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Pharmacological studies suggest that fl-adrenergic receptors (flAR) in the medial nuclei of the solitary tracts (m-NTS) facilitate 
presynaptic release of catecholamines and also function at postsynaptic sites. We have localized the antigenic sites for a monocional 
antibody against a peptide corresponding to amino acids 226-239 of flAR in the m-NTS of rat brain. By light microscopy, 
immunoperoxidase labeling for this antibody was detected in somata and proximal processes of many small cells that were distributed 
throughout the rostrocaudal extent of the m-NTS. Electron microscopy confirmed the cytoplasmic localization of flAR in perikarya 
and proximal dendrites of neurons. Immunoreactivity occurred as discrete patches associated with cytoplasmic surfaces of plasma 
membrane and with irregularly-shaped saccules with clear lumen in the immediate vicinity. Select regions of nuclear envelopes, 
mitochondrial membranes, and rough endoplasmic reticulum were also immunoreactive along their cytoplasmic surfaces. In contrast, 
the Golgi apparatus was labeled, but infrequently. Immunoreactivity was also detected at numerous post- and occasional presynaptic 
membrane specializations of select axodendritic junctions. Dual labeling for the flAR-antibody by the immunoperoxidase method 
and for a rabbit antiserum against the catecholamine-synthesizing enzyme, tyrosine hydroxylase (TH), by the immunoautoradio- 
graphic method within the same sections, further established the precise cellular relations between flAR and catecholaminergic 
neurons. Immunoreactivity for flAR was detected in numerous perikarya and proximal dendrites that did not show detectable levels 
of TH. However, a few cells were dually labeled for both antigens, as seen by both light and electron microscopy. The TH-labeled 
terminals formed synapses at junctions both with and without flAR-like immunoreactivity. These results from the single and dual 
labeling studies: (1) confirm biochemical predictions that amino acids 226-239 of flAR protein reside intracellularly; (2) provide 
the first ultrastructural evidence for flAR localization within both pre- and postsynaptic membrane specializations of a subset of 
catecholaminergic synapses; and (3) suggest select intracellular sites that may be involved with synthesis and/or internalization and 
degradation of the receptor protein. 

INTRODUCTION 

The m e d i a l  nuclei of the soli tary tracts (m-NTS) 

in the medul la  oblongata  contain both adrenergic  

and noradrenergic  per ikarya  and processes 26 as well 

as a -  and f l -adrenergic receptors  (AR)  25"5°'69. More-  

over,  based on pharmacological  evidence,  Smith 58 

has pos tu la ted  that  presynapt ic  fl2AR in the m-NTS 

may facilitate the release of norepinephr ine  (NE),  

thus part ial ly accounting for decreases in blood 

pressure following local microinject ions of f l-adren- 

ergic agonists. Challenges to this in terpre ta t ion  15, 

using extracel lular  recording methods ,  point  to the 

difficulty in determining cellular locations of recep- 

tive sites in complex and probab ly  mult isynaptic  

circuits of the NTS. Thus,  an ul t rastructural  immu- 

nocytochemical  approach was used in the present  

study to examine (1) the possible pre- vs postsynap-  

tic localization o f f l A R  in the NTS; and (2) their  rela- 

tion to catecholaminergic  per ikarya  and terminals .  
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We used a monoclonal antibody raised against a 
peptide with the sequence corresponding to amino 

acids 226-239 of hamster lung flAR (flz-type). This 
antibody was chosen over the polyclonal antiserum 
against the whole flAR-protein utilized in previous 
studies 1,6o for the following reasons: (1) specificity of 
the monoclonal antibody was demonstrated by its 
binding to purified flAR TM and to cloned flAR 
expressed in cultured cell lines 62'7° as well as by the 
loss of immunofluorescence paralleling down-regu- 
lation of the receptor7°; (2) cross-reactivity of the 
antibody with other receptors was less likely, since 
the amino acid sequence of flAR's antigenic portion 
is unique among the G-protein-linked family of 
known receptors4'7'l°'16-t8'27-31-363s'39,42"67; (3) the 

antibody was expected to be easily accessible to the 
antigenic portion of the receptor protein which, 
based on the commonly accepted model for the 
receptor's transmembrane topography, was pre- 
dicted to reside within a cytoplasmic loop between 
the fifth and the sixth membrane-spanning helices TM 

12,61,63; and (4) dual immunolabeling with rabbit 

antityrosine hydroxylase (TH), an enzyme required 
for catecholamine synthesis, was more feasible with 
the mouse anti-flAR than the rabbit anti-flAR. 

