
750 Experientia 43 (1987), Birkh/iuser Verlag, CH~t010 Basel/Switzerland Reviews 

110 Warembourg, M., Tranchant, O., Perret, C., Desplan, C., and 
Thomasset, M., In-situ detection of vitamin D-induced calcium bind- 
ing protein (9-kDa CaBP) messenger RNA in rat duodenum. J. 
Histochem. Cytochem. 34 (1986) 277~80. 

111 Wilcox, J.N., Gee, C. E., and Roberts, J.L., In-situ cDNA :mRNA 
hybridization: development of a technique to measure mRNA levels 
m individual cells. Meth. Enzymol. 124 (1986) 510-533. 

112 Wintour, E. M., The role of the adrenal in control of foetal-devel- 
opmental gene-switches in haemoglobin. Proc. XXXth Congress 
I.U.P.S. (1986) 121 (abstr.). 

113 Wintour, E.M., Smith, M.B., Bell, R.J., McDougall, J.G., and 
Cauchi, M. N., The role of fetal adrenal hormones in the switch from 
fetal to adult globin synthesis in sheep: J. Endocr. 104 (1985) 165 
170. 

114 Zajac, J. D., Penschow, J.D., Mason, T., Tregear, G.W., Coghlan, 
J.P., and Martin, T.J., Identification of calcitonin and calcitonin 
gene-related peptide messenger ribonucleic acid in medullary thyroid 
carcinomas by hybridization histochemistry. J. clin. Endocr. Metab. 
62 (1986) 1037-1043. 

115 Zawatsky, R., De Maeyer, E., and De Maeyer-Guignard, J., Identi- 
fication of individual interferon-producing cells by in-situ hybridiza- 
tion. Proc. natl. Acad. Sci. USA 82 (1985) 1136-1140. 

0014-4754/87/070741-1051.50 + 0.20/0 
�9 BirkhS.user Verlag Basel, 1987 

Regulatory peptide receptors: visualization by autoradiography 
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Summary. The receptors for regulatory peptides have been extensively characterized using radioligand binding techniques. By 
combining these binding techniques with autoradiography it is possible to visualize at the light and electron microscopic levels 
the anatomical and cellular localization of these receptors. In this review we discuss the procedures used to label peptide 
receptors for autoradiography and the peculiarities of peptides as ligands. The utilization of autoradiography in mapping 
peptide receptors in brain and peripheral tissues, some of the new insights revealed by these studies particularly the problem of 
'mismatch' between endogenous peptides and receptors, the existence of multiple receptors for a given peptide family and the 
use of peptide receptor autoradiography in human tissues are also reviewed. 
Key words. Receptors; multiplicity; radioligand binding; quantitative autoradiography; light- and electron microscopy; 
peptidases; endogenous ligands; brain; gut. 

Introduction 

The physiological and pharmacological effects of the regula- 
tory peptides, like those of other hormones and neurotrans- 
mitters, are mediated by the interaction of these substances 
with specific recognition sites named 'receptors'. In parallel 
with the steadily growing number of peptides being discov- 
ered, multiple receptors for these peptides have been charac- 
terized 7, 50, 54.55,116,117. Pharmacological and biochemical tech- 
niques have provided evidence for the existence of multiple 
receptors for the different peptide families. Historically the 
characterization of the opioid receptor opened the path for 
the isolation and characterization of the opiate pep- 
tides12,51,114,118. The use of the so-called high-affinity radio- 
ligand binding techniques was instrumental in beginning the 
search for endogenous ligands. By using radiolabeled mole- 
cules at high specific activity like, for example, the same 
peptides, it is possible to study the binding of these ligands to 
membrane preparations. These techniques allow the charac- 
terization of sites with high affinity (in the low nanomolar 
range) and low capacity (fmol/mg of  protein) and presenting 
selectivity and specificity for a given peptide and its ana- 
logues with similar physiological effects. In recent years this 
relatively simple approach has allowed the detailed study of 
the structure-activity relationship and the biochemical mech- 
anism involved in peptide action and progress is being made 
with solubilization and purification and towards the ultimate 
goal of the elucidation of the molecular characteristics of 
these receptors 115,123. 
One main limitation of these biochemical techniques is, how- 
ever, the lack of sufficient anatomical resolution to answer 
questions such as: where are these sites localized at the mi- 
croscopic level? Are there specific cell populations in a given 
tissue or organ enriched in a particular peptide receptor? 

Finally; which subcellular structures bear these l:eceptor 
sites? 
Techniques with high anatomical resolution are required to 
answer these questions. Because of  the wide use of radio- 
ligand binding assays in the study of peptides and other 
receptors it is not surprising that autoradiography has been 
one of the techniques most widely used in the localization of 
peptide receptors at the microscopic level. In particular the in 
vitro autoradiographic procedure originally developed by 
Young and Kuhar 134 is specially well suited for the study of 
peptide receptors. Organ and tissue barriers encountered in 
in vivo labeling are overcome, as is the problem of ligand 
metabolism, a very important problem when dealing with 
peptide ligand both in vivo and in vitro 59'6~ In this paper 
we will review the use of this technique in the visualization of 
peptide receptors both in the central nervous system and 
peripheral tissues at the light and electron microscopic levels 
of resolution as well as other alternatives for the visualization 
ofpeptide receptors. 

