope slides were dipped into
the molten emulsion, and the excess emulsion allowed to drain away before
the under-side of the slide was wiped clear of emulsion. When the
emulsion was completely dry, the slides were placed in light-tight boxes
containing dessicant, and stored at 4°C for the appropriate exposure

time.

5. Development of autoradiographs

The autoradiographs generated were developed in the same manner as
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the emulsion-coated coverslips (section I. A.7). After processing the
autoradiographs, the cultures were mounted unstained in glycerol/PBS
(1:1), and examined under phase-contrast and dark-field microscopy. The
cultures and their corresponding autoradiographic images were pho-

tographed using Kodak Pan-X (32 ASA).
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[I. TISSUE CULTURE PREPARATIONS

The culture preparations used throughout this study were grown
according to established methods. Therefore, with the exception of the
rat trachealis muscle culture preparation, which was developed during the
course of this study, no specific preparation details are given.

However, the references upon which the culture methods were based can be

seen in Table 3.

Dissociated cell cultures of rat trachealis muscle

Sprague-Dawley rats (12-13 days old) were killed by a blow to the
head, and the trachea from below the larynx to the top of the two main
bronchi were removed aseptically. The trachea from two animals were
pooled and transferred to a sterile petri dish containing Hanks' balanced
salt solution (HBSS, Gibco) where the trachealis muscle was dissected
free of the tracheal cartilage. The remaining tissue was again rinsed in
HBSS to remove excess blood, before being placed in Ca2*- and Mg2*-free
Dulbecco's balanced salt solution (DBSS, Gibco) and cut into 1-3 mm3
pieces. Tissue pieces were then placed in 0.125% trypsin in DBSS at 4°C
for 2 hours, enabling the inactive enzyme to permeate the tissue before
transfer to a 37°C incubator (Flow Laboratories) for 40 minutes. The
trypsin digest was discarded as it was found to contain many red blood
cells and cellular debris. The remaining tissue fragments were placed in
0.2% collagenase (Sigma or Gibco) in HBSS, and incubated for a further 40
minutes at 37°C. The cell-containing collagenase solution was centri-
fuged at 200 r.p.m. for 2 minutes, the supernatant removed and the tissue

pieces resuspended in the growth medium, which consisted of medium 199
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(Gibco) supplemented with 10% foetal calf serum, 5 mg/ml glucose and 100
units/ml penicillin. The tissue was finally dispersed by trituration
using a sterile syringe attached to a 23 gauge needle (three to five
passages), and the cells were gently resuspended in growth medium. The
resultant cell suspension was diluted to the required volume and grown on
glass coverslips in modified Rose chambers, which were kept in a humid
environment at 37°C in 2.5% COp. In some experiments, cultures were
grown on poly-1-lysine- (Sigma), fibronectin- (Sigma) and laminin-
(Bethesda Research Laboratories) coated coverslips. The growth medium
was replaced every 2-3 days. Generally, the trachealis muscle from two

rats produced enough cells for two or three Rose chambers.
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ITI. IMMUNOCYTOCHEMISTRY

In Chapters Five and Six, cryostat sections and cultures were immuno-
stained by the indirect immunofluorescence method of Coons (1958).
Details of the antisera used and specific control experiments carried out

in this work are given in the relevant results chapters.
A. TISSUE SECTION IMMUNOCYTOCHEMISTRY

1. Fixation and section processing

Tissue specimens were fixed in 4% paraformaldehyde in PBS for 1 hour
at 4°C. After fixation, tissues were rinsed three times in PBS con-
taining 7% sucrose and 0.1% sodium azide and stored in the same solution
at 4°C until used. The fixed tissues were then mounted onto cork blocks
and frozen in isopentane for sectioning at -20°C. Cryostat sections were
cut at 10pm, and runs of serial sections were placed onto adjacent
gelatin-coated microscope slides and allowed to dry for 1-4 hours at room

temperature.

2. Immunolabelling

A1l antisera were diluted with PBS (pH 7.3) containing 0.1% lysine,
0.1% sodium azide, 0.1% Triton X-100 and 0.01% bovine serum albumin. The
fixed tissue sections on microscope slides were covered with the diluted
primary antiserum and left overnight at room temperature. The tissue
sections were then washed for 3 x 10 minutes in PBS, and the site of
antigen-antibody reaction was revealed by application of fluorescein
isothiocyanate (FITC)-labelled goat anti-rabbit (or anti-rat) immuno-

globulin G in a dilution of 1:100 (Nordic) for 1 hour at room tem-
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perature. After this incubation, the sections were again rinsed in PBS
and mounted in Citifluor (City University, London) for fluorescence

microscopy.

B.  TISSUE CULTURE IMMUNOCYTOCHEMISTRY

1. Fixation and culture processing

Coverslips, with adherent cultures, were removed from the multiwells
or Rose chambers and rinsed in HBSS to remove any residual growth medium.
Fixation was carried out in 4% paraformaldehyde in PBS for 1 hour at 4°C.
The cells were then washed extensively for 6 x 10 minutes in 80% ethanol,
followed by 2 x 5 minutes in 0.1% Triton X-100 in PBS and washed twice
for 5 minutes in PBS before being stored at 4°C in PBS containing 0.1%

sodium azide.

2.  Immunolabelling

Fixed cultures were immunolabelled in the same way as tissue sec-
tions (see section III. A.2) where the coverslips, with adherent
cultures, were incubated in the primary antiserum overnight, washed in
PBS and incubated in the appropriate fluorescent-conjugated second layer
for 1 hour at room temperature. The cultures were then washed and
mounted in Citifluor onto microscope slides for fluorescence microscopy.

Black and white photographs were taken on Kodak Tri-X film (400 ASA).
C. ELUTION-RESTAINING IMMUNOCYTOCHEMISTRY: Procedure for the
concomitant localization of two antigens.

The immunocytochemical technique used in Chapter Six was based on

the work of Tramu et al. (1978). The cell cultures were initially pro-
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cessed according to the indirect immunofluorescence technique described
in section III. A.2 (Coons, 1958). After extensive photography of the
immunolabelling pattern resulting from the first antigen, the mounted
cultures were immersed in PBS. The coverslips, with adherent cultured
cells, were gently removed from the glass slides and, after rinsing in
PBS, the cultures were exposed for 30-60 seconds to a solution of acid
potassium permanganate containing 1% KMnOg4 and 0.2% H2S04. To establish
the complete elution of the first antiserum, the cultures were incubated
again with the fluorescein isothiocyanate (FITC)-conjugated antiserum.
If the cultures were devoid of fluorescence, the elution had been suc-
cessful and the cultures were incubated with the second antibody.

A problem often encountered with elution-restaining procedures is
that different antisera are eluted to varying degrees. Furthermore,
although the technique presents no problems in determining whether or not
the same cell has been restained with the second antibody, this procedure
may sometimes damage tissue antigenicity and thus give rise to false
negative results. Therefore, extensive tests were carried out to deter-
mine both the optimum time of elution for each antiserum, and the order

in which the antisera were applied to the cultures.

D.  IMMUNOCYTOCHEMICAL CONTROLS

For both the immunolabelling of cultures and tissue sections,
control experiments were carried out to determine the specificity of each
antiserum used: primary antisera were absorbed with the appropriate anti-
gens, with other inappropriate molecules and were also replaced with nor-
mal, non-immune serum. In addition, the effects of incubating the

preparations in antibody dilutants, followed by second layer alone, were



studied. The exact identity of the proteins and peptides analysed in

this thesis could not be established with the present techniques.

Therefore, the expression "...-1ike immunoreactivity" is used.

53.
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IV. COMBINED TISSUE CULTURE AUTORADIOGRAPHY AND IMMUNOCYTOCHEMISTRY

In Chapters Seven to Ten, the autoradiographic method for localizing
receptors on cultured cells (section I. B) was combined with the indirect
immunocytochemical fluorescence method (Coons, 1958) for localizing
intracellular antigens (section IIl. B). In this way, it was possible to
visualize receptors over the surface of immunocytochemically identified

neuronal and non-neuronal cells in culture.

1. Labelling of cultures with radioligand

The cultured cells, attached to coverslips, were labelled as
described in section I. B (see also Fig. B), except that all the cultures
were fixed in 4% paraformaldehyde in PBS for 1 hour at 4°C, in order to

allow subsequent immunolabelling.

2. Immunolabelling

The fixed cultures were then washed for 5 x 5 minutes in 80%
ethanol, followed by 3 x 2 minute washes in PBS containing Triton X-100.
Following a 10 minute wash in PBS, the autoradiographically labelled
cultures were incubated at room temperature overnight with the primary
antisera. Earlier studies had shown that fluorescein-conjugated second
layers were unsuitable for this technique, as the fluorescent image pro-
duced tended to fade considerably during the long exposure times needed
for tritiated radioligands. Therefore, the site of antigen-antibody
reaction was revealed by incubation with rhodamine-conjugated goat anti-
rabbit (or anti-rat) immunoglobulin G (1:100 dilution, Nordic).