MATERIALS AND METHODS 

Source of antibodies 
The production and specificity of the monoclonal 

antibody against a peptide corresponding to amino 
acids 226-239 of hamster flAR has been described 
previously 7°. The antiserum to TH was produced in 
rabbits, characterized for its specificity 24 and gener- 
ously donated to us by Dr. T.H. Joh, Div. of 
Molecular Biology, Dept. of Neurology, Cornell 

Univ. Med. Coll., New York, NY. 125I-iodinated 
donkey anti-rabbit immunoglobulin G was commer- 
cially obtained from Amersham (Arlington Heights, 
IL). The avidin-biotin-peroxidase complex (ABC) 
kit for detection of mouse IgM was purchased from 
Vector Laboratories, inc. (Burlingame, CA). 

Preparation of tissue 
Brains of adult male Sprague-Dawley rats were 

rapidly fixed under deep anesthesia (Nembutal, 50 
mg/kg body wt., i.p.) by aortic arch perfusion with 
a mixture of acrolein and paraformaldehyde in 0.1 M 
phosphate buffer (pH 7.4)  37. Coronal 40-/~m Vibra- 

tome-sections containing rostral, intermediate and 
caudal portions of the NTS from the fixed brains 
were collected in phosphate buffer, then immersed 
in sodium borohydride (1% in phosphate buffer) for 
~/2 h to allow for reduction reaction of residual 
aldehydes 13'53. These sections were rinsed repeatedly 
in phosphate buffer until bubbles ceased to emerge, 
then preincubated in 0.1 M Tris (pH 7.6)/0.9% NaCl 
solution (TS) containing 0.1% bovine serum albumin. 

Immunocytochemical labeling 
All incubation steps were carried out at room 

temperature and followed by several washes with 
TS. For the immunodetection of flAR, sections were 
incubated overnight with culture supernatant con- 
taining the IgM monoclonal antibody, flAR(226- 
239)3-1, that was diluted in the range of 1:1 up to 
1:100 with 0.1% bovine serum albumin/TS +0.25% 
Triton X-100. Immunoreactivity was visualized with- 
in the sections of tissue using the ABC method of 
Hsu et al. 2~. 

For the simultaneous immunodetection of TH and 
flAR, tissue was incubated overnight with the same 

Fig. 1. Light micrographs of the NTS labeled dually for TH and flAR. A-C:  low-magnification micrographs showing the 
immunoperoxidase labeling (orange-brown precipitate) for flAR-like immunoreactivity together with immunoautoradiographic 
labeling (black grains) for TH in the m-NTS and ventrally located dorsal motor nucleus of vagus (X). The m-NTS was identified 
with the aid of a rat brain atlas 41 and distinguished as intermediate at the level of area postrema (B) or as rostral (A) or caudal 
(C) to this level. Note the dark-brown reaction for flAR in the cytoplasm of neurons with unlabeled nuclei (open arrows), to be 
contrasted with lighter labeling of perikarya (arrowhead) in the nucleus X. TH-immunoreactivity in perikarya, indicated by the solid 
arrows, also excludes the nucleus. Other black grains occur as short streaks (small double arrows) or as clusters (small single arrows). 
The higher-magnification micrographs in D - F  show the 3 types of immunoreactive cells and processes: perikarya immunoreactive 
for flAR but not TH (open arrows); perikarya and processes immunoreactive for TH but not flAR (solid straight arrows and small 
arrows); and perikarya immunoreactive for both TH and flAR (curved solid arrows). The micrographs in D and E were taken from 
the intermediate m-NTS, while the micrograph in F was taken from the intermediate m-NTS corresponding to the boxed area in 
C. Dorso(D)-lateral(L) orientation of the sections in A - C  were all as indicated in C. ts, solitary tract. Bars = 25 ktm in A - C  and 
50/ tm in D - E  Autoradiographic exposure: 4 days. 
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antibody mixture as described above, but with the 
addition of rabbit anti-TH at a final dilution of 
1:2000. This was followed by an incubation in 
~25I-donkey anti-rabbit IgG at a 1:100 dilution (50 
pCi/~l, 5 ml total volume) for 2 h, then the steps 
required for the ABC method of immunodetection. 