Methodology 

The procedures for the labeling of peptide receptors for auto- 
radiography are essentially identical with those used for the 
labeling of other hormone, drug or neurotransmitter recep- 

59 60 89 tors , , . Some of the particularities encountered in peptide 
receptor labeling are related to the use, in most cases, of 
radiolabeled peptides as ligands 123. These ligands present, in 
general 1) a high susceptibility to degradation by peptidases 
present on the tissue, and 2) a tendency to bind in a non- 
specific way to tissue, glass and gelatine in the histological 
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preparations. An outline of the procedure is summarized in 
table 1. 

Table 1. Autoradiographic visualization of regulatory peptide receptors: 
outline of the procedure 
1) Tissue preparation 

a) Slight in vivo fixation followed by in vitro prefixation or not 
depending on desired anatomical resolution or tissue "preservation. 

b) Regular in vivo fixation after in vivo labeling of receptors. 
2) Labeling of receptor 

a) In vivo, systemic administration of ligand followed by perfusion/ 
fixation. 

b) In vitro 
I) Preineubation with guanylnucleotides and ions, washing of 

endogenous ligands. 
II) Incubation with peptidase-inhibitors, ions, displacers, at differ- 

ent temperatures, addition of chemicals to prevent chemical 
degradation of ligand and non-specific binding to supports. 

III) Washing of unbound ligand. 
IV) Postfixation, cross-linking. 

3) Generation of autoradiograms 
a) 'wet' (liquid) emulsions; dipping of labeled sections. 
b) 'dry' emulsion-coated coverslips, films. 
c) standards. 

4) Quantification of autoradiograms 
a) Manual counting of autoradiographic grains. 
b) Automatic, computer-assisted microdensitometry or grain-count- 

ing. 

Tissue preparation 
Different procedures have been used to prepare tissues for 
peptide receptor localization depending on the method used 
to label the receptor, i.e., in vivo or in vitro and the type of 
resolution desired, i.e., light or electron microscopy. 
When in vivo labeling procedures are used the ligand is ad- 
ministered systemically, for example, intravenously or sub- 
cutaneously and after a given time (chosen to favor a 
maximal level of specific binding) the animal is sacrificed, 
generally by perfusion with a fixative. This procedure has 
been widely used to label brain peptide receptors with non- 
peptide ligands (such as opiates I-3) and peripheral receptors, 
for example somatostatin receptors 78. 
The in vivo labeling procedure is limited to the use of meta- 
bolically stable analogues or non-peptide ligands, because of 
the poor ability of the peptide-ligand to penetrate through 
barriers such as the blood-brain barrier, and the high cost 
resulting from the use of large amounts of ligand. 
These limitations are overcome by using the in vitro ap- 
proach initially developed by Young and Kuhar TM. In this 
procedure tissues are obtained post-mortem from laboratory 
animals after perfusion, or not, of the anesthetized animal 
with buffers containing low concentrations of fixative (routi- 
nely 0.04% paraformaldehyde in PBS); higher concentra- 
tions might be detrimental to the receptor 134. The tissues are 
then sectioned in a cryostat-microtome normally at a 10 to 20 
gm thickness and thaw-mounted onto gelatine-coated glass- 
slides. These procedures have been found to preserve recep- 
tors quite adequately: no differences have been found be- 

tween either the density or the characteristics of  receptors in 
these mounted sections and those in standard membrane 
preparations from fresh tissues 134. The stability of peptide 
receptors is also remarkable even in human postmortem tis- 
sues, particularly in brain TM 19,74,91,105 
In some cases a better tissue preservation is desired, as in 
studies oriented towards the electron microscopic local- 
ization of receptors 4~ or the preservation of antigens for 
correlative immunohistochemical studies. A compromise has 
then to be found between the loss of receptor binding follow- 
ing the use of fixatives, and tissue structure and antigen 
preservation 64. 

Ligands 
[3Hi- and [125I]-labeled ligands are generally used in autora- 
diographic studies of peptide receptors. Many of these li- 
gands are commercially available. Most of the peptides can 
be iodinated, using the chloramine T method when the pep- 
tide has a tyrosine or a histidine residue 37 or in the Bolton- 
Hunter method 8 when there is a lysine and a terminal NH 2 
group. The labeling sites should preferably occur only once 
in the primary sequence and should represent amino acids of 
lesser importance in the binding of the ligand to the receptor. 
In all cases, radiolabeled peptide ligands have to be carefully 
checked for purity and stability. The biological activity of the 
radiolabeled peptide, although not always easy to test, is also 
an important criterion before any binding experiment is at- 
tempted. The selection of  the isotope is linked to criteria such 
as stability and purity of the ligand, specific activity require- 
ments, resolution desired, etc. Table 2 lists the most com- 
monly used ligands for the labeling of peptide receptors. 

Labeling o f  receptors for autoradiography 
As already mentioned, two procedures can be used to label 
peptide receptors in vivo and in vitro. The limitations of the 
in vivo procedure have already been discussed above, and we 
will now refer in more detail to the in vitro procedure. In 
labeling peptide receptors in mounted tissue sections (see 
table 1) the following parameters have to be taken into ac- 
count 1) the presence of endogenous ligand; 2) the presence 
ofpeptidases in the tissue; 3) the possibility of binding of the 
ligand to sites unrelated to the receptor itself; 4) the nature of 
the binding of the ligand to the receptor, which is generally 
reversible and thus presents possibilities of dissociation; 5) 
the chemical stability of the ligand. 
In general endogenous ligands are eliminated by preincubat- 
ing the tissues for different amounts of time, in conditions in 
which the released peptide should be accessible to degrada- 
tion by endogenous peptidases, or is washed out by changing 
the preincubation buffer. Dissociation of the endogenous 
ligand is favored by adding to the incubation medium gua- 
nylnucleotides or ions *~ 123,134 
Routinely a cocktail of several peptidase-inhibitors is in- 
cluded during the incubation period to prevent the degrada- 
tion of the ligand, if this is a peptide. Anti-oxidants are also 
generally used to protect the ligand from chemical degrada- 
tion. Examples of a peptidase inhibitor mixture are those 