The cultures were then washed in PBS for 3 x 5 minutes and rinsed

several times in distilled water and allowed to air dry. In order to
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determine the success of the immunocytochemical staining, some of the
cultures were mounted in Citifluor and examined under a fluorescence

microscope.

3. Generation of autoradiographs

The dried cultures were then fixed onto microscope slides with DPX
mountant, coated with nuclear emulsion (section I. B.4) and subsequently
exposed and processed (section I. B.5). Processed autoradiographs were
mounted in Citifluor for viewing under phase-contrast, dark-field and
fluorescence microscopy. Phase-contrast, dark-field and fluorescence
photographs were taken concurrently using Kodak Pan-X (32 ASA) and Kodak
Tri-X (400 ASA) respectively.

4. Controls

The autoradiographic images produced after incubation of the
cultures with primary antisera were compared with cultures processed for
autoradiography alone, to determine whether there were any differences in
the pattern or density of labelling.

In addition, the fluorescent staining of the cells was examined to
determine whether the autoradiographic procedure had adversely affected

the immunolabelling.
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V.  SOURCES AND SPECIFIC ACTIVITIES OF RADIOCHEMICALS USED IN THIS WORK

Chapter One

[3H]prazosin, specific activity 82 Ci/mmol (New England Nuclear)
[3H]rauwo1scine, specific activity 88.7 Ci/mmol (New England Nuclear)
[3HIUK,14,304, specific activity 85.5 Ci/mmol (New England Nuclear)
[3H]quinuc1idinyl benzilate (QNB), specific activity 39 Ci/mmol (Amersham

International)

Chapter Two
[3HI[D-ATa2,D-LeudJenkephalin (DADL), specific activity 30-50 Ci/mmo]

(New England Nuclear)

Chapter Three

[1251]Bo1ton-Hunter substance P, specific activity 2,200 Ci/mmol (New

England Nuclear)

Chapters Four, Seven and Eight

[3H]propylbenzi]y1chol1ne mustard (PrBCM), specific activity 57 Ci/mmol

(Amersham International)

Chapters Nine and Ten

[1251]rat atrial natriuretic peptide (ANP), specific activity 2,000

Ci/mmol (Amersham International)
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Table 1. Summary of the experimental conditions used for localizing
alpha-adrenoceptors, muscarinic and §-opioid receptors in

cryostat tissue sections.
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Fig. A.

Diagrammatic representation of the in vitro receptor labelling
autoradiographic procedure. See text for additional details.

* performed under safe-light conditions.
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Fig. B. Diagrammatic representation of the procedure used to label
receptor sites in tissue culture preparations. See text for
additional details.

* these experimental conditions vary according to the
radioligand used.
e performed under safe-1ight conditions.

ICC immunocytochemistry
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Table 2. Summary of the experimental conditions for localizing
muscarinic, substance P and atrial natriuretic peptide receptors

in tissue culture preparations.
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Table 3. A summary of the culture preparations autoradiographically
labelled and/or immunolabelled throughout the course of this
thesis. The rat trachealis muscle culture preparation is

described in more detail in the text.




SOURCE OF CELLS | SPECIES AGE OF ANIMALS REFERENCES
USED FOR CULTURE
Superior cervical James and
- 2 days
ganglion Rat ! y Burnstock,1988a
i haml "
Thoracic * Rat 8 - 10 days Chamley et al
paravertebral chain 1972a,b
Trachealis muscle Rat 12 - 13 days James et al.,
1980Db
Atria and Rat 7-8d Hassall et al.,
interatrial septum ays 1988
Ventricle Rat 7 - 8 days Hassall et al.,
1988
Atria and Gui . newborn Hassall and
interatrial septum uinea-pig Burnstock, 1986
Detrusor muscle of Gui i newborn Pitt t al., 1987
the urinary bladder uinea-pig am et al,

All are dissociated cell culture preparations except for %, which is an
-explant preparation.
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SECTION I

AUTORADIOGRAPHIC LOCALIZATION OF RECEPTORS

IN SITU AND IN CULTURE PREPARATIONS
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CHAPTER ONE

AUTORADIOGRAPHIC ANALYSIS OF ALPHA-ADRENOCEPTORS AND MUSCARINIC
CHOLINERGIC RECEPTORS IN THE HYPERPLASTIC HUMAN PROSTATE

69.
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SUMMARY

Radioligand receptor binding and autoradiography were used to
characterize, localize and compare alpha-1 and alpha-2 adrenoceptors, and
muscarinic cholinergic receptor populations in human benign prostatic
hyperplastic tissue. The binding of selective alpha-1 and alpha-2
ligands, [3H]-prazosin and [3H]-UK 14,304, to homogenates of human
central and peripheral prostate was saturable and of high affinity.
Scatchard analysis produced an equilibrium dissociation constant (Kp) of
0.51 £ 0.10 nM for alpha-1 adrenoceptors, and 2.34 £ 0.40 nM for alpha-2
adrenoceptors. The mean densities, Bpayx, Of alpha-1 and alpha-2 adreno-
ceptors identified in the human adenomatous prostate were 65.9 t 12.9 and
36.1 £ 7.0 fmoles/mg protein respectively.

Receptor autoradiography was used to examine the distribution of
muscarinic cholinergic receptors ([3H]-quinuclidinyl benzilate), alpha-1
adrenoceptors ([3H]-prazosin]), and alpha-2 adrenoceptors
([3H]-rauwolscine) on consecutive sections of benign hyperplastic prosta-
tic tissue. Although both subtypes of adrenoceptor were seen in the
stromal component of the hyperplastic prostate, there was a substantial
predominance of alpha-1 adrenoceptors. A densitometric computer-assisted
analysis was performed on the autoradiographic slides to determine the
mean ratio of specific alpha-1: alpha-2 adrenoceptors in the stromal com-
partment of the hyperplastic tissue. The ratio, expressed as % grain
occupancy/unit area, was 3.9 t 0.75, which is in agreement with a func-
tional alpha-1 adrenoceptor predominance shown in previous studies.
Although sparsely distributed in the stroma, a dense alpha-2 adrenoceptor
population was seen in association with blood vessels, and in close

proximity to the base of some of the [3H]-quinuclidinyl benzilate-
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labelled prostatic glandular epithelial cells.

These results clearly illustrate a differential localization of
specific receptors to precise prostatic regions, and future correlation
between function and location might enable more selective therapeutic

treatment of benign prostatic hyperplasia.
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INTRODUCTION

Prostatic bladder outlet obstruction due to benign prostatic
hyperplasia (BPH) is a common problem in routine urological practice, and
is under the influence of both mechanical and dynamic functions. The
dynamic component may vary rapidly according to the level of sympathetic
stimulation acting upon the prostate gland (Furuya et al., 1982).
Functional isometric prostatic muscle strip experiments have suggested
that in both the normal and hyperplastic prostate, there is a functional
predominance of alpha-1 adrenoceptors (Hedlund et al., 1985), and that
noradrenaline-induced contraction in isolated preparations from the human
prostate capsule and adenoma are effectively inhibited by prazosin
(Shapiro et al., 1981). Clinical studies have confirmed that prazosin
therapy significantly increases the urinary flow in men with BPH (Hedlund
et al., 1983; Kirby et al., 1987).

Previous radioligand binding experiments have identified and charac-
terized alpha-1 and alpha-2 adrenoceptors in human prostatic adenomas
(Hedlund et al., 1985; Lepor and Shapiro, 1984; Lepor et al., 1987;
Shapiro and Lepor, 1986). There seem, however, to be conflicting results
from the various groups who carried out these studies. Whereas Shapiro
and Lepor (1986) suggest that the mean total density of alpha-1 and
alpha-2 adrenoceptors in human prostatic adenomas are not statistically
different, Hedlund et al. (1985) propose that there are in fact more
alpha-2 adrenoceptors in adenomatous tissue than alpha-1. These results
therefore appear to conflict with previous pharmacological studies, which
suggest that the alpha-adrenoceptors on the prostatic smooth muscle are

predominantly of the alpha-1 subtype (Hedlund et al., 1985; Hieble et
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al., 1985; Shapiro et al., 1981}.

In general, the information obtained from binding experiments is
Timited. This is inevitable when the experiments involve the use of
tissue homogenates, as the actual cellular content of the homogenate will
always be variable and unidentifiable. The use of an in vitro autora-
diographical technique enables visualization of specific receptors within
the different cellular compartments of the tissue studied, because the
tissue morphology is maintained. Recently, muscarinic cholinoceptors
have been visualized and located predominantly on the prostatic
epithelium (Hedlund et al., 1985; Lepor and Kuhar, 1984). This is con-
sistent with the neuropharmacology of prostatic secretion (Bruschini et
al., 1978; Smith et al., 1966). The present study represents the first
localization of alphaél and alpha-2 adrenoceptors to specific human
prostatic compartments, thus enabling a comparison to be made between

function and regional location of these specific receptors.
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METHODS

Homogenates

Tissue preparation. Seven adenomatous prostatic tissue specimens

were obtained from male patients with a mean age of 67.3 + 2.95 years
(range 58 to 80 years). The prostate specimens were obtained from men
with no recent exposure to drugs with adrenergic properties.