Microscopic examination 
Sections labeled by the ABC method alone either 

were mounted on glass slides and viewed by light 
microscopy using differential interference contrast 
optics or were further processed for electron 
microscopy 45. Ultrathin sections were collected from 
the outer surface of Epon-embedded tissues. These 
were either (1) counterstained with uranyl acetate 
and lead citrate or (2) examined without counter- 
staining so as to facilitate the discrimination of 
immunoreactivity along cytoplasmic membranes and 
other electron-dense organelles. Tissue prepared for 
the dual ABC-immunoautoradiographic labeling 
were also prepared for light and electron micro- 
scopic viewing. Tissues for light microscopy were 
mounted on glass slides, dipped in Ilford-L4 emul- 
sion (diluted 1:1 with distilled water at 50 °C), 
exposed for 4-21 days, developed with D-19 
(Kodak) and viewed under differential interference 
contrast optics. For electron microscopy, ultrathin 
sections were collected from the outer surface of 
plastic-embedded tissue, deposited with a loop on 
slides coated with 2% parlodion, counterstained, 
carbon-coated, then dipped in llford-L4 emulsion 
(diluted 1:4 with distilled water at 50 °C). After 
exposure periods of 4-6 months, the autoradio- 
graphs were developed in Microdol-X (Kodak), 
fixed with sodium thiosulfate and transferred onto 
copper grids. Further details of light and electron 
microscopic immunoautoradiography have been de- 
scribed previously 44'47. 

RESULTS 

Light microscopic localization of flAR and TH 
The light microscopic distribution of neurons 

showing flAR-like immunoreactivity was the same in 
both single and dual immunocytochemical labeling 
studies and, thus, is depicted only by the latter 
method in Fig. 1. Intense immunoperoxidase label- 
ing was detected within the cytoplasm of numerous 

small (ca. 10 pm in diameter) perikarya and proxi- 
mal processes of cells at the rostral, the area 
postrema (intermediate) and central canal (caudal) 
levels of the m-NTS 41 (open arrows in Figs. 1A-C). 
Less-intense immunoreactivity was detected within 
somata (arrowheads in Fig. 1A,B,D), particularly in 
the ventrally located dorsal motor nucleus of the 
vagus (X). Short, small-calibre (<0.2 pm diameter) 
processes with immunoreactivity were also randomly 
distributed between labeled perikarya. However, 
these processes were difficult to detect in dually- 
labeled sections (Fig. 1). lmmunoreactivity was 
detectable only at dilutions of the supernatant less 
than 1:10. No immunoreactivity was detectable 
following immunocytochemical procedures using 
control cell culture supernatant or the dilutant alone. 
Membrane permeabilization, achieved by adding 
0.25% Triton X-100 to the primary antibody solu- 
tion, caused no apparent change in the immuno- 
staining pattern. 

TH-immunoreactive perikarya were autoradio- 
graphically detected throughout the rostrocaudal 
extents of NTS as well as along the dorsal border of 
the dorsal motor nucleus of the vagus in the same 
sections (solid large arrows in Fig. 1A,B,E). The 
perikarya often were of larger calibre (>20/~m) than 
the flAR-immunoreactive perikarya and were less 
numerous. Some of the neurons in the NTS and 
dorsal motor nucleus of the vagus were detectably 
immunoreactive both for TH and flAR (curved 
arrows in Fig. 1D,F). Accumulations of silver grains 
showing TH-immunoreactivity also occurred in 
round (small single arrows, Fig. 1A,B,E) and lon- 
gitudinal (small double arrows, Fig. 1B,D) clusters 
(>50 pm in length, <0.2/~m in diameter). The size 
and distributions of these labeled profiles suggests 
that they include both dendrites and axons. The 
TH-labeled processes were detected near (e.g. small 
single arrows in Fig. 1B and E, double-arrows in Fig. 
1D) as well as at a distance from perikarya and 
processes immunoreactive for flAR. 