Table 2. Regulatory peptide receptors: autoradiographi c studies 
Endogenous peptide Receptor Ligands References 

subtypes 
Opioidpeptides 
Met-enkephalin (MET) 
Leu-enkephalin (LEU) 
Dynorphin (DYN) 
fl-endorphin (fiEND) 

[3H]diprenorphine 
[3H]etorphine 
[3H]bremazocine 
[3H]morphine 
[3H]naloxone 
[3H]dihydromorphine (DH M) 
[3H]-[D-Ala2, MePhe 4, 

1, 2, 3 (rat, in vivo), 33 (rat), 
40, 41 (rat), 46 (rat), 64 (rat), 
74 (human), 76 (rat, in vivo), 
90 (rat, guinea pig), 
94 (rat, in vivo), 130 (monkey) 
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Table 2 (cont.) 

Endogenous peptide Receptor Ligands References 
subtypes 

Gut-brain peptides 
Tachykinins 
Substance P (SP) se-v (NK~) 

Physalaemin (PHY) 
Substance K = 
Neurokinin A (SK) 
Eledoisin (ELE) 
Kassinin (KAS) 

Gastrins 
Gastrin 
Pentagastrin (G-5) 
Cholecystokinin (CCK-4) 
Cholecystokinin (CCK-8) 
Cholecystokinin (CCK-33) 
Vasoactive intestinal polypeptide (VIP) 
Motilin (MOT) 
Pancreatic polypeptide (PPP) 
Secretin (SECR) 

Pituitary peptides 
Adrenocorticotropin (ACTH) 
Growth hormone (GH) 
Lipotropin 
~-Melanocyte-stimulating hormone (c~-MSH) 
Arginin-Vasopressin (AVP) 
Oxytocin (OXT) 

Circulating hormones 
Angiotensin II (AII) 

Calcitoein (CT) 
Calcitocin-gene-related peptide (CGRP) 
Insulin (INS) 

Hypothalamic-releasing hormones 
Thyrotropin-releasing hormone (TRH) 
Corticotropin-releasing factor (CRF) 
Luteinizing-hormone-releasing hormone (LHRH) 

SP-P (NK1) 
SP-K (NK2) 

SP-E (NK3) 
SP-E (NK3) 

Somatostatin (SS) 

Gly-olS]enk. (DAGO) 
[3H]FK 33824 
[3H]bremazodne 33 (rat), 36 (rat, guinea pig), 
[3H]-[D-Alaa, D-LeuS]enk. (DADL) 90 (guinea pig) 
[12Sl]-[D-AIa 2, D-Leu 5] enk. (DADL) 
[3H]DPDPE 
[3H]bremazocine 
[3H]ethylketocyclazozine 
[3H]dynorphin A 
[3H]-fl-endorphin 
[3H]-3-PPP 
I3H]phencyclidine 
[3H]SKF 10047 

~u~se 
[I 2SI]BH_SP 

22, 23 (rat, guinea pig), 34 (rat), 
65 (guinea pig), 74 (human), 
83 (rat), 90 (guinea pig) 
35 (rat) 
39 (rat, guinea pig), 
62 (guinea pig), 96 (rat) 

[125I]PHy 
[125I]BH-SK 

[125I]BH-ELE 
[1~5I]BH-KAS 

[3H]CCK-5/pentagastrin 
[3HICCK-8 
[12Sl]BH-CCK-8 
[~5I]CCK-33 
[aasI]VIP 

~3 (rat), 68 (rat), 79 (rat), 98 (rat) 
5 (rat), 10 (rat gastrointestinal tract), 70 (rat gastro- 
intestinal tract), 100 (guinea pig), 108 (rat) 
133 (rat) 
10 (rat gastrointestinal tract), 
69 (rat), 100 (guinea pig) 
5 (rat), 13 (rat), 109 (rat) 
69 (rat) 

[3H]AVP 
[3H]OXT 

26 (rat) 
126 (rat, pancreas) 
18 (human), 71 (rat) 
42 (rat), 137 (rat, guinea pig) 
17 (rat), 73 (rat) 

[12Sl]-[Sar l, lleS]AII 

[z2SI]CT 
[t25I]CGRP 
[12sI]INS 

[3H]methyl-TRH 
[NLe 2l, 125I-Tyr32]CRF 
[125IlLHRH 

[125I]CGP 23996 
[125I_TyrtL]SS_14 
[125I_LTT]SS_ 18 
SMS 204-090 
[3H]SS-14 

Growth hormone releasing factor (GRF) 

Others 
Bradykinin (BK) [3H]BK 
Bombesin (BN) [125I-Tyr4]BN 
Neuropeptide (NPY) [125I]BH_NP Y 
Galanin (GAL) [125I]GA L 
Atrial natriuretic factor (ANF) [12SI]ANF 
Atriopeptin III (APIII) [125I]APIII) 

Neurotensin (NT) [3HINT 

[125I]NT 

4 (rat), 6 (rat), 9 (rat), 15 (rat), 127 (rat) 
15 (rat), 24 (rat), 128 (rat) 

29, 30 (rat, brain, kidney), 43 (rat adrenal gland), 
52 (rat), 82 (rat), 119 (dog) 
21 (human), 44, 45 (rat), 75 (rat), 85 (rat) 
14 (rat), 45 (rat), 53 (rat, human), 112 (rat) 
49 (rat), 135 (rat) 