Prostatic tissue from each patient was minced and homogenized with a
Polytron Homogenizer (maximum speed for 20 seconds) in ice-cold buffer,
containing 50 mM Tris/HC1 (pH 7.6 at 25°C). The homogenate was then
centrifuged at 39,000 g for 20 min. at 4°C, and the pellet obtained
resuspended in fresh buffer and recentrifuged twice more. The final
pellet was resuspended in fresh 50 mM Tris/HC1 buffer and stored at -70°C
until use.

Saturation analysis. Saturation analyses were performed at seven

different concentrations of both [3H]-prazosin (0.05 to 20 nM) and
[3H]-UK 14,304 (0.1 to 50 nM), for estimating alpha-1 and alpha-2 adreno-
ceptors respectively. Several tissues were also examined using
[3H]-rauwo]scine to estimate alpha-2 adrenoceptors. Total binding was
determined in 1.0 ml volume containing 800 ul of membrane protein (300
ug/tube), 100 ul of each [3H]-ligand at varying concentrations, and 100
pl of 50 mM Tris/HC1 buffer (pH 7.6). Non-specific binding was deter-
mined in 1.0 ml, containing 800 pl of tissue homogenate, 100 uil of 10=5 M
phentolamine and 100 pl of each [3H]-1igand at varying concentrations.
Total and non-specific binding were determined in triplicate whenever
possible. The assays were terminated by filtration through Whatman GF/B

glass fibre filters, using a Brandel cell harvester. The filter discs
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were then rinsed with 3 x 3 ml1 of buffer (4°C). The glass filter discs
were placed in three ml of scintillation fluid (Ecoscint). The scin-

tillation vials were then counted in an LKB scintillation counter.

Slide mounted tissue sections

A portion of each fresh prostate gland obtained from 10 men with BPH
was freed of fat and connective tissue and placed directly onto cold
microtome chucks, mounted in Tissue Tek II 0.C.T. and frozen in liquid
nitrogen-cooled isopentane. Serial sections were cut (10 pym) on a
cryostat and labelled with [3H]quinuclidinyl benzilate (QNB),
[3H]-rauwolscine and [3H] prazosin using the in vitro autoradiographic
technique described in section I.A. and figure A. of the General Methods.
The experimental conditions are given in Table 1. of the General Methods

section.
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RESULTS

Homogenates. Saturation analyses were carried out on tissue from
adenomatous prostate (7 patients). Using [3H]-prazosin and [3H]-UK
14,304, a single class of binding sites was identified in each case, as
confirmed by a linear Scatchard analysis plot (Fig. 1.1). The
equilibrium dissociation constants (Kp) were 0.51 ¢+ 0.10 nM and 2.34 ¢
0.40 nM for alpha-1 and alpha-2 adrenoceptors respectively. Specific
binding represented 50-60% of the total [3H]-prazosin and 40-50% of the
[3H]-UK 14,304 added to each assay. The use of an alpha-2 ligand,
[3H]-UK 14,304, for alpha-2 binding did not introduce additional errors,
as several experiments were duplicated using [3H]-rauwolscine and
resulted in similar results. In one adenomatous prostate sample it was
not possible to measure alpha-2 binding sites but alpha-1 receptors were
always present in all of the tissues examined. The mean adrenergic
receptor concentration (Bpax) was 65.9 * 12.9 fmoles/mg protein and 36.1
t 7.0 fmoles/mg protein for alpha-1 and alpha-2 binding sites respec-
tively. The ratio of alpha-1 to alpha-2 receptors was approximately 2:1
in the adenomatous prostate. Using the Mann Whitney U statistical test,
the apparent difference between alpha-1 and alpha-2 adrenoceptors for the
adenomatous prostate failed to reach significance. The apparent failure
of the results to reach significance might well reflect the shortcomings
of homgenate binding techniques with respect to the low sensitivity and
lack of regional tissue selectivity afforded by this method.

Slide-mounted tissue sections. In studies of the overall distribu-

tion of binding sites, the labelled sections were placed in apposition to

nuclear emulsion-coated coverslips and exposed for an appropriate time
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(see Table 1. of the General Methods section). The images obtained from
the three different radioligands used illustrated the contrasting locali-
Zations of the three binding sites. In order to quantifiably compare the
grain distributions seen with [3H]-rauwolscine and [3H]-prazosin in the
stromal region of each specimen (n=10), an image analysis system
(Seescan) was used (see section I. A.8 of the General Methods) to examine
each autoradiographical slide. The mean specific binding value (% grain
occupancy/unit area) in the stroma of each prostate specimen was calcu-
lated for both adrenoceptor radioligands used (Table 4). The mean speci-
fic binding values for the alpha-1 and alpha-2 adrenoceptors were 4.5 t
0.39 and 1.6 + 0.37 respectively, and the average ratio of alpha-1:
alpha-2 binding sites in the prostatic stroma was 3.9 £ 0.75. These
results were shown to be statistically significant.

The predominance of alpha-1 over alpha-2 adrenoceptors in the human
prostatic stroma, as quantified by image analysis, is illustrated in Fig.
1.2). The majority of [3H]-prazosin binding seen in this study was con-
fined to the stroma. In comparison, a sparse grain distribution was seen
with [3H]-rauwolscine in the same region, but extensive labelling was
seen on the numerous blood vessels seen in these tissue sections. Fig.
1.3d-f) illustrates that, whilst a dense distribution of alpha-1
adrenoceptors was seen in the stroma, only sparse labelling was apparent
on the blood vessel. In contrast, a dense alpha-2 adrenoceptor popula-
tion was seen on the same blood vessel (consecutive sections), but little
binding was seen in the stroma.

This study also confirms the location of muscarinic cholinoceptors
on glandular epithelium, as reported in earlier works (Fig. 1.4)

(Hedlund et al., 1985; Lepor and Kuhar, 1984). Fig. 1.3a-c clearly
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illustrates the different locations of alpha-1 and muscarinic cholinergic
binding sites to the stroma and glandular epithelium respectively. In
addition to extensive blood vessel labelling, a population of alpha-2
adrenoceptors was seen in close proximity to the base of some of the
[3H]-QNB-Tabelled glandular epithelial cells (Fig. 1.5). The distribu-
tion of alpha-2 adrenoceptors in human adenomatous prostatic tissue is
summarized in Fig. 1.6).

The level of non-specific binding seen with [3H]-prazosin (as
defined after displacement with 10 uM phentolamine) was occasionally high
and varied from specimen to specimen (range: 10-40%). For both
[3H]-rauwolscine and [3H]-QNB however, the non-specific binding was uni-
formly low (as defined by displacement with 10 uM phentolamine and 1 MM

atropine respectively).
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DISCUSSION

This study presents the visual localization of alpha-1 and alpha-2
adrenoceptors in the human prostate, by an in vitro autoradiographic
technique. Receptor autoradiography has two substantial advantages over
biochemical studies, in providing specific anatomical resolution combined
with high sensitivity. In accordance with previous work (Hedlund et al.,
1985; Lepor et al., 1987; Lepor and Shapiro, 1984; Shapiro and Lepor,
1986) a saturation analysis of [3H]-prazosin and [3H]-UK 14,304 was
carried out in homogenates of human prostatic adenoma, allowing single,
high affinity binding sites to be identified. Additionally, the availa-
bility of slide-mounted intact histological sections allowed den-
sitometric computer-assisted quantitation of the alpha-adrenoceptor
binding within prostatic stromal tissue. This degree of specificity is
not afforded in homogenate studies. A discrepancy exists in the litera-
ture as regards the adrenoceptor density in human prostatic tissue
(Hedlund et al., 1985; Shapiro and Lepor, 1986), but the present study
clearly shows an alpha-1 adrenoceptor predominance over alpha-2 adreno-
ceptors in the prostatic stroma; which is consistent with the reported
pharmacological data (Hedlund et al., 1985; Hieble et al., 1985; Shapiro
et al., 1981). The three receptors studied here are principally situated
in different prostatic compartments (see Table 5), and the maps of recep-
tor distribution produced may be useful in providing new hypotheses, or
confirming others about drug mechanisms.

