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UNNERSTALL, J. R., I. FERNANDEZ AND L. M. ORENSANZ. The alpha-adrenergic receptor: Radiohistochemical 
analysis of functional characteristics and biochemical differences. PHARMACOL BIOCHEM BEHAV 22(5) 859--874, 
1985.--The partial agonist [SH]para-aminoclonidine was used to label a2-adrenergic binding sites in intact sections of the rat 
central nervous system using in vitro labeling receptor autoradiographic techniques. The distribution of a~-agonist binding 
sites closely parallels the reported distribution of noradrenergic and adrenergic cell groups and their terminal fields, 
particularly the projections of the medullary catecholamine neurons. This distribution of a2 binding sites confirms physi- 
ological studies which indicate that the anti-hypertensive actions of o~-agonist compounds are mediated centrally in 
medullary and spinal centers involved in the control of parasympathetic and sympathetic outflow. Further, the high 
concentrations of a2 binding sites in pontine and iimbic areas such as the locus coeruleus, parabraehial nucleus, dorsal 
rapbe, hypothalamus, amygdala, bed nucleus of the stria terminalis, septum and entorhinal cortex offer an anatomical basis 
for understanding the anxiolytic and antidepressant actions of drugs like clonidine. The antagonists [SH]prazosin and 
[3H]WB4101 were used to study the distribution of al-adrenergic binding sites in the rat forebrain and biochemical studies 
were performed to analyze the marked differences that were initially seen in the distribution of [SH]prazosin and 
[3H]WB4101 binding sites. Several pieces of evidence derived from both biochemical and autoradiographic studies suggest 
that [3H]prazosin and [sH]WB4101 act at distinctly different binding sites. However, both sites may represent components 
of an al-adrenergic receptor-effector complex since a high degree of overlap was seen in the binding site distribution of 
these two ligands and since kinetic interactions could be demonstrated in at least one region of the brain, the hippocampus. 
Differences noted in the relative displacements of [SH]prazosin and [3H]WB4101 binding in various forebrain regions could 
reflect differences in the coupling efficiency of the [3H]prazosin and [aH]WB4101 component of the hypothesized complex. 
Further, in some regions, [sH]WB4101 labeled a binding site that is different from the al-receptor. Thus, [SH]prazosin and 
[sH]WB4101 binding sites seen in forebrain regions such as lamina V of the cortex, thalamic nuclei and dorsal raphe 
probably represent a:adrenergic receptors and confirm electrophysiological and biochemical studies which demonstrate 
that adrenergic transmission in these regions can be mediated through an al-receptor. 

Clonidine [3H]Para-aminoclonidine Norepinephrine 
Receptor autoradiography c~-Adrenergic receptors 

Epinephrine [aH]Prazosin [aH]WB4101 

THE application of receptor binding techniques to the in 
vitro labeling of intact tissue sections for the autoradio- 
graphic analysis of drug and neurotransmitter binding sites is 
rapidly becoming a popular tool in the pharmacological 
armamentum. These procedures have several advantages. 
Conditions utilized to label the binding sites in the tissue 
sections can be carefully controlled and the pharmacologic 
and biochemical characteristics of the ligand binding can be 
reliably verified. Anatomical resolution is greatly enhanced. 
Thus, ligand binding sites can be studied not just  as biochem- 
ical entities in a test tube but as integral components of func- 

tional neurochemical and neuroanatomical systems. Finally, 
autoradiography is quantitative. Thus, changes in binding 
parameters as a function of pathological, physiological 
and/or drug-induced state can be studied in discrete 
anatomical regions. 

Receptor autoradiographic techniques can be applied to 
several different experimental questions. Mapping studies 
can be utilized to confn'm the locus of drug action derived 
from behavioral or physiological experiments or to deter- 
mine the potential for drug side effects based on the 
anatomical distribution of binding sites. These studies can 
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also be a rich source of experimental hypotheses concerning 
the physiological and behavioral effects of drugs, their locus 
of action and the function of the neuroanatomical network 
involved in these effects. Further, receptor autoradiography 
can reveal biochemical heterogeneity of neurochemical and 
receptor systems based on the ability to visualize differences 
in binding parameters in several regions simultaneously. 

In this presentation, these types of questions will be dis- 
cussed in relation to the study of the a-adrenergic receptor in 
the central nervous system (CNS). In the first section, exper- 
iments designed to study the distribution of the c~2-adrenergic 
receptor in the rat CNS will be reviewed. The analysis will 
center around a discussion of the binding site distribution in 
relation to the ascending and descending adrenergic system 
and its involvement in the several pharmacologic actions of 
a2-adrenergic agents like clonidine. In the second section, 
ongoing work on the analysis of the possible heterogeneity of 
the a,-adrenergic receptor as revealed by autoradiographic 
experimentation will be reviewed. 

THE a2-ADRENERGIC RECEPTOR: INVOLVEMENT IN AN 
INTEGRATED NEURONAL SYSTEM 

Several experimental approaches have confirmed the fact 
that drugs like clonidine and other a2-adrenergic agents 
produce their anti-hypertensive effects by an action in the 
CNS, primarily within the dorsal medulla (including the nu- 
cleus of the solitary tract and the dorsal motor nucleus of the 
vagus) ventrolateral medulla and the intermediolateral cell 
column of the thoracic spinal cord (for an extensive listing of 
the pertinent references, see [112]). The use of clonidine in 
several experimental and clinical paradigms have revealed 
many other centrally-mediated effects of az-adrenergic 
agents. Clonidine has potent anxiolytic activity [32, 39, 41, 
42, 79, 104, 110] and it has been used to reverse the behav- 
ioral deficits induced by uncontrollable stressors in animal 
models [117]. Further, clonidine is an effective analgesic [6, 
22, 24, 51, 68--71, 78, 96, 101] and it can attenuate many of 
the symptoms of opiate withdrawal [1, 5, 24, 25, 27-29, 45, 
100, 109, 116]. 