66 (rat), 72 (rat), 92 (rat, guinea pig), 95 (rat) 
16 (rat) 
103 (rat), 106 (mouse, guinea pig, hamster, rabbit, 
rat, human) 
38 (rat) 
63 (rat), 77 (rat), 
63 (rat) 
104 (rat, pituitary), 105 (human), 122 (rat, human) 
131 (human) 

67 (guinea pig ileum) 
132 (rat) 
see 111 (rat) 
81 (rat) 
99 (rat), 129 (rat, peripheral tissues) 
31 (rat, adrenal), 61 (rat, thymus and spleen), 
84 (rat kidney) 
97 (rat), 86 (rat), 120 (human, rat), 
121 (human), 136 (rat) 
110 (human) 

The table lists the most important endogenous peptides known until now, the receptors localized and the tigands used for autoradiography in vertebrate 
tissues (when only the species is mentioned refers to brain). Numbers correspond to references; - indicates that no receptor for this peptide has been yet 
localized. 
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used in the labeling of substance P (SP) receptors or chole- 
cystokinin (CCK) receptors. For  SP a 50 mM Tris-HCL 
buffer at pH 7.4 is used with 200 mg/1 BSA to which is added 
bacitracin 40 nag/l, chymostatin 2 mg/1 and leupeptin 4 mg/1, 
then MnC12 5 raM; some investigators like to add polyethyle- 
nimine at 0.005 %68,69 In contrast, for CCK the same buffer 
is used but at pH 7.7 and with 200 rag/1 of bacitracin, MgC12 
5 mM and dithiothreitol 1 mM 71' 126,137. 
Other ways to deal with the problem of peptidase activity in 
the tissue sections are 1) the use of peptide analogues de- 
signed to be resistant to catabolic activity, as for example 
opioid or somatostatin analogues 4~ and 2) the use of 
low incubation temperatures, although this technique also 
results in slower association kinetics and consequently longer 
incubation periods. An example is the procedure used to 
label TRH receptors which decrease peptidase activity 72,92,95 
(see however Manaker et  al.66). 
Several procedures have been used to decrease or block the 
non-specific binding of peptide ligands to a glass surface or 
to gelatine. One of the most commonly used, which is also 
postulated to provide protection against peptidase activity, is 
the addition of bovine serum albumin to the incubation me- 
dium. Compounds such as polyethylenimine are reported to 
decrease the non-specific binding of peptides to glass and 
have been used in membrane and section labeling of such 
peptide receptors as those for SP 6s, 133 
The influence of all these compounds on the characteristics 
and density of the receptor being studied have to be carefully 
monitored in preliminary experiments to ensure that no 
negative influence occurs. The different ligands and recep- 
tors behave in a very unpredictable way in response to the 
parameters mentioned above. As no general rule can be pro- 
posed it is advisable to check carefully in each individual 
situation for all the conditions listed. 

Autoradiogram generation 
Autoradiograms are generated by putting the labeled tissue 
sections in close contact with emulsions. This can be done in 
two ways: 1) dipping the tissues in liquid emulsion4~ 2) 
using a dry emulsion in the form of an emulsion-coated 
coverslip TM or a film, such as a tritium-sensitive or X-ray 
filmS7, 93,102,125. The use of the dipping procedure requires that 
the ligand is irreversibly fixed to the receptor site because 
emulsions are used in liquid form at relatively high tempera- 
ture (around 40 ~ The use of reversibly bound ligands will 
lead to the dissociation of the ligand from the receptor, and 
will produce erroneous autoradiographic pictures. This 
method has been called by Hamel and Beaudet 4~ the 'wet' 
autoradiographic technique in contrast to the 'dry' autora- 
diographic technique in which emulsion-coated coverslips or 
films are used (fig. 1). The emulsion-coated coverslip proce- 
dure introduced by Young and Kuhar and has been exten- 
sively used in the mapping of receptors for regulatory pep- 
tides. Finally the use of 3H-sensitive films such as the 
[3H]Ultrofilm from LKB, Sweden or the recently developed 
3H-film from Amersham s7'93,102,125 allows an easier handling 
and quantification of the autoradiograms by computer-as- 
sisted image analysis systems. The advantages and disad- 
vantages of the use of nuclear tracing emulsions or 3H-sensi- 
tive films have been extensively discussed by other authors 
and the reader is referred to these discussions for more de- 
tailed information 59. 
Briefly, the main advantage of using the 'wet' procedure or 
emulsion-coated coverslips is the possibility of visualizing 
the autoradiographic grains together with the tissue. In the 
case of the 'wet' emulsion procedure the autoradiographic 
grains and the tissue are located in the same optical plane, 
while in case of the coverslip a slight difference in the optical 
plane of the autoradiographic grains and the tissue exists. On 
the other hand, the use of film leads to a loss of anatomical 
register between the localization of autoradiograms and the 
actual tissue structure although it allows much easier quanti- 
fication. 

Figure 1. Effects of fixation and dehydration on the topographical distri- 
bution of opioid binding sites labeled with [12SI]FK 33-824 (left) or 
[t25I]FW 34-569 (right). In a and b the autoradiographic films were gene- 
rated before, in e and d after glutaraldehyde fixation, In e and f,  fixation 
was followed by dehydration. [12Sl]FK 33-824 is covalently cross-linked to 
tissue proteins by aldehydes; no modification in the distribution of this 
ligand is observed after glutaraldehyde fixation and tissue dehydration 
(e). In contrast, [IZSI]FW 34-569 do not cross-link and is completely 
washed out in the course of dehydration (f). Bar = 2.0 mm. (Figure kindly 
provided by A. Beaudet 41, reproduced with permission.) 