Historically, the pharmacological and functional dissimilarity bet-
ween prejunctional alpha-adrenoceptors on postganglionic sympathetic

neurones and postjunctional alpha-adrenoceptors on effector cells led to
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the designation alpha-1 for post- and alpha-2 for prejunctional
adrenoceptors (Langer, 1974). However, more recent work suggests the
existence of postjuctional alpha-2 adrenoceptors in some smooth

muscle (McGrath, 1982; Timmermans and Van Zwieten, 1981). Since in both
normal and hyperplastic prostate, there is a functional predominance of
alpha-1 adrenoceptors (Hedlund et al., 1985; Hieble et al., 1985; Shapiro
et al., 1981), the role of the population of alpha-2 adrenoceptors in
prostatic tissue is, at present, unresolved, although they may be largely
concerned with prejunctional modulation of transmitter release. Whereas a
sparse alpha-2 adrenoceptor population was associated with the prostatic
stroma, dense labelling was seen on blood vessels. The possibility that
there might be two populations of vascular alpha-adrenoceptors, only one
of which was susceptible to blockade with prazosin, was first suggested
in isolated strips of human palmar digital arteries (Jauernig et al.,
1978; Moulds and Jauernig, 1977). Subsequently, postjunctional alpha-2
adrenoceptors have been identified in various vascular beds (De Mey and
Vanhoutte, 1980; Hirst and Neild, 1980; Kiowski et al., 1983; Van
Brummelen et al., 1982). Although the receptors visualized in this study
could be prejunctional, in close association with perivascular adrenergic
nerves, the possibility that both alpha-1 and alpha-2 adrenoceptors
mediate smooth muscle contraction, and in particular vasoconstriction,
could have important therapeutic implications.

In support of a pharmacologically active cholinergic function in the
prostate, muscarinic cholinergic receptors have been found exclusively on
glandular epithelium in this and other reports (Hedlund et al., 1985;
Lepor and Kuhar, 1984). Both adrenergic and cholinergic nerve axons have

been detected subepithelially in the human prostate (Vaalasti and
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Hervonen, 1980), and cholinoceptor stimulation, resulting from sym-
pathetic activity in the canine prostate, causes an increase in the
amount of secretion expelled into the urethra (Bruschini et al., 1978).
In this study, occasional high alpha-2 receptor densities were found in
close proximity to these muscarinically-labelled epithelial cells, in the
region of the basal lamina. This arrangement is a well-recognized
feature in the autonomic nervous system. For example, alpha-2 adrenocep-
tors have been reported on cholinergic nerve terminals in the guinea-pig
ileum (Drew, 1978). It is interesting to speculate whether this is in
fact the case in the prostate gland where there could be adrenoceptor
modulation of acetylcholine release.

This study has enabled the localization of receptors to different
compartments of the human prostate adenoma. Although the evidence
suports the likelihood of the alpha-1 adrenoceptor being of primary
importance in the mediation of muscular contraction, and conversely, the
muscarinic cholinoceptors being related predominantly to glandular func-
tion, the role of prostatic alpha-2 adrenoceptors is still a matter of
speculation. As it has been suggested that combined alpha-1, alpha-2
blockade, such as with the drug phenoxybenzamine, is superior to the
specific alpha-1 anatagonist action of prazosin (Hedlund et al., 1983),
it is possible that the alpha-2 adrenoceptors are not only important in
vascular control, but may also have a neuromodulatory function in muscu-
lar contraction. However, based on this evidence, it seems unlikely that
postjunctional alpha-2 adrenoceptors contribute significantly to outflow
resistance. The data presented here would be compatible with the
suggested prejunctional localization for alpha-2 adrenoceptors, where

they are involved in the modulation of transmitter noradrenaline release.
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Indeed, the use of phenoxybenzamine is associated with a high incidence
of side-effects attributed to a blockade of this neuromodulatory pathway,
leading to high circulating levels of noradrenaline.. Recent work has
suggested that alpha blockade may also act directly on the detrusor
muscle (C.R. Chapple, unpublished observations), although the specific
receptor populations involved in the obstructed bladder still need to be
defined.

Whilst the present study has clarified the regional distribution of
alpha-adrenoceptors in the adenomatous prostatic tissue, no comparable
study has been performed on the non-hyperplastic or capsular prostatic
tissue. Such a study would be of considerable interest, not only to
increase understanding of the sympathetic nervous control of 'normal’
prostatic tissue, but also, in view of the suggested differences in

embryological origin (Hutch and Rambo, 1970) and distinct phar-

macological responses (Caine et al., 1975), to distinguish individual

regions of the prostate.
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Fig. 1.1

Representative Scatchard plots for A) [3H]-prazosin and B)
[3H]-UK 14,304 binding to homogenates from 7 adenomatous
prostatic tissues. Plots represent one experiment per-
formed in triplicate and repeated 7 times on membranes
obtained from different patients in each experiment.
Equilibrium dissociation constant (Kp), receptor con-
centration (Bpax) and linear correlation coefficient
(L.C.C.) values were determined from the Scatchard plots

presented.
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Table 4 A comparison of alpha-1 and alpha-2 adrenoceptor densities
on human prostatic smooth muscle. *The specific receptor
binding values are expressed as % grain occupancy/unit

area.




Specific receptor |Approximate
Specimen binding * ratio
number Alpha-1
Alpha-1 Alpha-2 Alpha-2
1 5.9 1.1 5:1
2 2.2 1.5 3:2
3 3.9 1.6 5:2
4 3.4 0.8 9:2
5 5.0 1.0 5:1
6 5.6 4.5 5:4
7 4.2 0.6 7:1
8 4.7 2.6 2:1
9 6.2 0.8 8:1
10 3.6 1.8 5:2
Mean 4.5 1.6 3.9
+S.E.M. +0.39 +0.37 +0.75
* g

2 grain occupancy/unit area.
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Fig. 1.2

A comparison of the binding of [3H]-prazosin and
[3H]-rauwolscine to the stroma of human prostate removed
for BPH. (a-f) represent the same area from consecutive
sections of the same specimen. (a) and (d) are phase-
contrast micrographs of prostatic stromal regions which
have been incubated with [3H]-rauwolscine (b) and
[3H]-prazosin (e) respectively. Grain distribution over
the stroma (S) is far more dense after incubation with
[3H]-prazosin (e). (c) and (f) are control sections incu-
bated with [3H]-rauwolscine and [3H]-prazosin respectively,

in the presence of 105 M phentolamine. Bar = 100 um.
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Fig. 1.3

Comparison of the binding of radioligands over different
areas of human adenomatous prostatic tissue. (a,b) and
(d,e) represent the phase-contrast and dark-field views of
the same section, whilst (c) and (f) are dark-field views
of a consecutive section. Phase-contrast micrograph (a)
shows glandular epithelium (E) adjacent to prostatic stroma
(S). In (b), the majority of binding, after incubation
with the alpha-1 adrenoceptor ligand, [3H]-prazosin, is on
the stroma (S), with no specific epithelial (E) binding.

L = lumen. In comparison, the binding of the muscarinic
cholinergic receptor ligand, [3H]-QNB (c) is localized to
the epithelium (E) with little present in the stroma (S) or
Tumen (L). A blood vessel (bv), situated in the prostatic
stroma (S) is shown in the phase-contrast micrograph (d).
(e) illustrates the dark-field view after binding with
[3H]-prazosin. Note the sparse binding to the blood vessel
(bv), and the increasing grain density over the stroma (S)
away from the blood vessel. In contrast, (f) is a dark-
field view of a consecutive section after binding with the
alpha-2 adrenoceptor ligand, [3H]-rauwolscine. Note the
highly localized binding to the blood vessel (bv) in

contrast to the sparse stromal binding (S). Bars = 50 um.
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Fig. 1.4

Autoradiographic localization of [3H]-QNB binding to a
slide-mounted tissue section of human prostate removed for
BPH. (a) is a phase-contrast micrograph showing epithelium
(E), stroma (S) and glandular lumen (L). (b) shows a dark-
field micrograph of the same area showing a dense distribu-
tion of muscarinic cholinergic receptors over the
epithelium (E), but only a sparse distribution over the

stroma of the prostate gland(s). Bar = 100 um.







93.

Fig. 1.5

Localization of [3H]-rauwolscine binding sites to slide-
mounted tissue sections of adenomatous prostatic tissue.
(a) is a phase-contrast micrograph showing glandular
epithelium (E) and stroma (S). Several specific areas in
close proximity to the base of the epithelial cells have a
high alpha-2 adrenoceptor concentration (*). These areas
of high grain densities (*) can be seen in the
corresponding dark-field photomicrograph (b). (c) is a
dark-field view of a consecutive control section incubated

in the presence of 10~2 M phentolamine. Bar = 100 um.
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Fig. 1.6 Autoradiographical localization of [3H]-rauwolscine binding

to a tissue section of human prostate removed for BPH. (a)

is a phase-contrast micrograph of the tissue section
showing epithelium (E), stroma (S) and a blood vessel
(arrow). (b) shows a dark-field photomicrograph of the
same section. Dense labelling over the blood vessel is
seen (arrow). Specific areas in close proximity to the
glandular epithelium (E) are also labelled (*). A sparse
distribution of grains is seen over the stroma (S). (c)
non-specific binding to a control consecutive tissue sec-

tion (defined by 10-® M phentolamine). Bar = 50 um

e,
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Table 5

A summary of the regional distribution of alpha-1 (a1),
alpha-2 («ap) adrenergic and muscarinic cholinergic (M)

receptors in human prostatic adenoma.