Since many of the behavioral, somatosensory and au- 
tonomic responses affected by clonidine can be simulta- 
neously elicited during the response of an organism to physi- 
cal or "psychic" stress, it is probable that the several effects 
of a~-adrenergic agents are not isolated phenomena but 
rather manifestations of a drug action at several sites within 
an integrated neuronal system. Autoradiographic analysis of 
the distribution of high-affinity ae-agonist binding sites in the 
rat CNS has confirmed this hypothesis and has indicated a 
significant relationship between the distribution of binding 
sites and components of the norepinephrine (NE) and epineph- 
rine (EPI) neuronal systems involved in these effects [112]. 

METHOD 

Animals and Tissue Preparation 

Details of the procedures utilized have been previously 
published [112]. Briefly, male Sprague-Dawley rats (Harlan 
Sprague-Dawley, Madison, WI), 175--225 g body weight, 
were anesthetized with 65 mg/kg Na+pentabarbitol (intra- 
peritoneally) and rapidly perfused intracardially with a solu- 
tion of isotonic phosphate-buffered saline and 0.32 M su- 
crose (50:50 v/v). The brains and spinal cords were removed 
on ice, mounted onto brass microtome chucks using brain 
paste, frozen over dry ice and stored at -80°C until use (1 to 
2 weeks). 

For sectioning, the mounted tissue was removed to the 
cryostat (Harris Mfg. Corp., N. Billerica, MA) and allowed 
to equilibrate to cryostat temperature (-17 to -20°C). Eight 
/zm coronal brain sections and 10/zm horizontal spinal cord 
sections were thaw-mounted onto subbed (chrome alum and 
gelatin) microscope slides, air dried and stored at -20°C 
until use. A minimum of 8 animals was used for the subse- 
quent autoradiographic analyses. 

Preparation of  Autoradiograms 

The partial c~e-adrenergic agonist [3H]para- 
aminoclonidine ([aH]PAC, 45-56 Ci/mmol, New England 
Nuclear Corp., Boston, MA) was used to label the binding 
sites in the intact tissue sections. After being brought to 
room temperature, sections were first preincubated in a 
modified Krebs-phosphate buffer (pH 7.4 at 25°C, containing 
119 mM NaC1, 4.8 mM KC1, 1.2 mM MgSO4, 10 mM 
Na2HPO4 and 1.3 mM CaCIz) in the presence of 100 /zM 
Na+GTP for 30 rain at room temperature. This step is utilized 
to dissociate endogenous ligand from the receptors that may 
interfere with the ligand binding. The sections were then 
washed in the incubation buffer (0.17 M Tris.HC1 containing 
10 mM MgCI2, pH 7.6 at 25°C) for 10 min at room tempera- 
ture. The sections were then incubated in the incubation 
buffer containing 1.0 nM [3H]PAC for 60 min at room tem- 
perature. Serial sections were incubated with 1.0 nM 
[3H]PAC in the presence of 10 tzM phentolamine in order to 
assess non-specific binding. Finally, sections were washed in 
the incubation buffer alone for 10 min at 4°C. Under these 
conditions, [3H]PAC labels a2-adrenergic receptors with a 
high degree of specificity [112]. Given KD'S of 0.24 and 18 
nM for the high- and low-affinity binding sites, approx- 
imately 78% of the high-affinity agonist binding sites and less 
than 5% of the low-affinity binding sites will be labeled using 
these conditions. 

After the final wash, the sections were briefly dipped in 
cold deionized water to remove buffer salts and dried under a 
stream of cool, dried air. The slides were stored in dessicated 
boxes at 4°C for 24 hr prior to the apposition of emulsion. 
Either [3H]Ultrofilm (LKB Products, Inc., Rockville, MD) 
was exposed to the slides stored in X-ray cassettes or 
emulsion-coated coverslips (Kodak NTB3, diluted 1:1 with 
distilled water) were affixed to the labeled slides. Exposure 
time was 8 to 10 weeks. Emulsions were developed and tis- 
sues stained according to previously published procedures 
[113,119]. Some horizontal sections of the thoracic spinal 
cord were counterstained for acetylcholinesterase [75] in 
order to more easily visualize the intermediolateral cell col- 
umn. 

Direct darkfield and brightfield photomicrographs were 
obtained using a Leitz Orthoplan microscope fitted with a 
Hinsch-Goldman box in order to View the autoradiographic 
grains under incident light illumination. Images obtained 
using [3H]Ultrofilm were analyzed using the LAI Quantita- 
tive Biomed Image Analysis System (Loats Associates, Inc., 
Westminster, MD). Gray scale, reverse gray scale and 
color-coded images were taken directly from the image 
screen using a 35 mm camera fitted with a macro lens. Opti- 
cal densities were calibrated using brain paste standards that 
were included with the labeled tissue sections [113]. 

RESULTS AND DISCUSSION 

a2-Binding Sites and Autonomic Control 

[3H]PAC binding sites were found in several areas of the 



RADIOHISTOCHEMISTRY OF ALPHA RECEPTORS 861 

F ~̧ ~ 

FIG. 1. Binding of [3H]PAC in the intermediolateral cell column of the rat thoracic spinal 
cord. In (A) a darkfieid photomicrograph taken from a horizontal section through the upper 
thoracic cord is shown. Bright areas represent regions of high binding site density. In (B), a 
brightfield photomicrograph of the underlying tissue is shown. The tissue was stained for 
acetylcholinesterase (dark stain) in order to visualize the intermediolateral cell column and 
counterstained with Toluidine blue. The dark arrowheads point to the same regions of the 
intermediolateral cell column. Note the striking similarity between the distribution of 
cholinesterase tissue and the "beaded" distribution of the autoradiographic grains. This 
illustrates that as-binding sites are associated with putative preganglionic neurons and 
indicates that the intermediolaterai cell column may be a primary locus for the antihyper- 
tensive and anti-opiate withdrawal actions of clonidine. Bar= 1000/zm. 