Analysis of autoradiograms 
Autoradiograms once generated can be analyzed using many 
different procedures. In recent times the use of computer-as- 
sisted image analysis systems has gained widespread popu- 
larity because of the feasibility of performing complete 
quantitative autoradiographic studies 89. On the market a 
large variety of image analysis systems are now available and 
we will not discuss the differences between the different sys- 
tems. Basically the autoradiographic films are digitalized us- 
ing a TV camera and analyzed by microcomputers. The re- 
sponse of the film to radioactivity can be calibrated using 
appropriate standards and optical densities transformed into 
receptor densities in terms of fmol/mg protein or area 
unit32, 58, 60,102,125. 
One of the most studied problems using receptor autoradio- 
graphy with tritiated ligands has been 'quenching '~7'2s caused 
by the differential absorption of/?-radiat ion by different 
tissue elements 5s. A number of procedures have been de- 
signed to overcome the problem in the use of tritium labeled 
ligands 47. This difficulty is not encountered with [125I]iodine 
labeled compounds; this is an important advantage of these 
ligands, which are the most popular in peptide receptor stu- 
dies. Regarding the quantification of autoradiograms gene- 
rated using the 'wet' or 'dry'  emulsion procedure there are 
also some automatic devices for the counting of  autoradio- 
graphic grains, but in contrast to the devices for the study of 
films these are expensive, and they are still subject to a num- 
ber of technical problems. Most commonly the quantifica- 
tion of autoradiographic ~rains in emulsions is carried out by 

1 14 v'sual counting of grains ~ . As in the case of the films the use 
of appropriate standards allows for the full transformation 
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of grain density into receptor density. Of course this proce- 
dure is much more time-consuming than fully automatic 
image analysis. 

Uses of peptide receptor localization by autoradiography 

Mapping of peptide receptors and the 'mismatch'problem 
The most extensive use of peptide receptor autoradiography 
is the detailed analysis of the regional and anatomical distri- 
bution of peptide receptors in different tissues, particularly 
in the brain. This is the so-called 'mapping of receptors'. 
Table 2 is a summary of the peptide receptors which have 
been visualized in different mammalian species and, in some 
cases, in other vertebrates. Table 2 lists the subtypes of  recep- 
tors mapped, the ligand used and some key references. The 
references are, however, not exhaustive because of space 
limitations; however, the most relevant studies have been 
cited. 
Historically the opioid receptor was the first one to be 
mapped in detail. Early studies were done in the rat brain 
after in vivo labeling of  these receptors using non-peptide 
opioid ligands I 3.94. The results obtained in these studies are 
an example of the type of analysis and insights provided by 
peptide receptor mapping in brain and other tissues. The 
detailed description of the distribution of opioid receptors in 
the mammalian brain was instrumental in understanding the 
neuronal mechanisms involved in the physiological actions 
and pharmacological effects of opioid drugs. Opioid recep- 
tors were found to be highly concentrated in some specific 
areas of the central nervous system, for example, the substan- 
tia gelatinosa of the spinal cord, an anatomical locus known 
to be involved in the processing of sensory information. In 
addition, other areas of enrichment in opioid receptors were 
found to be the periaqueductal gray and the medial tha- 
lamus. All these localizations provided a clear anatomical 
substrate for the known analgesic effects opioids exert at 
both spinal and supra-spinal levels. In addition, the euphoric 
effects of opiates can now be attributed to the localization of 
substantial numbers of receptors for these drugs in the limbic 
system ~ J4,117 
An important consequence of the studies on the localization 
of opioid receptors in the brain was a search for 'endogenous 
morphine,~2,51,113. The development of  antibodies against the 
enkephalins and the immunohistochemical studies of the 
enkephalins soon provided a detailed mapping of the presyn- 
aptic components of the opioid system in the mammalian 
brain. It was clear from these studies that a relatively good 
overlap existed between the distribution of endogenous 
enkephalins and opioid receptors. This led to the proposal 
that enkephalins were the endogenous ligands for the opioid 
receptor. More detailed studies have, however, demon- 
strated that not in every case is there a good overlap between 
the distribution of endogenous peptide and the distribution 
of the receptors for this peptide. This has been called the 
'mismatch' problem and is the subject of much spec- 
ulation 4s,57,Ss. Herkenham and McLean have recently re- 
viewed in detail 'mismatches' between the distribution of the 
receptors for peptides and their endogenous peptide li- 
gands 48. Thus, while it was originally proposed that the dis- 
tribution of endogenous enkephalins and the g-opioid recep- 
tor were in good accordance, an examination of the distribu- 
tion of opioid receptors in other brain areas such as the 
diencephalon and forebrain has concluded that 'mismatches' 
are rather the rule. The hypothalamus is another good exam- 
ple of 'mismatch'. The presence of high densities of opioid 
peptides as well as opioid-mediated functions on the one 
hand have to be reconciled with a low density of receptors. 
This has been explained by the presence of high densities of 
opioid-receptors of  the kappa-type. Dynorphine which is 
postulated to be the endogenous ligand for the kappa-recep- 

Figure 2. The distribution of substance P localized by immunocytochemi- 
stry using monoclonaI internal labeled antibodies to substance P (a) is 
compared to substance P binding sites in an equivalent level localized by 
autoradiography using [1251]Bolton-Hunter substance P (b). Bar = 1.0 
mm. 