RECEPTOR BASAL EPITHELIUM STROMA BLOOD VESSELS
LAMINA (smooth muscle)
a = — | RF R ¥
a2 kK k * X X K KK
v | ks S -
——-- absent
* sparse

** moderate
**'X‘ substantial
* * * * very dense
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THE DISTRIBUTION OF §-0PIQID SITES IN THE SIGMOID COLON
OF PATIENTS WITH IDIOPATHIC CHRONIC CONSTIPATION
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SUMMARY

The distribution of §-opioid binding sites in tissue sections from
segments of uninvolved sigmoid colon from patients with rectal cancer
and from patients with idiopathic chronic constipation was studied by
autoradiography after in vitro incubation of tissue sections with
[3H][D-A1aZ,D-Leu5]enkepha1in. In the myenteric plexus, it appeared
that 60-85% of the myenteric ganglia possessed §-opioid binding sites
over all or some of their surface. In contrast, very few ganglia of the
submucous plexus were labelled and no specific binding sites were seen
over either the mucosa or the submucosa. In general, the distribution
of autoradiographic grains over the musculature was sparse, with the
circular muscle exhibiting 40-50% more specific labelling than the
longitudinal muscle. Occasionally, ganglia embedded within the longitu-
dinal muscle also expressed $-opioid binding sites.

The overall distribution and density of §-opioid binding sites
appeared to be similar on tissue sections from patients suffering from
chronic constipation and from sections of uninvolved colon from patients
with rectal cancer, suggesting that changes in the expression of colonic
0 -opioid binding sites do not contribute to the genesis of idiopathic

chronic constipation.
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INTRODUCTION

Although enkephalin-1ike immunoreactivity has been shown within both
sacral preganglionic neurones (Glazer and Basbaum, 1980) and neurones of
the colonic myenteric plexus (Alumets et al., 1978; Larsson and
Stengaard-Pedersen, 1982; Polak et al., 1977), the actions of enkepha-
lins on the colon have been relatively little studied. It has been
reported that enkephalinergic intramural neurones may modulate the acti-
vation of excitatory or inhibitory pathways in intramural reflexes of
the cat and rabbit colon (Blanquet et al., 1982; Kennedy and Krier,
1987), and in the human distal colon, enkephalins have been shown to
inhibit non-cholinergic, non-adrenergic inhibitory muscular transmission
(Hoyle et al., 1986), indicating that endogenous enkephalins may be
important modulators of motor activity in the colon of some species.

Opioid activity has been implicated in the altered motility of the
large intestine in patients suffering from severe constipation (Kreek et
al., 1983). Although constipation is very common and usually mild,
there is a subgroup of patients, nearly all women, who complain of
severe constipation in the absence of a recognized cause (Martelli et
al., 1978; Preston and Lennard-Jones, 1986). Patients present with many
symptoms including abdominal pain, bloating, and with an interval bet-
ween spontaneous bowel actions ranging between one day and twelve weeks
at a median of around four weeks (Kamm et al., 1988).

The aim of the present study was to investigate the distribution of
O -opioid receptors in segments of colon from patients suffering from
idiopathic chronic constipation using the selective opioid receptor ago-

nist, [3H][D-A1a2,D-Leu®] (DADLE: Wuster et al., 1979) as a binding
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radioligand. These results were compared to the ¢ -opioid binding site
distribution of 'normal' uninvolved sigmoid colon from patients with

rectal cancer.
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METHODS

Segments of uninvolved 'normal' human distal sigmoid colon were
obtained from fresh surgical specimens removed for rectal carcinoma from
four women and two men aged 53-76 and were used as control tissue.

Colon samples were also obtained from three female patients (aged 28-63)
who had undergone surgery as a result of chronic constipation.

In order to allow direct comparison of the receptor binding within
specific tiﬁsue regions, several groups of three sequential sections (12
um) were cut, where the first sections of each group were stained for
NADH-diaphorase (see Hoyle and Burnstock, 1989) to facilitate the iden-
tification of ganglia found within the Tayers of the colon. The second
sections were labelled with [3H]DADLE using the in vitro autora-
diographic technique described in section I.A. and Table 1. of the
General Methods. The third sections were treated in exactly the same
manner except for the inclusion of either unlabelled DADLE,
[Met®]-enkephalin (M-ENK) or [Leub5]-enkephalin (L-ENK), all at a con-
centration of 20 pM.

The experimental procedures described above were also carried out on

sections of the guinea-pig colon thus providing a species control.
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RESULTS

In studies of the overall distribution of §-opioid binding sites,
the autoradiographic images were examined under phase-contrast and dark-
field optics. Although the Tevel of resolution afforded by the
coverslip technique was reasonably high, the identification of ganglia
situated in the wall of the human colon was confirmed by correlation of
the toluidine blue-stained sections with the corresponding adjacent sec-
tions stained for NADH-diaphorase activity.

The majority of the [3H][DADLE] binding was confined to ganglia
situated within the myenteric plexus (Fig. 2.IA-D), but it was apparent
that entire ganglionic surfaces were not always labelled, often it
appeared that only specific neurones within a ganglion expressed
o -opioid binding sites (Fig. 2.1E-G). In an attempt to quantify the
number of myenteric ganglia expressing §-opioid binding sites over the
entire surface or over a specific part of the ganglion, the number of
NADH-diaphorase-stained myenteric plexus ganglia were counted on
corresponding adjacent sections and correlated with their autora-
diographic counterparts. It was apparent from these results that 60-85%
of the myenteric plexus ganglia, identified in this way, possessed
[3HIDADLE binding sites over all or some of their surface.

In contrast to the ganglia of the myenteric plexus, very few ganglia
found within the submucous plexus possessed §-opioid binding sites. A
few small ganglia containing 2-4 neurones labelled with autoradiographic
grains were situated between the circular muscle and the submucosa (Fig.
2.2A-D). No specific binding was seen in the mucosa or submucosa in

non-ganglionic structures.
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In contrast to the highly localized distribution of silver grains
seen over the myenteric plexus ganglia, a uniformly sparse distribution
of grains was present over both the longitudinal and circular muscle
layers (Figs. 2.1 and 2.2). In order to quantitate the grain distribu-
tion seen with [3H]DADLE over the longitudinal and circular muscle
regions of each specimen, grains were counted over specific areas using
an image analysis system (Seescan). These results indicated that
overall, on an area-for-area basis, the circular muscle exhibited 40-50%
more specific labelling than the Tongitudinal muscle. Binding sites
were also occasionally found on ganglia situated within the longitudinal
muscle layer (Fig. 2.2E-H).

The level of non-specific binding seen with [3H]DADLE (as defined
after displacement with 20 uM unlabelled DADLE) was occasionally high in
the muscle layers, and this varied from specimen to specimen. These
areas of high non-specific binding appeared sometimes to correspond to
areas of high lipocyte or lymphocyte content. However, the level of
non-specific binding over ganglia was low, with almost complete displa-
cement being effected on all occasions.

Consecutive control sections were also incubated in the presence of
either an excess of L-ENK or M-ENK (both at a concentration of 20 uM).
Computerized image analysis showed that L-ENK was far more efficient
than M-ENK at displacing [3HIDADLE binding, and whilst not achieving the
displacement produced by unlabelled DADLE, L-ENK effected 60-70% displa-
cement in the muscle layers (being more effective in the circular
muscle) and produced complete displacement of the grains over all
labelled ganglia. In contrast, M-ENK was inefficient at displacing the

binding in the muscle layers, but produced complete displacement of the
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ganglionic labelling. No specific binding was seen in sections obtained
from the guinea-pig colon.

The overall distribution of [3HIDADLE binding sites and the pattern
of displacements produced by the inclusion of either unlabelled DADLE,
L-ENK or M-ENK in the incubation medium were the same on sections fromm
tissue segments obtained from patients suffering from chronic constipa-
tion (Figs. 2.1 and 2.2), and from sections obtained from uninvolved
segments of human distal sigmoid colon removed for rectal carcinoma

(Fig. 2.3).
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DISCUSSION

This study shows that the majority (60-80%) of the myenteric plexus
ganglia situated in the wall of the human colon possess ¢ -opioid
binding sites and it appeared that the overall density and distribution
of §-opioid binding sites in patients suffering from chronic constipa-
tion and from patients with rectal cancer were unchanged. The absence
of detectable § -opioid binding in the guinea-pig colon is consistent
with functional (Lord et al., 1976) and binding (Creese and Snyder,
1975) studies demonstrating that u-type receptors predominate in the
guinea-pig gut.

The role of endogenous opioid peptides as regulators of colonic
transit has not been clarified, but their involvement is suggested by
the observation that enkephalin-like immunoreactivity has been localized
in the colonic myenteric plexus (Alumets et al., 1978; Larsson and
Stengaard-Pederson, 1982; Polak et al., 1977). Furthermore, a relation-
ship between opiate peptides and constipation has been supported by
a report that demonstrated reversal of chronic constipation in 2
patients by naloxone, an opiate receptor antagonist (Kreek et al.,
1983). These findings were consistent with the hypothesis that motility
disorders of the large intestine leading to chronic constipation might
result, in part, from relative or absolute excess of one or more of the
endogenous opioids, or from abnormal binding of these opioids by their
specific receptors in the intestine.