medulla and thoracic spinal cord known to regulate 
parasympathetic and sympathetic function through their 
participation in the baroreceptor reflex loop [46, 74, 84-86, 
94, 102, 108, 118]. These regions include the nucleus com- 
missuralis, nucleus of  the solitary tract and dorsal motor 
nucleus of  the vagus in the dorsal medulla; the ventrolateral 
medulla including the nucleus ambiguus and nucleus re- 
troambiguus; raphe pallidus and raphe obscurus in the ven- 
tromedial medulla; and the intermediolateral cell column of 
the thoracic spinal cord (Figs. 1 and 2). These regions in- 

clude the A1, A2 and A5 NE cell groups and the C1 and C2 
EPI cell groups [2, 17, 34, 43, 72, 82, 88, 94, 105]. These 
regions also have a high density of  catecholamine nerve 
terminals arising from local circuitry within the dorsal 
medulla [2, 15, 34, 43, 105, 107] and NE and EPI innervation 
of  the dorsal medulla, midline raphe nuclei and inter- 
mediolateral cell column arising from the ventrolateral 
medulla [2, 10, 43, 46, 84, 86, 94, 111, 118]. These results 
corroborate other experimental data which demonstrate that 
a2-agonists can exert their effect on cardiovascular function 
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in several brainstem and spinal regions involved in the 
baroreceptor reflex loop and indicate a strong correlation 
between adrenergic function and az-adrenergic receptors in 
these regions [112]. 

Supramedullary Integration of Cardiovascular and 
Affective Function 

While the final common pathway involved in the regula- 
tion of cardiovascular function is found in the medulla and 
intermediolateral cell column of the thoracic spinal cord, 
other forebrain areas, particularly regions in the dorsal pons, 
hypothalamus amygdala and limbic forebrain can exert a 
powerful influence on autonomic function [73]. More impor- 
tant, several of these same regions may serve as neuronal 
units acting to integrate autonomic, arousal and sensory in- 
formation. Thus, the possibility arises that many of these 
same areas may be involved in the expression of not only the 
cardiovascular actions of clonidine and related agents but 
also the affective and behavioral effects of this class of 
drugs. 

High concentrations of [3H]PAC binding sites are found in 
the locus coeruleus, dorsal parabrachial nucleus, paraven- 
tricular, periventricular and arcuate nuclei of the hypothala- 
mus, medial preoptic nucleus, bed nucleus of the stria termi- 
nalis, lateral septum, central nucleus of the amygdala, insu- 
lar and entorhinal cortices (Fig. 2). Several of these regions 
have been shown to be sensitive to changes in cardiovascular 
function and to have direct projections to medullary and spi- 
nal cardiovascular centers. These projections include ¢ffer- 
ents from the insular cortex [90], central nucleus of the 
amygdala [35, 40, 98], bed nucleus of the stria terminalis [99], 
periventricular and paraventricular hypothalamus [7, 8, 66, 
95, 106], arcuate nucleus of the hypothalamus [65], medial 
preoptic nucleus [91] and locus coeruleus [48,76]. These 
same regions are reciprocally innervated by adrenergic pro- 
jections from the nucleus commissuralis, nucleus of the sol- 
itary tract and ventrolateral medulla [14, 47, 61, 81]. These 
ascending medullary afferents include A1/C1 projections to 
the locus coeruleus, bed nucleus of the stria terminalis, me- 
dial preoptic nucleus, supraoptic, paraventricular, periven- 
tricular and posterior nuclei of the hypothalamus [9, 11, 12, 
20, 53, 93, 94], and A2/C2 projections to the locus coeruleus, 
dorsal parabrachial nucleus, medial and anterior hypothao 
lamic nuclei, bed nucleus of the stria terminalis, lateral sep- 
turn and central nucleus of the amygdala [23a, 34, 37, 43, 44, 
54, 60, 81, 93, 105]. Further, pontine regions (locus 
coeruleus, dorsal parabrachial nucleus, dorsal raphe nu- 
cleus) which are innervated by medullary catecholamine 
neurons in turn innervate many of these same forebrain re- 
gions plus other areas, such as the dorsomedial thalamus, 
hippocampus and pyriform, insular, cingulate and entorhinal 

cortices that are involved in the integration of cognitive and 
viscerosensory information [38, 60, 64, 89, 92]. A schematic 
of these integrated pathways is shown in Fig. 2. 

Thus, these data conf'Lrm the hypothesis that a2- 
adrenergic drugs can act directly in those regions of the CNS 
that regulate parasympathetic and sympathetic outflow. 
Further, a strong correlation exists between the distribution 
of a2-binding sites labeled with [aH]PAC and NE and EPI 
projections, particularly those projections from the medul- 
lary adrenergic cell groups. These data also suggest which 
brain regions may be involved in some of the other phar- 
macologic actions of clonidine, such as analgesia (suhstantia 
gelatinosa of the spinal cord and the trigeminal, periaqueduc- 
tal gray, dorsomedial and intralaminar nuclei of the thalamus), 
opiate withdrawal (/ntermediolateral cell column of the spi- 
nal cord, dorsal and ventrolateral medulla, locus coeruleus, 
arcuate nucleus of the hypothalamus, amygdala) and stress 
and anxiety (locus coeruleus, dorsal parabrachial nucleus, 
para- and per/ventricular nuclei of the hypothalamus, bed 
nucleus of the stria terminalis, septum, amygdala, hip- 
pocampus, cingulate and entorhinal cortices). However, 
when analyzed in thelight of the functional and neuroanatom- 
ical evidence which links limbic, pontine and medullary re- 
gions into a unified system involved in behavioral and phys- 
iological adaptation to environmental stressors [64,89], these 
data may not only help in understanding clonidine's phar- 
macologic profile but also suggest that information proc- 
essed through a2-adrenergic receptors plays a critical neuro- 
chemical role within this functional neuroanatomic network. 

THE a~-ADRENERGIC RECEPTOR: POSSIBLE HETEROGENEITY IN 
THE CNS? 

[3H]Prazosin ([3H]PRZ) has been extensively utilized to 
label a~-adrenergic binding sites in homogenate binding as- 
says [4, 31, 36, 56, 59, 97, 103] and autoradiographic lo- 
calization experiments [3, 18, 19, 77, 114]. Previously, the 
antagonist [aH]WB4101 ([3H]WB) had been used as the 
ligand of choice for labeling a~ binding sites [115] and had 
been used by this lab to map al-receptors in the rat central 
nervous system [120,121]. However, several subsequent 
homogenate binding assays demonstrated a lack of specific- 
ity of [aH]WB [33, 49, 80]. A similar lack of receptor speci- 
ficity was found in some physiologic preparations [50] but 
not in others [23]. 