Ultrastructural localization of flAR-immunoreactivity 
Immunolabeling for flAR in the intermediate 

m-NTS (at the level of the area postrema) occurred 
unevenly within the cytoplasm of numerous neuro- 
nal perikarya. Along perikaryal plasma membrane, 
labeling was discretely localized to postsynaptic sites 
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of some axosomatic synapses (L post in Fig. 2A),  

recognized by their electron density that contrasted 

with other  unlabeled postsynaptic densities (U post 

in Fig. 2A). More commonly,  immunoreactive 

plasma membrane  was devoid of  synaptic specializa- 

tions (curved solid arrows in Fig. 2A) but, instead, 

closely enveloped by processes that had irregular 

contours and contained intermediate filament bun- 
dles characteristic of  astrocytes 43. Immunoperoxi-  

dase reaction product  also occurred as clusters in the 

cytoplasm surrounding labeled plasma membrane.  

These clusters most often overlaid small saccules 

with clear lumen (arrowheads in Fig. 2A). The 

cytoplasmic surface of  rough endoplasmic reticulum 

Fig. 2. Association of flAR-like immunoreactivity with synapses in the intermediate m-NTS. Electron micrograph in A shows a 
labeled axosomatic synapse. Immunoperoxidase reaction product is evident along portions of plasma membrane immediately 
postsynaptic to a cleft (L post) as well as along the plasma membrane on one side of the cleft (curved arrow) but not along the 
other side (open arrows). Intense immunoperoxidase reaction product also occurs as clumps in close association with small saccules 
near the plasma membrane (arrowheads). Less intense peroxidase reaction product is associated with certain mitochondria (m) and 
rough endoplasmic reticulum (small arrows) in the immediate vicinity of the labeled plasma membrane. The more organized stacks 
of rough endoplasmic reticulum (rer) is devoid of immunoreactivity. The presynaptic specialization (pre U) is comparable in 
electron-density to the unlabeled axodendritic synapse (pre U-U post). Electron micrograph in B shows labeling at both the pre- 
and postsynaptic membrane surfaces (pre L-L post) of an axodendritic synapse. Bars = 0.3/~m in A and 0.1/~m in B; asterisks 
= glial processes. 
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(straight arrows in Fig. 2A) and mitochondria 
(labeled 'm' in Fig. 2A) rarely showed detectable 
levels of immunoreactivity in counterstained sec- 
tions. 

A few dendrites and dendritic spines exhibited 
immunoreactivity along cytoplasmic surfaces of 
plasma membrane. As in perikarya, immunoreactiv- 
ity along plasma membrane was not necessarily 
restricted to the synaptic cleft regions. At some 
axodendritic junctions, labeling could be detected 
along the cytoplasmic surfaces of both pre- and 
postsynaptic membranes (Fig. 2B). Labeling was 
excluded from extracellular synaptic-cleft regions. 

The characteristic patchy labeling of intracellular 
and plasma membranes of neuronal perikarya and 
dendrites was also observed in the rostral NTS (Figs. 
3-5). The discrimination of immunolabeled from 
non-labeled membranes was further facilitated by 
omitting the counterstaining steps so that the unla- 
beled membranes remained less electron-dense. 

In perikarya, the most intensely immunoreactive 
aggregates of peroxidase product were detected at 
selective cytoplasmic regions on nuclear envelopes, 
plasma membrane, saccules and mitochondria (Figs. 
3 and 4). Immunoreactivity was sometimes detect- 
able for 1-2 #m along the plasma membrane which 
often, but not always, surrounded synaptic clefts 
(Fig. 3A,B). Postsynaptic densities and subjunctio- 
nal bodies 4° also showed detectable levels of immu- 
noreactivity (5 small arrows in Fig. 3A). 