As there was no apparent change in either the distribution or den-
sity of §-opioid binding sites in the sigmoid colon from patients suf-

fering from chronic idiopathic constipation when compared with the
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uninvolved colon from patients with rectal cancer, this suggests that
change in expression of §-opioid receptors does not contribute to the
genesis of chronic constipation. However, alteration in ¢ -opioid
receptor affinity may well be a cause of hypomotility. It is already
well-established that opioid peptides can inhibit the non-adrenergic,
non-cholinergic inhibitory neuromuscular transmission in the human
distal colon (Hoyle et al., 1986) and recently, it has been found that
the responses to enkephalins are severely reduced in tissues prepared
from the colon of patients with idiopathic chronic constipation
suggesting that there is a marked decrease in the prejunctional effect
mediated by colonic opioid receptors in these patients (Hoyle et al.,
1989).

Despite the presence of both [Leud]-enkephalin and [Met5]-
enkephalin-immunoreactive nerves encircling nerve cell bodies in the
submucous plexus (Hoyle - personal communication), only a very small
proportion of these ganglia were labelled with autoradiographic grains.
Furthermore, no specific binding was seen in the submucosa or the mucosa
suggesting a minor role for opioid peptides in the regulation of mucosal
function which is in contrast to their marked effect on gastric acid
secretion in the stomach (Konturek et al., 1983). Binding sites were
also occasionally found on ganglia situated within the longitudinal
muscle. Although, as yet, little is known about these ganglia, a recent
report has demonstrated that they may contain galanin-like immunoreac-
tivity (Hoyle and Burnstock, 1989). It was, however, impossible to
detect any changes in ¢ -opioid binding site distribution on these
ganglia in 'normal' colon from cancer patients compared with patients

suffering from chronic constipation as labelled ganglia were rarely seen
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and were diffusely distributed.

It also seems unlikely that alteration of enkephalinergic nerves
might be involved in the pathophysiology of chronic constipation as no
immunohistochemical alteration of the distribution of, or the tissue
concentration of [Met®]-enkephalin in 4 patients with idiopathic chronic
constipation has been found (Koch et al., 1988).

The present study provides evidence for an extensive distribution of
6 -opioid receptors in the 'normal' uninvolved sigmoid colon from
patients with rectal cancer and in the colon of patients suffering from
chronic idiopathic constipation. Although in many cases the Tabelling
pattern correlated well with both the distribution of opioid peptides
demonstrated by immunocytochemistry (Hoyle - personal communication),
and the colonic effects of the opioid peptides (Hoyle et al., 1986),
there were also a number of situations where the receptor distribution
showed no particular correlation. Binding to smooth muscle, although
scant, was unexpected as ¢§ -opioid agonists do not appear to have a
direct action on the colonic smooth muscle (Hoyle et al., 1986, 1989).
Although a prototypic & -DADLE ligand was employed in this study, some
degree of cross-reactivity between receptor types is inevitable
(Goldstein and James, 1984). Furthermore, as displacement of muscular
labelling with unlabelled DADLE was often incomplete, this may reflect
the presence of receptor types other than §, or a requirement for dif-
ferent conditions for binding. Further studies with more selective

ligands are clearly required.
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Fig. 2.1

Autoradiographic localization of §-opioid binding sites in
the myenteric plexus of the human distal colon obtained from
patients suffering from chronic constipation. (a-d) repre-
sent consecutive 12 um tissue sections of the same field.

The ganglion in the myenteric plexus (mg) seen in the phase-
contrast micrograph (a) has been stained for NADH-diaphorase
activity (b), and it can clearly be seen that on the dark-
field micrograph (c), most if not all of the surface of the
ganglion is labelled with autoradiographic silver grains.
Scattered binding sites were also present in the circular
(cm) and longitudinal (1m) muscle layers. No specific
binding remains over the consecutive section (d) incubated in
excess unlabelled DADLE. Bar = 50 pm. (e-h) illustrates the
distribution of §-opioid binding sites in another ganglion of
the myenteric plexus (mg) under phase-contrast in (e) and
stained for NADH-diaphorase activity in (f). Unlike the pre-
vious example where the majority of neurones within the
ganglion appeared to be associated with §-opioid binding
sites, it is clearly illustrated in autoradiograph (g) that
the silver grains are only associated with a subpopulation of
the neurones present within the ganglion (arrow). The
control section (h) incubated in the presence of unlabelled
DADLE showed a significant reduction over both muscle layers

(cm and Tm) and the ganglion. Bar = 50 um.
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Fig. 2.2

Photomicrographs of tissue sections of human distal colon
from patients with chronic constipation demonstrating

0 -opioid binding sites by autoradiography. Neurones (arrow)
within the submucosal ganglion (smg) seen under phase-
contrast in (a), and at a higher magnification in (b), are
labelled with silver grains representing ¢ -opioid binding
sites (c). A significant level of binding appears to be
absent in the adjacent section incubated with unlabelled
DADLE (d). Bars a,c,d = 50 um; b = 25 um.

The ganglion (g) shown in the phase-contrast micrograph (e)
and stained for NADH-diaphorase in (f) was located within the
longitudinal muscle layer (Im). A dense distribution of
silver grains covering almost the entire surface of the
ganglion cells can be seen in the dark-field micrograph (g)
which corresponds to the ganglion visualized under phase-
contrast in (e). A sparse distribution of ¢ -opioid binding
sites can also be seen throughout the longitudinal muscle
(Im). When excess unlabelled DADLE was included in the incu-
bation medium, specific binding over the muscle and ganglion

were significantly reduced. Bar = 50 um.
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Fig. 2.3

Localization of [3HIDADLE binding sites in tissue sections
from uninvolved segments of human distal colon obtained from
specimens removed for rectal carcinoma. (a) is a phase-
contrast micrograph showing a myenteric plexus ganglion and
muscle layers stained with toluidine blue, while (b) is a
dark-field micrograph of the emulsion-coated coverslip which
overlaid (a) for 5 weeks. A dense distribution of §-opioid
binding sites is seen over much of the ganglionic surface
(mg) and there is also a sparse silver grain distribution
over both the circular (cm) and lTongitudinal (Im) muscle

layers.  Bar = 50 ym.
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CHAPTER THREE

AUTORADIOGRAPHIC LOCALIZATION OF BINDING SITES FOR [12517 SUBSTANCE P
ON NEURONES FROM CULTURED RAT SUPERIOR CERVICAL GANGLION
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SUMMARY

Using an autoradiographic receptor binding technique, the
distribution of substance P (SP) receptors on cells cultured from the
superior cervical ganglia (SCG) of newborn rats was investigated.
Binding sites for [1251]-Bolton-Hunter-SP were observed on a sub-
population of 35-50% of the ganglion neurones. The percentage of
labelled neurones remained constant whether the cultures were seeded
densely or sparsely. Variation in the density of labelling was observed
on different neuronal clusters. Neuronal cell bodies were often densely
labelled, but neuronal processes were rarely labelled. In contrast with
the neuronal cells, specific labelling was not associated with other cell
types found in this culture preparation, including fibroblasts, glial
cells and other non-neuronal supporting cells. These results are
interpreted to suggest that there is a subpopulation of SCG neurones
which, by virtue of their expressing SP receptors, are responsive to SP

and have a physiological role within the ganglion.
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INTRODUCTION

Substance P (SP) has been shown to have diverse roles in neuronal
function (Hokfelt et al., 1980). In addition to an excitatory effect
accompanied by a prolonged membrane depolarization seen in both cultured
spinal and myenteric plexus neurones (Hanani and Burnstock, 1985; Vincent
and Barker, 1979) and in the rat superior cervical ganglion (SCG) in
vitro (Hawcock et al., 1982), occasional inhibitory hyperpolarizing
effects have also been observed. This suggests the existence of dif-
ferent subclasses of receptors to SP on specific neuronal populations
fulfilling different roles.

The SCG is a complex structure, representing a fusion of several
segmental elements of the sympathetic system. It is an attractive pre-
paration because of its diversity of synaptic interactions (Kuba and
Koketsu, 1978). Also, a large number of peptides have been localized
within the SCG, suggesting integrative behaviour involving both
neurotransmission and neuromodulation.