tor, because of its high affinity for this binding site, has been 
shown to influence the functions of the hypothalamic system. 
This explains why re-receptors are abundant in the hypotha- 
lamus while only sparse la and 8 sites are present in this brain 
areas. On the other hand the opposite situation has been 
described in the thalamus where very low densities of opioid 
peptides have been found to correlate with high densities of 
the la- and ~-subtypes of the opioid receptors. 
Similar mismatches have been observed for many other pep- 
tides in the rat brain. A particularly good example is the 
distribution of SP and that of SP binding sites (fig. 2). The 
most spectacular example is provided by the substantia nigra 
where the highest densities of endogenous SP have been 
found and yet no significant density of SP receptors has been 
reported. This will lead us to a second problem that we will 
discuss later, the problem of subtypes of  receptors and the 
relation of peptide receptor subtypes to the presence of mul- 
tiple endogenous peptides. 
Other examples of  mismatches are provided by the local- 
ization of receptors for the peptides neurotensin, somatosta- 
tin, angiotensin II, CCK, thyrotropin-releasing hormone 
(TRH) and corticotropin-releasing factors (CRF). The prob- 
lem of the mismatch between endogenous peptides and pep- 
tide receptors is further complicated by species differences. 
Very variable patterns of distribution for peptide receptors 
are found in different species. Here again the case of the 
opioid receptors has been a paradigm of the multiplicity of 
distributions in different species. We have also observed spe- 
cies differences in the distribution of receptors for several 
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regulatory peptides. A particularly striking example of both 
the mismatch problem and the species differences is illus- 
trated in figure 3 where the localization of CCK receptors in 
the cerebellar cortex is illustrated. The cerebellum is sup- 
posed to contain no measurable density, or a very low level, 
of the endogenous peptide CCK. However, in the guinea pig 
and the primates including man, we have found a rich supply 
of CCK receptors in the cerebellar cortex, while in the rat 
cerebellum no significant binding was observed. 
Several explanations have been proposed for the inter- 
pretation of the 'mismatch problem'. 
The first classical explanation is that a mismatch is produced 
by the differences in the fineness of the techniques used. 
Thus, the lack of resolution of the current immunocytoche- 
mical methods being used to visualize endogenous peptides 
on the one hand and/or the presence of occupied receptors, 
non-functional spare receptors, and the presence of low af- 
finity receptors which are not visualized using the current 
high affinity binding techniques on the other hand can lead 
to an apparent mismatch between neuropeptides and their 
receptors. 
Another explanation is based on the fact that neurotrans- 
mitter molecules and receptor molecules are contained often 
within two completely different neurons which have comple- 
tely different anatomical distributions 57,6~ In addition, the 
presence of receptors on non-neuronal elements can also lead 
to such a mismatch. It has furthermore been suggested that 
many receptors are not located at synapses and may be sites 
of action of neuropeptides released from a distance, which 
would mean a hormone-like transmission of informa- 
tion 4~176 Herkenham and McLean 48,8~ include the possi- 
bility that receptors identified in one region might actually be 
in transit to another region. 
Finally, Schultzberg and H6kfelt 111 have recently proposed a 
further possibility, based on the finding of the coexistence of 
neurotransmitters and neuropeptides in the same synapses. 
They suggest that receptors for two types of co-localized/co- 
released transmitters may be expressed in a 'coupled' form. 
Such a coupled expression may occur in regions where only 
one of the transmitters is present, thus providing a further 
explanation for the mismatch between transmitters and re- 
ceptors. 

At the present time a full explanation for the mismatch prob- 
lem is not yet available. The mismatch problem reveals our 
lack of understanding of the correlation between innervation 
and receptor density and how this problem relates to the 
physiological responses of peptides in different tissues and 
organs. 

Multiple peptide receptor subtypes 
The existence of more than one pharmacologically charac- 
terized receptor type for a given peptide has already been 
mentioned in the context of the mismatch between opioid 
peptides and opioid receptors. It appears to be a general rule 
that multiple subtypes or receptors exist for a given peptide 
family. Again the historical and foremost example is the case 
of opioid receptors 117,I18. At least 5 6 putative opioid recep- 
tor subtypes (table 2) have been proposed in the literature 
and attempts have been made to correlate the affinity of 
different opioid peptides to these receptors in order to estab- 
lish the most probable endogenous ligand for each receptor 
subtype. Receptor autoradiography has revealed that these 
subtypes present very different regional distributions in the 
mammalian brain and has suggested the most appropriate 
regions to study the different receptor subtypes. Many other 
examples of multiplicity of peptide receptors have been re- 
ported and have been illustrated by receptor autoradiogra- 
phy. 
The most recent example of peptide receptor multiplicity is 
provided by the tachykinins 1~ At least three subtypes of 
receptors for the peptides of the family of SP have been 
proposed and named SP-P, SP-K and SP-E (recently 
renamed NK-1, NK-2 and NK-3 respectively), depending on 
the preferential affinity of the different peptides of the tachy- 
kinin familiy for these subtypes. In figure 4 we illustrate the 
different distribution of receptors for SP (SP-P) and recep- 
tors for eledoisin (SP-E receptors) in the rat brain. The pres- 
ence of very distinct regional distributions for these ligands 
clearly suggests that these receptors are different not only in 
terms of pharmacology but probably in terms of structure. 
This is an illustration of the power of receptor autoradiogra- 
phy to provide information on the presence of different sub- 
types of  receptors for peptides and information that can be 
used to explore their different physiological functions. 