The central, closely stacked portions of the Golgi 
apparatus (the Golgi cisternae 14) were consistently 
unlabeled, even when located close to intensely 
immunoreactive plasma membrane (Fig. 4). How- 
ever, immunoreactivity was sometimes detected over 
peripheral Golgi vesicles (double arrow in Fig. 
4B,C) and peripheral Golgi cisternae (Fig. 4B). 
Other, more intense aggregates of peroxidase prod- 

uct in unidentifiable organelles spanned the junction 
between the plasma membrane and peripheral Golgi 
cisternae. Although obscured by the immunoperox- 
idase product, the membranous organelles had many 
features of smooth endoplasmic reticulum, vesicles 
and saccules (Fig. 4A-C). 

Discrete localization of immunoperoxidase label- 
ing within the cytoplasm was particularly evident at 
axodendritic synaptic junctions found within un- 
counterstained ultrathin sections of the rostral NTS 
(Fig. 5). At the points of convergence of two axon 
terminals onto a dendrite, immunoreactivity was 
sometimes detectable over one but not the immedi- 
ately adjacent postsynaptic density (Fig. 5A,C). The 
remaining plasma membrane also was often unla- 
beled. Alternatively, single axon terminals some- 
times formed synaptic junctions onto two postsyn- 
aptic processes, one of which exhibited much more 
intense immunoreactivity than the other (Fig. 5B). 
Within favorable planes of section, intense immu- 
noreactivity was also detected along small saccules 
which appeared to have formed either by pinocytosis 
of plasma membrane or by exocytosis of a vesicle 
(Fig. 5D). 

Dual ultrastructural labeling for flAR and TH 
TH-immunoreactive somata, dendrites and axon 

terminals were detectable within ultrathin sections 
from the intermediate m-NTS labeled simulta- 
neously for TH by immunoautoradiography and for 
flAR by the ABC method. Electron microscopic 
examination confirmed light microscopic observa- 
tions, indicating the existence of 3 types of neurons: 
immunoreactive for TH only (Fig. 6A); immuno- 
reactive for both TH and flAR (Fig. 6B); or 
immunoreactive for flAR only (Fig. 6C). All sections 
were from the outer surface of the tissue and showed 
both labels within adjacent if not the same or 

Fig. 3. The localization of flAR-like immunoreactivity within cytoplasmic rims of perikarya in the rostral NTS. Both electron 
micrographs were taken from uncounterstained ultrathin sections. The electron micrograph in A depicts immunoreactivity within 
the cytoplasm in the immediate vicinity of an axosomatic synapse (T = unlabeled axon terminal). Labeling surrounds the 
subjunctional body (5 small arrows) and is associated with the membranes of nearby saccules (arrowhead), the nuclear envelope 
(double-arrows) and portions of non-synaptic plasma membrane (curved arrow). Double-arrowhead points to a clump of 
immunoperoxidase reaction product that is associated with, but extends beyond, the nuclear envelope. The electron micrograph in 
B depicts immunoreactivity in the absence of an immunoreactive axosomatic synapse within the plane of section. Reaction product 
is heavily accumulated along discrete patches of the nuclear envelope (small double arrows) and appears to continue along the 
cytoplasmic surfaces of nearby mitochondria (m). Immunoreactivity also occurs along discrete patches of plasma membrane that 
are associated with immunoreactive saccules of various sizes and shapes (arrowhead). Asterisks = glial processes; curved open 
arrows = unlabeled plasma membrane; Cy = cytoplasm; Nu = nucleus. Bars - 0.3 urn. 
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synaptically associated neurons.  The flAR-like im- 

munoreact ivi ty was more  difficult to visualize in 
dually labeled sections due to the overlying emul- 
sion. Immunoreact iv i ty  was recognized largely by 
the greater  and more  electron-dense granularity in 

relation to other  processes in surrounding neuropil. 
A large port ion of f lAR-immunoreact ive  perikaryal 
plasma membrane  was devoid of association with 