Although SP binding sites have been characterized and quantitated in
the rat SCG in situ (Niwa et al., 1985), tissue section autoradiography
does not allow a high enough degree of cellular resolution. Therefore,
the labelling seen cannot be allocated a specific cellular location, nor
can any quantification of either the percentage or density of cellular
labelling be made. The use of dissociated cell cultures in the present
study has the advantage of: (a) providing a means whereby distinction
between cell types can be made, thus allowing comparison of the labelling
on neurones and non-neuronal cells, including glial cells and

fibroblasts; (b) facilitating quantification of labelling. Possible
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diversity in the density of labelling on neuronal groups can be iden-
tified; (c) labelling over neuronal perikarya can be distinguished from

any labelling of neuronal processes.
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METHODS

The method used for the preparation of the cultures, and the overall
procedure for localizing substance P binding sites on cultured cells is
described in James and Burnstock (1988a; see also section I.B, Table 2

and Figure B. of the General Methods chapter).
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RESULTS

Most experiments were carried out on cultures maintained in growth
medium for 3-10 days, after which time, identification of neuronal cell
bodies was based on morphological criteria. During this growth period,
the neuronal cell bodies increased in diameter and their processes
lengthened, eventually forming a network of fibres. Since a feature of
this culture was the aggregation into clusters of between 4 and 12 cell
bodies (Fig. 3.1A), single isolated neuronal cell bodies were rarely
seen. C(lassification on the basis of cell body diameter was not prac-
ticable, because in these clusters the cell bodies were less likely to
flatten out completely. However, at the experimental stage, diameters
were estimated at between 15 and 20 um.

In an attempt to quantify the degree of labelling, 100 countable
cell body clusters on each coverslip were examined. Many different
labelling features became evident on examination. Generally, labelling
was confined to a distinct neuronal subpopulation which consisted of
35-50% of all neurones. A feature evident in Fig. 3.1 is that not all
the neurones within a given cluster are labelled. Figure 3.2 illustrates
that when comparison was made between néurona1 clusters of comparable
size, variation in labelling was seen, possibly because there is a
variation in density of the grains over individual cell bodies. The same
figure also illustrates that some neuronal clusters are not labelled. It
appears from these results that not only is there a variation in the
labelling density, but also in the number of neurones labelled within a
given cluster.

Another striking feature was the lack of any substantial neurite
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labelling, the vast majority of the binding being over the cell soma.
Neuronal process labelling is shown in Figs. 3.2 and 3.3. In Fig. 3.2,
neuronal processes are not easily identified from glial cell processes.
However, as mentioned earlier, an advantage of cell culture is the ease
with which distinction can be made between neuronal and non-neuronal
cells. Therefore, as no fibroblasts, glial cells or any other supporting
cells were seen to be labelled in this study, it is assumed that the
autoradiographic grains are localized on neuronal processes. This is
illustrated more clearly in Fig. 3.3, where a labelled process is seen
emanating from a heavily labelled neuronal cluster. It was also found
that the percentage of labelled neurones did not change when the cultures
were seeded either densely or sparsely.

The upper surfaces of clusters of neuronal cell bodies were almost
entirely devoid of a non-neuronal cell covering, although glial cells
could occasionally be seen lying underneath these cells. Although the
majority of neuronal cell bodies in these cultures aggregated into
clusters, a few labelled and unlabelled isolated neurones were seen (Fig.
3.4). The presence or absence of non-neuronal cells did not appear to
influence receptor expression on these neurones. This is illustrated in
Fig. 3.4C, where two neuronal cell bodies are situated on top of a glial
cell - only one of which is labelled. This figure also clearly shows
that only a subpopulation of neuronal cell bodies is labelled.

Binding of [1251]-Bolton-Hunter-SP to the ganglion cells appears to
be specific as it was almost completely inhibited by addition of excess
unlabelled SP to the incubation medium (Fig. 3.5).

SP is readily broken down in the incubation medium. Horsthemke et

al. (1984) studied the degradation of SP by neurones and glial cells in
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neuronal and astroblast rich cultures from rat brain and found that
exogenously added [3H]SP was readily degraded. Consequently, addition of
breakdown inhibitors diisopropylfluorophosphate, phosphoramidon and
bacitracin to the incubation medium is essential, and ensured that the
[12517-Bolton-Hunter-SP used in the present study was not degraded. This
was confirmed by high performance liquid chromatographic (HPLC) analysis,
which showed that when the aforementioned inhibitors were present in the
incubation medium, less than 10% of the SP present in the incubation

medium was degraded.
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DISCUSSION

Our finding that neurones in SCG cultures show binding sites for
[12517-Bolton-Hunter-SP is consistent with biochemical and autora-
diographical results which show a high density of binding of SP in sec-
tions (Niwa et al., 1985). A new feature of the present results was that
we were able to show that only a subpopulation of the SCG neurones are
labelled. This is also the case in cultured rat spinal cord and brain
stem neurones (Hos1i and Hosli, 1985). Similarly, as in the case of the
spinal cord, no non-neuronal supporting cells were labelled. This
suggests that SP receptors on the SCG neurones are involved solely in
neurotransmission or in modulation of neuronal activity. In addition,
since the rats used in this study were 2 days old, the results suggest
that SP receptors appear in the SCG early during ontogenesis.

The actual physiological role of SP and its receptors in the SCG is
a complex question. Furthermore, the precise intraganglionic
localization of SP in the adult SCG has yet to be fully resolved.
Immunohistochemical examination of the SCG in vivo revealed SP-containing
nerve fibres, but failed to reveal SP immunoreactivity in perikarya
(Hokfelt et al., 1977¢c). It is possible that the SP-containing fibres
seen within the SCG may be collaterals of primary sensory SP-containing
neurones, especially since capsaicin treatment causes a substantial
depletion of the immunoreactive SP content in sympathetic ganglia (Gamse
et al., 1981). Such fibres would not be seen in our in vitro prepara-
tion, since they would have degenerated, although the receptors for SP
released from these fibres are still likely to be present in vitro.

Kessler et al. (1981) have shown SP in the neonatal rat SCG sym-
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pathetic neurones. Furthermore, it has been demonstrated that
depolarization of SCG sympathetic neurones results in the release of SP
in a calcium-dependent manner (Kessler et al., 1983). Other workers have
inferred that SP present in the SCG may be Tocalized in the cell bodies
and axons of intrinsic interneurones (Robinson et al., 1980). Indeed,
postsynaptic depressant effects of SP, which are selective for excitation
caused by the activation of nicotinic receptors for acetylcholine, have
been demonstrated on spinal Renshaw cells, in sympathetic ganglia and on
adrenal medullary neurones (Clark and Ryall, 1982). The receptors seen
in this study may then correspond to SP released from interneurones
acting on a subpopulation of postganglionic principal neurones. It must
also be considered that the SP receptors could be on the interneurones
themselves, and in the adult rat, it is possible to base distinction bet-
ween principal ganglion cells and the smaller interneuronal cells on
diameter measurements. However, as mentioned earlier, distinction on the
basis of size in culture is impossible, as cells very rarely appear
singly, and vary in the extent to which they flatten out on the
substrate.

Although it has been suggested that SP acts on noradrenergic neuro-
nes (Dun and Karczmar, 1979), it may also act on neurones within the SCG
which are known to contain other transmitters such as somatostatin,
enkephalin and neuropeptide Y (Hokfelt et al., 1977a; Schultzberg et al.,
1979; Uddman et al., 1984). Also, since SP receptors were occasionally
seen on neurite outgrowths, the possibility exists that these receptors
have a different function to those found on cell soma and needs to be
investigated. Neuronal diversity is not, however, confined to

transmitter content, as in intra-cellular studies of neurones in dif-
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ferent autonomic gangiia, neurones with different firing characteristics
have been identified and designated as 'phasic' or 'tonic neurones'
(Cassell et al., 1986). It seems that differing discharge patterns can be
associated with different neuronal functions. Sympathetic neurones from
dissociated neonatal rat SCG have been found to have diverse electrical
characteristics (Freschi, 1983). Although the SP receptors seen in this
study are on a neuronal subpopulation, the possibility of further
subclassification of these labelled neurones based on their differing
electrical properties is an attractive possibility.

The existence of tachykinin receptor subtypes was not investigated
in this work. In future studies, a combination of immunocytochemical and
electrical neuronal identification with receptor subtyping could be very

useful in determining a role for SP in the SCG.
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Fig. 3.1

A 1ight-field (A) and dark-field (B) photomicrograph of a
7-day-old dissociated rat superior cervical ganglion culture
that has been incubated with [1251]-Bolton-Hunter-SP; SP
binding sites are seen over neuronal cell body clusters
(arrows). Fibroblasts (f) and glial cells (g) are not
labelled with silver grains. Neuronal clusters containing
both Tabelled and unlabelled (broken lines) cell bodies are
shown.

Bar = 50 um.
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Fig. 3.2

Distribution of SP binding sites over a region of dissociated
rat SCG culture: (B) shows a dark-field micrograph of the
culture seen with phase-contrast optics in (A). Variation in
labelling density is illustrated between neuronal clusters
(Targe arrows) of comparable size, where h = heavy labelling
and w = weak labelling. Labelling of a neuronal subpopulation
is also shown here, where asterisks denote unlabelled
clusters. Neuronal process labelling is indicated by small
arrows.