Figure 3. Distribution of [laSI]Bolton-Hunter cholecystokinin-8 binding 
in the cerebellum of 4 different vertebrate species is shown. In the rat (a) 
no cholecystokinin-8 binding sites can be detected in this structure, while 
guinea pig (b), cat (c) and human (d) show a high density of cbole- 

cystokinin-8 binding sites particularly in the granular cell layer. ME, 
molecular cell layer; GL, granular cell layer; WM, white matter. 
Bar = 2.0 ram. 
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Peptide receptors in the human brain. Implications for pathol- 
ogy 
As mentioned above, the technique of receptor autoradio- 
graphy can be used in the study of human postmortem mate- 
rial 9~. We have analyzed a large series of neurotransmitter 
and drug receptors in human postmortem material and 
found that these molecules survive the chemical changes in 
the postmortem human brain quite well. We have been able 
to localize and map receptors for a number of peptides in 
human postmortem tissues including opioid, neurotensin, 
somatostatin, TRH, CCK, SP and other receptors. In addi- 
tion to the already mentioned differences in species distribu- 
tions and pharmacological characteristics it has been ob- 
served that receptors for peptides are changed under some 
neuropathological conditions 91,12~ One of the first re- 
ported receptor changes in the human brain was the loss of 

neurotensin receptors in the substantia nigra of patients 
dying with Parkinson's disease TM. This observation followed 
the observation of high densities of neurotensin receptors in 
the rat substantia nigra 86 and the loss of these receptors after 
chemical lesion of the dopaminergic cells using the neuro- 
toxin 6-hydroxydopamine (fig. 5). 
Other neuropeptide receptors have also been found to be 
modified in some neuropathological states of the human 
brain. For  example, somatostatin receptors have been found 
to be decreased in the cortex of patients dying from senile 
dementia of the Alzheimer type. We have used autoradiogra- 
phy to study these changes and observed selective decreases 
of somatostatin receptors in areas such as the hippocampus 
and the neocortex of patients with senile dementia while in 
parkinsonian patients somatostatin receptors appear to be 
more preferentially decreased in the nuclei caudatus and 
putamen and the substantia nigra (Cort6s et al., unpub- 
lished). 
The ability of autoradiography to detect subtile changes in 
pathology offers the possibility of using peptide receptor 
autoradiography as a tool in neuropathological investiga- 
tions. This type of investigation will probably be extended to 
pathologies outside the brain where peptide receptor mecha- 
nisms appear to be involved, and in particular diseases of the 
gut where peptides play an important regulatory role. 

Peptide receptors in peripheral tissues 
Using in vitro autoradiography, peptide receptors have also 
been localized to peripheral tissues and some of the results in 
these tissues are listed on table 2. The localization of SP 
receptors in the guinea pig ileum is illustrated in figure 6. 
These results clearly demonstrate the possibility of using 
autoradiography for the study of receptors in peripheral tis- 
sues, allowing the microscopic localization of receptors in 
these tissues and the correlation of the known function of 
regulatory peptides in the regulation of their functions. Prob- 
lems similar to those already discussed above, such as the 
mismatch problem and the presence of receptor subtypes for 
related peptides have been examined using autoradiography. 
An example is the presence of the different subtypes of the 
tachykinin receptors in peripheral organs 1~176 
The technique of receptor autoradiography, however, has 
not yet been extensively exploited in the study of peripheral 
tissues and it is very probable that in the future we will be 
obtaining more and more information about peptide recep- 
tors in peripheral tissues. 

Figure 4. Three sequential sagittal rat sections processed for autoradio- 
graphy to visualize the three tachykinin receptor subtypes. Three different 
ligands were used, [125I]Bolton-Hunter substance P (a) for the SP-P or 

125 NK1 subtype, [ I]Bolton-Hunter substance K (b) for the SP-K or NK2 
125 subtype and [ I]Bolton,Hunter eledoisin (C) for the SP-E or NK3 sub- 

type were used. Note the differential localization of these receptors in 
areas such as the neocortex (Cx), caudate-putamen (CP), hippocampns 
(H) and olfactory bulb (OB). Bar = 1.0 ram. 

Cellular localization of peptide receptors and modification of 
peptide receptors after drug treatment 
One of the main limitations of the most commonly used 
receptor autoradiography techniques is the lack of cellular 
and subcellular resolution. In order to compensate for this 
lack of resolution the technique of receptor autoradiography 
has been combined with selective lesions of different cellular 
types. As mentioned above it was the lesion of the dopamin- 
ergic cells in the substantia nigra with the neurotoxin 6-hy- 
droxydopamine which led to the discovery of the presence of 
high densities of neurotensin receptors in these cells s6 and 
eventually to the finding of a selective decrease of neuroten- 
sin receptors in the parkinsonian substantia nigra 12~. In the 
central nervous system a large number of studies have ad- 
dressed the issue of the cellular localization of peptide recep- 
tors to different cell populations. In particular, lesions using 
kainic acid 1~ or lesions of selective pathways TM, have been 
used to illustrate the preferential localization of receptors in 
different types of neurotransmitter-identified neurons and 
pathways in the central nervous system of the rat ~~ and the 
cat TM. 
One of the most important conclusions of all these studies is 
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Figure 5. Autoradiographic localization of neurotensin receptors to 
dopaminergic neurons in rat substantia nigra zona compacta (a). Injec- 
tion of 6-bydroxydopamine results in a loss of neurotensin receptors and 
dopamine-containing cells in the substantia nigra zona compacta (b). 