Our initial autoradiographic studies focused on delineat- 
ing these differences in the CNS [114]. Findings similar to 
those seen in peripheral physiologic experiments were ob- 
served in the CNS. For example, marked differences were 
seen in the distribution of [aH]PRZ and [aH]WB binding sites 
in regions such as the neocortex, hippocampus, dentate 
gyrus and thalamus (Fig. 3) while identical binding site dis- 

FACING PAGE 

FIG. 2. Distribution of [aH]PAC binding sites in the rat brain. The images are taken from gray-scale computer digitized images produced from 
PH]Ultrofdm using the LAI Image Analysis System. Thus, dark areas represent regions of high binding site density. In (A), the medullary and 
pontine catecholamine projections to the forebrain are schematized. In (B), the descending pathways from the forebraln and pons to the 
cardiovascular areas of the medulla are schematized. See the discussion for details and references. These data indicate that a~-adrenergic 
binding sites are localized in anatomical regions that have been characterized as mediating the autonomic, sensory and behavioral functions 
affected by clonidine-like drugs and that a2-receptors may form a vital neurochemical link in the integration of autonomic, viscerosensory and 
affective information. Abbreviations: AI--A1 noradrenergic cell group of the ventrolateral medulla; ac--central nucleus of the amygdala; 
arh--arcuate nucleus of the hypothalamus; bnst--bed nucleus of the stria terminalis; CA1--CA1 field of the hiplxw.ampus; dr-.-dorsal raphe 
nucleus; ent ctx--entorhinal cortex; ins ctx--insular cortex; lc--locus coeruleus; mnlm--medial nucleus of the preoptic; nco--nucleus 
commissuralis; pag--periaqueductal gray; pbn---dorsal parabrachial nucleus; pvh---paraventricular nucleus of the hypothalamus; pvt-- 
periventricular nucleus of the thalamus; sl--lateral septum. 
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A 
tributions were seen in other regions, such as the dorsal 
raphe nucleus (Fig. 4). Further,  in some regions, such as 
CA1 of  the hippocampus and the molecular layer of  the den- 
tate gyms,  [aH]WB binding was not completely displaced by 
even 10/xM concentrations of the general a-antagonist  phen- 
tolamine (Fig. 3). Also, when characterizing the binding of 
[aH]PRZ and [aH]WB in intact tissue sections, marked 
differences were observed in the pharmacologic profiles of 
these two ligands (Fig. 5). In order to further characterize 
these differences, parallel binding assays were performed in 
hippocampal and thalamic homogenates using these two 
ligands. These results were applied to the re-evaluation of 
the autoradiographic profiles of  [aH]PRZ and [3H]WB bind- 
ing in intact tissue sections. 

FIG. 3. Distribution of (A) [3H]PRZ binding sites, (B) [3H]WB bind- 
ing sites and (C) [3H]WB binding sites in the presence of 10 p~M 
phentolamine. The pictures are darkfield photomicrographs taken 
directly from [3H]Uitrof'dm; thus, bright areas represent regions of 
high binding site density. Serial sections were labeled with 0.5 nM 
[3H]PRZ or [3H]WB in an incubation buffer consisting of 0.17 M 
Tris.HCl containing 10 mM MgClz (pH 7.6 at 25°C). Under these 
conditions, given the Kd'S obtained for these two buffers in Tris 
buffer (approximately 0.45 ,riM), approximately 50% of each ligand's 
binding sites should have been labeled. Note the difference in the 
distribution of binding sites seen with these two ligands. High levels 
of [aH]PRZ binding sites were seen in lamina V of the cortex and 
thalamic nuclei. High levels of [aH]WB binding sites were seen in the 
hippocampus and dentate gyrus. [3H]WB binding sites in the hip- 
pocampus and dentate gyrus were not completely displaced by 
phentolamine. Also, note the difference in [aH]WB binding in the 
cortex and thalamic nuclei between what is shown here and in Fig. 9. 
Abbreviations: dcgl--dorsolaterai geniculate nucleus; dgrrb-- 
molecular layer of the dentate gyms; snr--substantia nigra, pars 
reticulata; tlp---posterolateral nucleus of the thalamus; tv--ventral 
nucleus of the thalamus; v--lamina V of the cortex. Bar= 1000/zm. 

METHOD 

Tissue Preparation for Homogenate Binding Assays 

Male Sprague-Dawley rats (Harlan Sprague-Dawley, 
Madison, WI), 175-225 g body weight, were used in all ex- 
periments.  The animals were sacrificed by decaptiation, the 
brains rapidly removed and the hippocampi and thalamus 
were dissected out in ice-cold phosphate buffered saline. The 
tissues were homogenized (Brinkman Polytron, setting 6) for 
10 sec in 20 vol of  incubation buffer (50 mM Na÷-K +- 
phosphate buffer, pH 7.4 at 25°C) and centrifuged at 49,000 
x g for 10 rain at 4°C. The crude pellet was resuspended in 50 
vol of  incubation buffer and spun down. The pellets were 
resuspended in 200 vol (hippocampal membranes) or 400 vol 
(thalamic membranes) of  incubation buffer for the assay. 

[aH]PRZ and [3H]WB Binding Assays 

Assays were initiated by adding 1.0 ml of  tissue to test 
tubes containing the incubation buffer and appropriate con- 
centrations of  radioactivity and displacing drug. In a final 
volume of  5.0 ml, the final concentration of  hippocampal 
membranes was 1.0 mg wet weight/ml, while the final con- 
centration of  thalamic membranes was 0.5 mg wet weight/ml. 
For  saturation experiments,  ligand concentrations ([aH]PRZ, 
17.4 Ci/mmol; [aH]WB, 27 Ci/mmol, New England Nuclear) 
were varied from 5.0-1000 pM. For  competit ion and kinetic 
determinations, ligand concentrations were held constant at 
200 pM. Non-specific binding was determined in the pres- 
ence of  10 /xM phentolamine. Phentolamine displaced ap- 
proximately 75% of  the total binding of  both ligands with 
appropriate asymptotes between 1.0 and 10 /~M and ICso 
values of  approximately 30 nM. 