TH- immunoreac t ive  terminals, even though TH-  
terminals occurred in the immediately surrounding 

neuropil.  (Fig. 6C). 
TH-containing axons in the intermediate m-NTS 

occurred in at least two morphological  types; those 
containing small, clear vesicles and the other more  
numerous  type containing a mixture of clear and 
larger, dense-core vesicles (Fig. 7A). The  TH-  
labeled terminals of  both types frequently lacked 
synaptic specializations (Fig. 7A). Within the series 
of  2 -4  serial sections that were examined,  only a few 
of the junctions formed by TH-immunoreac t ive  
terminals on dendrites and dendritic spines con- 

tained f lAR-immunoreact iv i ty  (Fig. 7B). The perox- 
idase product  was distinguished from the osmiophilic 
reaction common  to all synaptic junctions largely by 
comparison with unlabeled synaptic densities (Fig. 
7C). Careful comparison of the synaptic densities 
suggested that both  the pre- and postsynaptic sites 
may  be immunoreact ive  for f lAR. The TH- immu-  
noreactive terminals associated with postsynaptic 
f lAR-immunoreact iv i ty  were typically of  the type 
containing numerous  clear-round vesicles (Fig. 7B). 
However ,  TH-terminals  with these morphological 
features also formed junctions at postsynaptic sites 

without f lAR-immunoreact ivi ty  (Fig. 7C). 

DISCUSSION 

Specificity of the flAR-antibody 
The amino acid sequences of many  proteins 

known to interact with G-proteins  have been re- 
cently deduced from their c D N A  nucleotide se- 
quences 17. These sequences provide valuable infor- 

mation regarding the specificity of the monoclonal  
antibody f lAR(226-239)3-1 used in the present  
s tudy.The species of  receptors linked to G-proteins  
for which the sequences are now known include 
visual opsins 18'38'39, f l lAR 16'67 and fl2AR 7'10'27'29, 

and a2AR 28, the several subtypes of muscarinic 
acetylcholine receptors 4'3°'31'42, the substance K 

receptor  36, and the mas oncogene 68. These se- 

quences are extensively homologous,  particularly 
within the hydrophobic regions that are postulated 
to span the membrane .  Homologies  and conserva- 

tive substitutions between the ill- and fl2AR are also 
extensive ( > 5 0 % )  within the antigenic region cor- 

responding to amino acids 226-239 of the hamster  

lung flAR. Similar comparisons between f lAR and 
a A R  indicate less homology ( < 2 5 % )  and virtually 
none with the other receptors.  Based on these 
comparisons,  we speculate that the antibody most  
likely recognizes one or both subtypes of the f lAR,  
and that cross-reactivity with muscarinic and sub- 
stance K receptors are probably  minimal. The  
side-by-side association of immunoreact ive  and non- 
immunoreact ive synaptic junctions with a single 
axon terminal is consistent with the idea that the 

Fig. 4. Localization of flAR-immunoreactivity in portions of perikarya containing the Golgi apparatus. These electron micrographs 
were taken from an un-counterstained ultrathin section from the rostral m-NTS. The electron micrograph in A depicts 
immunoreactivity associated with cytoplasmic organelles in the vicinity of an immunoreactive axosomatic junction (large arrow). 
Immunoreactivity appears to be continuous towards non-synaptic regions of plasma membrane (curved arrow; asterisk = glial 
process) as well as along cytoplasmic saccules (arrowheads). Some of the labeled saccules span between plasma membrane and 
mitochondria (m) (4 small arrows in lower left and larger arrows in upper field) or are continuous with immunoreactive portions 
of the nuclear envelope (double arrowhead). Cisternae of the Golgi apparatus (G) are largely unlabeled. The electron micrograph 
in B shows a similar pattern of distribution for flAR-immunoreactivity in another perikarya in the absence of a well-defined synaptic 
specialization in the plane of section, flAR-immunoreactivity appears to span between the plasma membrane and an intensely 
immunoreactive round vesicle (5 small arrows) or irregularly shaped saccules and vesicles (arrowheads). The closely stacked central 
portions of the Golgi apparatus (G) are unlabeled. The reaction is seen over one Golgi vesicle and the most peripheral, flattened 
cisterna of the Golgi apparatus (double small arrows). Clumps of immunoreaction product are associated with mitochondria (m) 
(larger arrows). The electron micrograph in C shows immunoreactivity along perikaryal plasma membrane that is enveloped by glial 
processes (asterisks; arrowhead pair = gap junction formed between two glial processes). Near the intensely labeled portion of 
plasma membrane (curved arrow), immunoreactivity rims cytoplasmic saccules (arrowhead). In contrast, the Golgi apparatus (G) 
is non-immunoreactive except over some of the peripheral Golgi vesicles (double-arrows) close to the immunoreactive plasma 
membrane. Open arrow = less immunoreactive portions of plasmalemma; m = mitochondria also showing lower intensity 
immunoreactivity along one cytoplasmic surface. Bars = 0.3/~m. 
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antibody recognizes one type of catecholaminergic 
receptor (presumably r-type) more favorably than 
another (presumably aAR). However, by light 
microscopy, we observed two levels of intensities of 
immunoreactivity in perikarya, the fainter of which 
was more widely distributed. It is possible that the 
less-intense immunoreactivity reflects the antibody's 
recognition of a-adrenergic receptors, since these 
are reported to occur in greater abundance in the 
mNTS25.50. 