Bar = 50 pm.
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Fig. 3.3

Distribution of SP binding sites on a neuronal process from a
cluster of neurones in a dissociated SCG culture. (A) is a
phase-contrast micrograph of a neuronal cluster (large arrow)
with a labelled process emanating from it (small arrows). (B)
shows the heavy accumulation of grains over the surface of the
neuronal cell body cluster (large arrow). A single process
corresponding to the one seen in (A) is labelled with silver
grains (small arrows). Note that the other process emanating
from the same neuronal cluster is unlabelled.

Bar = 50 um.
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Fig. 3.4

Autoradiographical visualization of SP binding sites over a
region of dissociated rat SCG culture containing predominantly
isolated neuronal cell bodies. (A) and (C) are light-field
photomicrographs showing labelled (arrow), and unlabelled (*)
neuronal cell bodies. It can be seen from the corresponding
dark-field photomicrographs (B) and (D), that only a sub-
population of these neurones are labelled (arrows). In both
(A) and (C), fibroblasts (f) and glial (g) cells are present,
and are clearly unlabelled. A glial cell (g) is seen situated
underneath two neuronal cell bodies in (C), and it can be seen
from (D) that only one of these neurones is labelled (arrow).

Bar = 50 um.
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Fig. 3.5

Several neuronal clusters (arrows) in a 7-day-old SCG culture
after incubation with [1251]-Bolton-Hunter-SP and 1 uMSP.
Photomicrograph (B) was slightly underexposed when printed to
facilitate precise localization of the neuronal clusters
corresponding to those seen in photomicrograph (A). Note the
lack of neuronal cluster labelling.

Bar = 50 um.
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SUMMARY

An autoradiographic method was used to determine the distribution of
muscarinic receptors on cells cultured from the trachealis muscle of
12-13-day-old rats. Cells identified in these culture preparations
included neurones, fibroblasts, smooth muscle, glial and epithelial
cells. The cultured cells were incubated with the specific, irreversible
Tigand [3H]propy1benzi1y1choline mustard, and the autoradiographs
generated showed that most, if not all, of the paratracheal neurones
observed in these cultures were specifically labelled. Both the neuronal
cell body and associated neurites were evenly labelled over their entire
surface. Neither the pattern nor density of neuronal labelling appeared
to be influened by close association with other cultured cell types.
Autoradiographic grains for muscarinic receptors also appeared to be uni-
formly distributed over smooth muscle cells and epithelial cell groups in
culture. In contrast, no specific labelling was associated with cultured
fibroblasts, glial cells and other non-neuronal supporting cells. The
precise localization of muscarinic receptors on different cell types in
culture may prove to be useful knowledge in the design of an effective

and specific antimuscarinic bronchodilator.
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INTRODUCTION

In 1979, Richardson's electron microscopic studies of peripheral
airway ganglia in humans focused the attention of many investigators onto
the possible role of these structures in integration and coordination of
extrinsic neural inputs to airway smooth muscle and other innervated air-
way cells (Richardson, 1979). Although previously considered to function
as simple relay stations for preganglionic input, their ability to pro-
cess excitatory and inhibitory inputs (Skoogh, 1983; Yip et al., 1981);
the presence of multiple postsynaptic potentials (Baker, 1986; Cameron
and Coburn, 1984) and the presence of several putative peptide
neurotransmitters or neuromodulators (Cadieux et al., 1986; Cheung et
al., 1985; Dayer et al., 1985; Dey et al., 1981, 1988) are all evidence
in support of more complex, integrative roles for the airway ganglia.

Although progress has been slow, mainly due to the difficulties
encountered in visualizing these ganglia, extensive ultrastructural
(Baluk et al., 1985; Chiang and Gabella, 1986), histochemical (Baker et
al., 1986) and electrophysiological (Baker, 1986; Cameron and Coburn,
1984) studies have recently been completed. However, the pharmacological
receptors that may be involved in the diverse actions of these airway
ganglia need to be characterized and located on specific cell membranes.

The dominant control of the airway smooth muscle is considered to be
exerted by the parasympathetic nervous system transmitting with ace-
tylcholine (ACh) onto the postjunctional muscarinic receptors present on
the muscle (Coburn, 1984). These receptors have been characterized
(Roffel et al., 1987; van Koppen et al., 1985; Yang et al., 1986) and
visualized autoradiographically (Basbaum et al., 1984). In addition,

recent studies involving electrical stimulation of the cervical vagus
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nerve of the cat (Blaber et al., 1985) and rabbit (Bloom et al., 1987)
suggest the additional presence of neuronal muscarinic receptors in the
airways, supporting the hypothesis that neuronal muscarinic receptors
play a role in bronchoconstriction (Bloom et al., 1987).

As antagonists of muscarinic receptors have an important therapeutic
role as bronchodilators in airways obstructive diseases (Gross and
Skorodin, 1984), the detailed localization of muscarinic receptors is
essential for further understanding of their mode of action. We have
therefore developed a mixed cell culture preparation of the rat
trachealis containing paratracheal neurones and their associated cells
(see Burnstock et al., 1987a). The easy visualization of ganglion cells
free from overlying smooth muscle cells and connective tissue allows
greater access. Using the irreversible, covalent ligand
[3H]propyibenzilylcholine mustard ([3HIPrBCM), we were able to visualize
the precise cellular Tlocation of these muscarinic receptors under con-

ditions of unequivocal extrinsic denervation.
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METHODS

Cultures were prepared as described in the General Methods chapter
(section II.) and labelled with [3HIPrBCM as summarized in Table 2 and

illustrated in Figure B. of the same chapter (see also, Buckley and

Burnstock, 1984a).
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RESULTS

During the first 24 h, the cells attached to the coverslips and
began to flatten out. After 48 h, ribbon-shaped smooth muscle cells,
flattened fibroblasts of variable sizes and some ciliated epithelial cell
groups could be identified using phase-contrast microscopy. Paratracheal
neurones and accessory cells (glia and Schwann cells) could also be seen
at this stage. Occasionally, small groups of light-refractile neurones
were present, but generally, neurones appeared singly. Neuronal somata
were 15-20 um in diameter, but size varied with the degree of flattening
of the cell body. Neurones were usually associated with neurites
extending for hundreds of micrometres throughout the culture prepara-
tions. Although individual neurites were more difficult to trace in
dense cultures as they were obscured by other cell types present, the
pattern and extent of the outgrowth from these neurones did not appear to
change in association with the density of the culture preparations. Glia
and Schwann cells were often found in close association with neuronal
cell bodies and neurite outgrowths, and sometimes neuronal processes were
not easily distinguished from glial cell processes. The number of muscle
cells present in the cultures was relatively low. Cultures grown on
laminin-coated coverslips appeared to be healthier, and both the growth
and level of adherence of the paratracheal neurones to the laminin-coated
coverslips appeared to be greater. As a result, few neurones were lost
during dipping of the labelled coverslips into the molten nuclear
emulsion.

In older cultures (7-12 days old), the neuronal cell bodies were

less light-refractile and many associated neurites were obscured by non-
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neuronal cells. In particular, fibroblasts continued to divide after
confluence was reached. The epithelial cells were no longer ciliated but
could be distinguished from other cultured cell types by their charac-
teristic growth pattern: epithelial cells did not continue to divide and
were present in groups of closely apposed polygonal cells. Occasionally,
ribbon-shaped smooth muscle cells were seen.

Most, if not all, of the paratracheal neuronal cell bodies present
in the culture preparations were labelled with autoradiographic grains
over their entire surface at the stage of study (4-12-day-old cultures)
(Fig. 4.1). Generally, the variation in the degree of labelling of indi-
vidual neurones was small, but occasionally, it was possible to see that
some neurones appeared to have fewer grains associated with them than
others. Although glial cells were often seen in close association with
neuronal cell bodies (Fig. 4.10, H) and neurites (Fig. 4.1A, E), their
presence or absence did not appear to influence receptor expression on
these neurones. Autoradiographic grains were also evenly distributed
along much of the length of many individual neurites associated with the
neuronal cell bodies (Fig. 4.1B, F). Although sometimes obscured by non-
neuronal cells in either densely seeded or older cultures, labelled
neurites could be traced for hundreds of micrometres throughout the
cultures, under dark-field illumination (Fig. 4.2). Labelled neurites
could also be seen in close association, or passing directly over other
labelled cells (Fig. 4.1C, G). However, there was no apparent alteration
in the pattern of labelling at the point of contact. Neuronal processes
were sometimes difficult to distinguish from glial cell processes, but as
no fibroblasts, glial cells or any other supporting cells were seen to be

labelled in this study, it is assumed that the autoradiographic grains
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are localized on neuronal processes.

In addition to neuronal labelling, ribbon-shaped cells resembling
smooth muscle cells (Fig. 4.3) and small, non-ciliated epithelial cell
groups (Fig. 4.2) appeared to be labelled with autoradiographic grains.
No specific labelling was seen when atropine (1 uM) was included in the

experimental medium (Fig. 4.4).
























































































































































































































































































































































































































































































































































































































































