The phosphate-based buffer system was used in these ex- 
periments since preliminary experiments revealed a 5-10 
fold increase in the affinity of  these compounds when using 
the phosphate buffer as opposed to a Trizma-based buffer. 
These effects were independent of  the cation used or the 
tonicity of the media. The effect of Tris on both [3H]PRZ and 
[3H]WB binding appeared to be competit ive since parallel 
saturation experiments using either a Tris- or a phosphate- 
based buffer revealed significant changes in the KD'S of both 
ligands with no change in the maximal number of  binding site 
labeled (data not shown). 

Membranes were incubated for 60 min at 25°C. The assay 
was terminated by rapid filtration over glass fiber filters 
(Whatman GF/B) followed by 3 × 5 ml washes with cold buf- 
fer. The filters were deposited in scintillation vials, sol- 
ubilized with Formula 963 (New England Nuclear) and 
counted for 10 min at 45-51% counting efficiency using 
standard liquid scintillation counting techniques. 
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FIG. 4. [sH]PRZ binding sites in the midbrain. The photograph is a darldield photomicrograph taken directly from [sH]Ultrofdm; thus, bright 
areas represent regions of high binding site density. Note the high density of binding sites in the dorsal rapbe (dr) and in the floor of the 
cerebral aqueduct. A similar distribution was seen with [aH]WB. This distribution was independent of the conditions used to label the binding 
sites. The distribution of binding sites seen in the thalamus (Fig. 3) and the dorsal raphe correlate well with pharmacologic and physiologic 
data obtained in these regions (see conclusions for references). Bar= 1000 tzm. 

Data Analysis 

Saturation and competition data were analyzed using the 
BASIC program EBDA [55] which provides initial parameter 
estimates and formats the data for analysis by the program 
SCAFIT [63]. Replicate experiments were analyzed simulta- 
neously using SCAFIT. Non-specific and between experi- 
ment correction parameters were allowed to vary. 

Autoradiographic Experiments 

Coronal tissue sections through the rat forebrain were 
prepared as described in the section on [3H]PAC binding. 
Serial sections were incubated for 60 rain at room tempera- 
ture in a modified Krebs phosphate buffer (pH 7.4 at 25°C, 
described in the previous section) containing 2.0 nM of either 
[3H]PRZ or [sH]WB and appropriate concentrations of the 
various displacers (30 nM unlabeled prazosin against 
[aH]WB binding; 10 nM unlabeled WB4101 against [aH]PRZ 
binding). Non-specific binding was determined in the pres- 
ence of 10 tiM phentolamine. Under these conditions, based 
on the parameter estimates obtained from the homogenate 

binding assays for the high-affinity components of each 
ligand and displacer (see below), both [3H]PRZ and [3H]WB 
will label >9755 of their respective binding sites, WB4101 
will displace 89.8% of [3H]PRZ binding and prazosin will 
displace 89.2% of [3H]WB binding (assuming a single class of 
high-alTmity sites (see [30] for the equations used to calculate 
receptor occupancies). The parameter estimates obtained in 
homogenate binding assays were confirmed in tissue sec- 
tions using the Krebs phosphate buffer prior to performing 
the autoradiographic analysis (data not shown). 

Following the incubation, the labeled sections were given 
2 x 5 min washes in cold buffer in order to reduce the non- 
specific binding. The sections were dipped in cold water, 
dried and prepared for the exposure of [3H]Ultrofilm as pre- 
viously described. Exposure time was 10 to 12 weeks. Au- 
toradiographic images were analyzed using the LAI Image 
Analysis System. Optical densities were converted to rela- 
tive dpm's based on standards exposed along with the exper- 
imental tissues in order to accurately compare the relative 
displacements by the various compounds within the brain 
regions being studied. 
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FIG. 5. Displacement of (A) [aH]WB binding and (B) [3H]PRZ bind- 
ing in intact tissue sections through the medial thalamus of the rat. 
Sections were incubated with 0.5 nM of each ligand in the presence 
of varying concentrations of the displacing drugs (Tris buffer). After 
the final wash, sections were wiped from the slides and counted 
using standard scintillation counting techniques. Note the distinctly 
different pharmacological profiles of [aH]WB and [aH]PRZ, particu- 
larly the shallow displacements of [3H]WB binding by the al- 
antagonist prazosin and the a2-antagonist yohimbine. Similar 
profiles were obtained in the phosphate buffered system; however, 
drug potencies were shifted left by approximately an order of mag- 
nitude. 

RESULTS 

Saturations Experiments 

[aH]PRZ and [aH]WB labeled sites in hippocampal  and 
thalamic membranes with an extremely high affinity under 
the conditions utilized in these experiments (Table 1). The 
binding affinities for [3H]PRZ and [sH]WB were equivalent 
in the two regions analyzed.  [3H]PRZ labeled more than 
twice the number of  binding sites in the thalamus as opposed 
to the hippocampus.  On the other hand, [sH]WB labeled 
approximately an equal number of  binding sites in the two 
regions. In the hippocampus,  an additional low-affinity/high 
capacity binding site was seen with both ligands. However ,  
analysis using the program SCAFIT  recognized this low- 
affinity site as non-specific binding since a one-site model 
provided the best  fit of  the data. 

Competition Experiments 

Displacements of  [aH]WB binding by unlabeled prazosin 
were biphasic with Kl 's  of  131 pM and 76.1 nM for the high- 
and low-affinity components  respectively in the thalamus 
and 115 pM and 874 nM respectively in the hippocampus 
(Fig. 6 and Table 2). Prazosin displaced 75% of  the [aH]WB 
binding sites in the thalamus with high-affinity while displac- 
ing only 40% of  the binding in the hippocampus. The Ki 's  for 
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FIG. 6. Displacement of [3H]WB binding by unlabeled prazosin in 
hippocampal and thalamic membranes. Membranes were labeled 
with 0.2 nM [aH]WB in a 50 mM Na+.K+.phosphate buffer (pH 7.4 at 
25°C). Prazosin displaced approximately 40% of the [3H]WB bound 
in the hippocampus with high affinity and displaced approximately 
75% of the [3H]WB bound in the thalamus. Parameter estimates for 
the high and low affinity components of the prazosin displacements 
are given in Table 2. The points shown represent the data derived 
from three replicate experiments performed in parallel. The regres- 
sion lines shown were derived from the parameter estimates ob- 
tained using the program SCAFIT which assumes independence of 
multiple binding sites [63]. While these data may indicate 
heterogeneity of [3H]WB binding sites in these two reasons, the 
shape of the fits of the data could also suggest cooperativity. See 
text for details. 

the high-affinity component of  the prazosin displacements 
were 5 to 6 times higher than their respective KD'S in these 
r e g i o n s .  