Higher power photomicrographs of the same sections colored with cresyl 
violet (c,d). Note the loss of cell bodies in the zona compacta in c 
(corresponding to the injected left side, see a) compared with the opposite 
uniujected side in d. Bar = 250 pm (a,b). 

Figure 6. [1251]Bolton_Hunte r substance P binding in the guinea pig ileum adjacent section obtained by adding 1 ~xM of cold substance P to the 
is mainly localized on the muscle layer (a): Non-specific binding in an incubation medium (b). Bar = 1.0 ram. 
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Figure 7. Electron microscopic autoradiographs processed from a vibra- 
tome-cut, prefixed section of rat striatum and incubated with [125I]FK 
33-824. The radioactivity is detected in the form of isolated silver grains 
overlying in both instances the apposed plasma membranes of an axon 
terminal and a dendritic process. Synaptic localization shown in a, and 
non-synaptic localization shown in b. Bar = 0.5 gm. (Reproduced with 
permission from A. Beaudet 41.) 

Conclus ions  a n d  f u t u r e  trends' 

The results briefly reviewed in this work illustrate the possi- 
bility of  using receptor autoradiography in the analysis of  the 
mechanisms of  action of  regulatory peptides in the brain and 
other tissues. We have also mentioned a number  of  limita- 
tions of  the technique, particularly the relatively low level of  
subcellular resolution. In the future it is probable that  new 
types of  probes will be developed to allow a clearer definition 
of  the cells making peptide receptors. Recently a number  of  
receptors for growth factors, oncogenes and hormones and 
some neurotransmitters have been cloned and their molec- 
ular structure elucidated from the sequence of  the genes cod- 
ing for these proteins. Al though until now no receptor for a 
regulatory peptide has been cloned it is not  too speculative to 
assume that we will soon see published the sequences of  
D N A  coding for opioid, SP and other peptide receptorsl This 
will allow the development  of  genetic probes for the study of  
the localization of  receptors at the microscopic level, includ- 
ing in situ hybridization and the development  of  synthetic 
peptides to which antibodies will be raised, and will expand 
the use of  immunohistochemistry in receptor localization. 
Advances in medicinal chemistry are also providing us with 
new non-peptide ligands for peptide receptors. This is an 
important  advance because of  the limitations mentioned 
above on the use ofpept ides  as ligands, particularly for the in 
vivo imaging of  receptors in the living man using the techni- 
que of  positron emission tomography.  Opioid receptors have 
already been visualized using a carfentanil and used in the 
study of  the human opioid system in vivo 25. It is probable 
that we will see more non-peptide ligands developed for pep- 
tide receptors. The most  dramatic example is the devel- 
opment  of  a C C K  and non-peptide C C K  antagonist  by the 
Merck, Sharp and Dohme  Group  11,2~ 
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that peptide receptors appear to be preferentially localized in 
neurons and selected pathways in the mammal ian  central 
nervous system. 
Interestingly, also in the human brain peptide receptors ap- 
pear to be preferentially localized in neurons. We have ana- 
lyzed the effects of  localized small vascular lesions in the 
hippocampus of  patients dying without a reported neurolog- 
ical disease and found that the loss of  neurons was correlated 
with the loss of  binding for peptides, as for example soma- 
tostatin 1~ However,  the lack of  cellular resolution of  light 
microscopic autoradiography is an important  issue which 
has led several groups to at tempt to develop procedures for 
the electronmicroscopic localization of  peptide receptor 
sites a~ As mentioned in the methodology section this has 
been facilitated by the fact that  peptides can be cross-linked 
to their receptors. Electronmicroscopic autoradiography,  
however, is also limited in its resolution by the fact that in the 
central nervous system membranes of  more than one type 
co-exist inside the so-called '50 % probabili ty circle '56. How- 
ever, the results obtained so far with the p.-subtype 4~ of  the 
opioid receptor (fig. 7) and neurotensin (Beaudet et al., un- 
published) have resulted in a number of  interesting conclu- 
sions regarding the localization of  peptide receptors. The 
majori ty of  these receptors appear to be extrasynaptic, that is 
they are localized outside the synaptic terminals as visualized 
at the electronmicroscopic level and this had led to the 
speculation that  opioids can act at distance in a hormonal  
type of  transmission. 
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Combined axonal transport tracing and immunocytochemistry for mapping pathways of peptide- 
containing nerves in the peripheral nervous system 

by H. C. Su and J. M. Polak 

Department  o f  Histochemistry,  Royal  Postgraduate Medical  School, Hammersmi th  Hospital, London W12 O H S  (England) 

Summary.  The various combinat ions  of  axonal t ranspor t  tracing and immunocytochemis t ry  used for mapping  pathways of  
pept ide-containing nerves, and in particular those of  the peripheral  nervous system, are reviewed. The advantages and 
disadvantages of  these methods  are discussed. The applications and results presented illustrate the future potent ial  value of  
this approach.  
Key words. Anterograde  tracing; axonal t ransport ;  immunocytochemis t ry ;  neuropathways;  pept ide-containing nerve; retro- 
grade tracing. 

Introduction 

In the beginning of  the 1970s neuroana tomy experienced a 
methodological  revolution with the development  of  a new 
technique for tracing neural pathways  based on the axonal  
t ranspor t  o f  compounds  such as horseradish peroxidase 

(HRP) 5~176176 radiolabelled amino acids 14,2~ and the 
fluorescent dye Evans blue (bound to albumin) 49. New trac- 
ers, bo th  ingenious and powerful,  are still rapidly being 

1 2 23 28 31 44 48 52 added to the tools o f  the neuroanatomis t  . . . . . . .  - 