WB4101 displacement of [3H]PRZ binding also differed in 
the two regions studied (Table 2). In the thalamus, WB4101 
displaced [3H]PRZ binding with a K] of  352 pM and a Hill 
co-efficient close to unity. The affinity of  unlabeled WB4101 
in displacing [3H]PRZ was 5 times less than its KD using the 
labeled compound in similar preparations.  On the other 
hand, WB4101 displacement of  [3H]PRZ in the hippocampus 
was biphasic, with K~'s of  13.1 and 874 pM for the high- and 
low-affinity components respectively.  Thus, when compar- 
ing the high-affinity components of  WB4101 displacements 
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T A B L E  1 

[aH]PRAZOSIN AND pH]WB4101 SATURATION PARAMETERS IN THALAMIC AND 
HIPPOCAMPAL MEMBRANES (MEAN -+ SEM) 

[aH]PRAZOSIN [aH]WB4101 

KD = 25.4 (23.1- 28.1) pM 
Bmax=246.0 (234.0-258.0) 

fmol/mg protein 

KD = 18.5 (16.4-- 28.1) pM 
Bmax = 1 1 2 . 2  (106.2-118.2) 

fmol/mg protein 

Thalamus 

KD = 74.4 (68.7- 96.2) pM 
Bmax= 180.6 (157.0-164.4) 

fmol/mg protein 

Hippocampus 

Kv= 59.9 (50.8- 73.1) pM 
Bmax 150.0 (135.6-164.4) 

fmol/mg protein 

Incubations were performed in a final volume of 5.0 ml with a tissue concentra- 
tion of 5.0 mg wet weight/ml for hippocampal membranes and a tissue concentra- 
tion of 2.5 mg wet weight/ml for thalamic membranes. Parameter estimates were 
obtained using the program SCAFIT [63]. The data represents the compiled re- 
suits of three experiments for each ligand/brain region. 

T A B L E  2 

SUMMARY OF COMPETITION PARAMETERS FOR UNLABELED PRAZOSIN AND 
RS-WB4101 DISPLACING THE BINDING OF LABELED LIGAND IN THALAMIC 

AND HIPPOCAMPAL MEMBRANES 

Thalamus Hippocampus 

Prazosin vs. [aH]WB4101 

KM= 7.66 "*- 1.34 X 109 M -I 
(Kl= 131 pM) 

% Bmax =74.6 

KA2= 1.31 -- 0.86 X 10 e M -~ 
(KI= 76.3 nM) 

%Bmax = 25.4 

KAI = 8.70 + 4.26 X 109 M -1 
(KI-  115 pM) 

%Bmax=38.4 

KA2 = 4.06 +-- 3.07 X 105 M -~ 
(KI= 247 nM) 

%Bmax=61.6 

RS-W4101 vs. [3H]Prazosin 

KA= 2.84 +-- 0.87 X 109 M -1 KA1= 7.58 +-- 2.53 X 101° M -~ 
(KI=352 pM) (KI = 13.1 pM) 

%Bmax = 100 %Bmax=75.7 
KAy= 1.14 +--- 0.84 X 10 a M -I 
%Bmax=24.3 

Binding sites were labeled with 0.2 nM of [3H]WB4101 or [3H]prazosin. The 
KA'S represent the affinity constants for the unlabeled ligands while the % Bmax 
represents the percentage of labeled binding sites displaced by the unlabeled drug 
with a given affinity. Parameter estimates were obtained from three experiments 
using the program SCAFIT [63]. Parameter estimates for the labeled ligands were 
obtained from the data shown in Table 1. 
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of  [3H]PRZ binding, WB4101 was over  20 times more potent 
in the hippocampus than in the thalamus. 

WB4101 is a racemic mixture of  two stereoisomers,  and 
differences in the relative potencies of  these two isomers 
have been noted in various peripheral  tissues [26, 62, 87]. In 
order  to determine whether the differences seen in the 
WB4101 displacements of  [aH]PRZ binding in the thalamus 
and hippocampus could be attributed to a similar phenom- 
enon, the potencies of  the S- and R-isomers of  WB4101 were 
determined in the two tissues. The results are shown in Fig. 
7. In both preparations,  the S-isomer was more potent  that 
the R-isomer as predicted by physiological studies [26, 62, 
87]. However ,  both isomers were more potent in the hip- 
pocampus than in the thalamus. Based on K~ approximations 
derived from analysis using the program EBDA, the R-/ 
S-potency ratio in the hippocampus was 62.6 (R-WB4101, 
K~= 1.09 nM; S-WB4101, Kt = 17.4 pM). In the thalamus, on 
the other hand, the R-/S-potency ratio was 17.2 (R-WB4101, 
K]=5.5 nM; S-WB4101, K~=320 pM). S-WB4101 was 18.4 
times more potent  in the hippocampus than in the thalamus; 
R-WB4101 was only 5.0 times more potent in the hippocam- 
pus than in the thalamus. 

Given the complexities seen in the interactions between 
prazosin and WB4101 revealed by these studies, it appeared 
that the t~-receptor  in these two brain regions may be 
biochemically different. In order  to distinguish this 
possibility from the possibility of interacting binding sites, 
analysis of  the dissociation of  [3H]PRZ and [aH]WB from 
their binding sites in the presence of  excess (10/~M) un- 
labeled prazosin or WB4101 was undertaken. The necessity 
for this analysis was particularly underscored by inspection 
of  the prazosin displacement curves of  [3H]WB binding as fit 
by the program SCAFIT.  While the curves that were ob- 
tained using a two-site model provided a statistically appro- 
priate fit of  the data (mean square--43.9, F(29,31)=47.89, 
p<0.001),  significant runs were obtained and the plotted re- 
gression line visually appeared inappropriate (Fig. 6). Since 
SCAFIT assumes a model where binding sites are independ- 
ent [63], it was necessary to test the possibility of  coopera- 
tive binding sites. 

No difference was seen in the rate of  dissociation of  
[3H]PRZ in either region in the presence of  excess prazosin 
or  WB4101 (K_~=0.0123-+0.0006 rain-l). Similarly, no 
difference was seen in the rate of dissociation of  [3H]WB in 
the thalamus in the presence of either prazosin or WB4101 
(K-~=0.030_+0.004 rain -1, Fig. 8A). On the other hand, in the 
hippocampus,  the rate of  dissociation of [3H]WB in the pres- 
ence WB4101 or prazosin was dramatically different 
(+WB4101, K_~=0.128 min-~; +prazosin,  K-I  =0.014 min -1, 
Fig. 8B). 

Based on the parameter  estimates obtained in the 
homogenate binding assays, autoradiographic experiments 
were performed using the modified Krebs phosphate buffer 
and saturating concentrations of  [aH]PRZ and [3H]WB in 
coronal sections through the medial thalamus of  the rat. An 
example of the results that were obtained is shown in Fig. 9. 
Under  these conditions, the distribution of  [3H]PRZ and 
[3H]WB binding sites in the cortex, thalamus, amygdala and 
hypothalamus were similar. However ,  [aH]WB labeled rela- 
tively more sites in the medial amygdala and ventromedial 
hypothalamus than [3H]PRZ, and [3H]WB binding in the hip- 
pocampus and dentate gyrus differed noticeably from 
[3H]PRZ binding, as had been seen in the earlier experi- 
ments. As predicted, WB4101 was much less potent  in dis- 
placing [3H]PRZ binding in the thalamus and cortex than in 
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FIG. 7. Displacement of [aH]PRZ binding in hippocampal and 
thalamic membranes by the S- and R-isomers of WB4101. Mem- 
branes were labeled with 0.2 nM [aH]PRZ in phosphate buffer. In 
both preparations, the S-isomer was more potent than the R-isomer. 
However, both isomers were more potent in the hippocampal as 
opposed to the thalamic preparation. Based on K[ approximations 
derived from analysis using the program EBDA [55], the R-/ 
S-potency ratio in the hippocampus was 62.6 (R-WB4101, Kt= 1.09 
riM; S-WB4101, Kt=17.4 pM). In the thalamus, on the other hand, 
the R-/S-potency ratio was 17.2 (R-WB4101, K[5.5 nM; S-WB4101, 
K]=320 pM). S-WB4101 was 18.4 times more potent in the hip- 
pocampus than in the thalamus; R-WB4101 was only 5.0 times more 
potent in the hippocampus than in the thalamus. The data shown is 
derived from a representative experiment. These results were rep- 
licated. See text for details. 

the hippocampus,  amygdala and hypothalamus. Similarly, 
prazosin significantly displaced [3H]WB binding from the 
thalamus and neocortex, while it was less efficacious in dis- 
placing [3H]WB binding in the limbic cortex, amygdala and 
hypothalamus. Further,  as predicted from the kinetic exper- 
iments, prazosin actually increase the binding of  [aH]WB in 
the hippocampus and dentate gyrus by approximately 
12-16% based on the increase in relative dpm's  derived from 
standardized optical density data. Phentolamine uniformly 
displaced [3H[PRZ binding in all regions analyzed. On the 
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FIG. 8. Dissociation of [3H]WB binding in thalamic and hippocampal membranes in the presence of 
excess  prazosin or WB4101. Membranes were incubated to equilibrium with 0.2 nM [3H]WB (60 rain). 
At that time, 10/~M prazosin or WB4101 was added to the incubation. In the thalamus, no difference 
was seen in the rate of dissociation of [~H]WB in the presence of excess prazosin or WB4101 
(K_1=0.03 rain-l). On the other hand, the rates of dissociation of [sH]WB in the hippocampal prepara- 
tion were distinctly different in the presence of excess WB4101 or prazosin (+WB4101, K_1=0.128 
min-t; +prazosin, K_t=0.014 min-~). Both dissociation constants were also different from the con- 
stant obtained in the thalamic preparation. In  parallel experiments in which the rate of dissociation of 
[3H]PRZ was determined under the same conditions, no differences in the K_l's were seen. The data 
shown are from a representative experiment. These results, when coupled with the results obtained 
from the equilibrium binding assays,  further support the hypothesis that the at-receptor complexes are 
different in these two brain regions. Further, at least in the hippocampus, these data indicate that the 
prazosin and WB4101 binding sites are cooperatively linked. See text for details. 

other hand, even 10/~M phentolamine could not displace all 
of the pH]WB binding in areas such as the molecular layer of 
the dentate gyms, CA1 area of the hippocampus and medial 
nucleus of the amygdala. These data are summarized in 
Table 3. 

DISCUSSION 

Certain reports have suggested that multiple a~ receptor 
sites exist [16,52]. While it may be tempting to extrapolate 
this hypothesis to the data presented in this report, this con- 
cept could not explain the complexities observed in the in- 
teractions of  prazosin and WB4101. Rather, these data 
suggest that [aH]PRZ and [aH]WB bind to two different sites 
that may be associated with an oq-receptor/effector complex. 
This suggestion is supported by the binding data which indi- 
cates that the equilibrium kinetic and inhibition constants 
differ for these two compounds in the regions that were 
studied while the autoradiographic data revealed a similar 
distribution of binding sites in many of the regions that were 
looked at. This anomaly is especially apparent in the 
thalamus, where the distribution of [3H]PRZ and [3H]WB 
binding sites are identical while the KD's and K,'s of  these 
compounds are five- to six-fold different. 

Other reports have suggested that the regional differences 
in the relative potencies of the stereoisomers of WB4101 
represent a differential action at al- and o~-receptors, with the 
lower potency of S-WB4101 representing an action at a2- 
receptors [62,87]. This hypothesis is not supported by the 
present data. The autoradiographic data presented in this 
report demonstrates marked differences in the distribution of 
al and ot2-binding sites in the regions that were studied, 
Further, in parallel experiments, the -,z-antagonist 
rauwolscine at a concentration of 100/~M displaced a signifi- 
cant amount of [3H]WB in the thalamus (data not shown). 
This is just the opposite from what would be predicted based 
on the potencies of  WB4101 in these regions. While 
[3H]rauwolscine binding sites have a similar distribution to 
[3H]WB sites in the hippocampus and dentate gyms, this 
similarity may be more representative of  the vagaries of  
[3H]rauwolscine binding rather than binding to a2-receptors 
(J. Unnerstall, manuscript in preparation). 

Thus, a reasonable hypothesis could predict that prazosin 
and WB4101 act at different sites within an cq- 
receptor/effector complex. Further, differences in the rela- 
tive potencies and efficacies of  these compounds in various 
regions suggest differences in the coupling efficiencies of  
these components and differences in the relative proportion 
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FIG. 9. Autoradiographic analysis of [3H]PRZ (A, B, C) and [3H]WB (D, E, F) binding sites in 
coronal sections through the medial thalamus of the rat. The autoradiograms shown are 
computer-digitized reverse gray scale (darkfield) images generated from images produced on 
[3H]Ultrof'dm. Thus, bright areas represent regions of high binding site density. The LAI Image 
Analysis System was utilized in the analysis of these images. A. Total (2.0 nM) [3H]PRZ binding; 
B. 2.0 nM [3H]PRZ in the presence of 10 nM unlabeled WB4101; C. 2.0 nM [3H]PRZ in the 
presence of 10/~M phentolamine; D. Total (2.0 nM) [aH]WB binding; D. 2.0 nM [3H]WB in the 
presence of 30 nM prazosin; E. 2.0 nM [3H]WB in the presence of 10/~M phentolamine. Assum- 
ing a single class of binding sites (based on the parameter estimates for the high-affinity compo- 
nents of prazosin and WB4101 binding obtained homogenate and tissue section assays) prazosin 
and WB4101 should have displaced nearly 90% of the total binding of the respective ligands, while 
phentolamine should have completely displaced [3H]PRZ and [3H]WB total binding. Based on 
these results, this clearly is not the case. These results indicate a marked regional heterogeneity 
of al-receptor complexes. Further, [3H]WB may bind to a site not even associated with an 
cq-receptor in regions such as the molecular layer of the dentate gyrus or the medial nucleus of the 
amygdala. See Table 3 for a summary of the regional differences in the displacements of ['~H]PRZ 
and [3H]WB binding. Bar=2000 /~m. Abbreviations: am--medial nucleus of the amygdala; 
dgm---molecular layer of the dentate gyrus; hvm--ventromedial nucleus of the hypothalamus; 
tml--mediolateral nucleus of the thalamus; v--lamina V of the cortex. 
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TABLE 3 
AUTORADIOGRAPHIC ANALYSIS OF pH]PRATX)SIN AND 

[aH]WB4101 DISPLACEMENTS IN SEVERAL REGIONS OF THE RAT 
CNS BY UNLABELED PRAZOSIN AND WB4101 

[3H]Prazosin 

Region WB/PHENT x 100 

[3H]WB4101 

Region PRZ/PHENT x 100 

Low Displacement 

tvm 19.2 dgm 0 
tl 21.1 CA1 0 
tml 23.8 

Moderate Displacements 

ctx 35.1 hd 31.8 
tm 40.1 am 33,2 
dgm 41.2 hvm 34.3 
CAI 43.7 ctx 45.3 
hd 52.7 
hvm 57.4 

Large Displacements 

am 70.2 tm 73.7 
tl 74.8 
tvm 78.8 
tml 80.7 

The numbers represent the percent of Phentolamine-displaceable 
[3H]Prazosin binding displaced by 10 nM RS-WB4101 or 
[aH]WB4101 binding displaced by 30 nM prazosin (n=3). 

The concentrations of displacers used was based on the assump- 
tion of a single class of high-aff'mity binding sites for both ligands. 
Based on the parameter estimates given in Tables 1 and 2, approx- 
imately 89.8% of the [aH]PRZ binding and 89.2% of the [3H]WB 
binding should have been displaced under these conditions if the 
above assumption was true. Abbreviations: sin--medial nucleus of 
the amygdala; CAI--CA1 field of the hippocampus; ctx--cingulate 
cortex; dgm--molecular layer of the dentate gyrus; hd--- 
dorsomedial hypothalamus, hvm.--ventromedial hypothalamus; 
tF--dorsolateral thalamus; tm--dorsomedial thalamus, tmi-- 
mediolateral thalamus; tvm--ventromedial thalamus. Anatomical 
regions were defined using the atlas of Paxinos and Watson [75]. 
Optical densities were calibrated by the use of standards exposed 
along with the experimental tissue and relative concentrations of 
radioactivity were regionally compared. The LAI Image Analysis 
System was used to analyze the data. 

of these different complexes in the various regions. Since 
prazosin has been shown to be a potent antagonist of a~- 
mediated adrenergic responses in both the CNS and the pe- 
riphery [13,57, 58, 83], it could further be proposed that 
prazosin acts directly at the a~-receptor. On the other hand, 
WB4101 might act at some more universal regulatory or el- 
lector component since [3H]WB binding is not completely 
displaced by phentolamine in every region studied. This hy- 
pothesis would require further testing in physiological mod- 
els and molecular characterizations of the ~-adrenergic re- 
ceptor. Thus, while radioligand binding and autoradio- 
graphic studies can provide important answers to questions 
concerning the functional and biochemical nature of the in- 
teractions of neurotransmitters and drugs at their effector 
sites, reasonable answers to molecular questions, such as 
those presented here, may only come about through the use 
of molecular probes such as monoclonal antibodies directed 
toward the binding site or receptor complex. The use of such 
probes is beginning to be explored with the a-adrenergic 
receptor [21]. 
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