Biochemical assays also point to the usefulness of 
the monoclonal antibody, since the antibody binds 
specifically to purified flAR 7°, to flAR in hamster 
smooth-muscle DDT-1 cells 7° and in L-cells express- 
ing the cloned flmR 62. Further, immunofluorescence 
reflecting flAR/antibody-complex diminishes in par- 
allel with the agonist-promoted down-regulation of 
flAR 7°. Nevertheless, the antibody still may cross- 
react with other G-protein-linked receptors whose 
amino acid sequences have yet to be determined. 
Such cross-reactivity could account for the wide- 
spread distribution of immunoreactivity in the NTS 
and dorsal motor nucleus of the vagus. Thus, the 
imrnunoreactivity should be considered as flAR-like, 
even if not so specified. 

It should be noted that the antigen/antibody 
complex, although specific, probably does not form 
at the ligand-binding site or the G-protein-coupling 
site 10"12'61'63 of the receptor protein. Since immuno- 
cytochemistry using this antibody is expected to 
allow for detection of flAR, irrespective of its ability 
to bind ligands specific to flAR 7°, discorrelation 
between immunocytochemical labeling pattern and 
receptor autoradiography using radioligands would 
be expected in the m-NTS and other brain regions. 

Methodology 
The ultrastructural methods used in this study 

were previously developed for the localization of a 
polyclonal rabbit antiserum against the flAR 1'6°. 
Under carefully controlled conditions, the immuno- 
peroxidase method has been shown to be a reliable 
index for the localization of antigens to specific 
subcellular sites 1'48. Difficulties such as diffusion of 
the diaminobenzidine reaction product appear less 
likely to give artifactual results, when compared to 
other methods that are limited by penetration 
(pre-embedding immunogold methods) or reduc- 
tions in antigenicity due to harsh conditions used in 
preparation of thin plastic sections (post-embedding 
immunogold methods). The present and previous 1 
observations of labeled and unlabeled postsynaptic 
densities within one dendrite attests to the feasibility 
of intracellular localizations using immunoperoxi- 
dase methods. One difficulty, however, in counter- 
stained immunoperoxidase-labeled sections is the 
electron-density of the organelles that may be 
confused with the peroxidase reaction product. This 
difficulty is particularly evident for antigens located 
at membrane specializations within dually labeled 
sections prepared for autoradiography. We were 
able to recognize the flAR-like immunoreactivity in 
dually labeled sections only by their greater granu- 
larity and intensity in comparison to unlabeled 
structures within the surrounding neuropil. Compar- 
ative examinations of counterstained and uncounter- 
stained material confirmed our ability to adequately 
discriminate immunolabeled from unlabeled orga- 
nelles. However, it is most probable that we have 
failed to detect low levels of immunoreactivity over 
some of the electron-dense organelles. 

,t.-- 

Fig. 5. Synaptic specificity in flAR-like immunoreactivity. Electron micrographs A - D  were taken from un-counterstained sections 
of the rostral m-NTS. In A the portion of plasmalemma postsynaptic to terminal 2 (T2) is intensely immunoreactive (curved arrow), 
while the plasma membrane postsynaptic to terminal 1 (T1) is unlabeled (open arrow). Arrowhead pair = gap junction formed 
between two glial processes. In B, plasma membrane of a dendritic spine (S) is most immunoreactive in the portion postsynaptic 
to terminal 1 (T1). In contrast, the postsynaptic density of a dendrite (D) postsynaptic to the same terminal is much less 
immunoreactive (open arrow), even though some of its cytoplasmic organelles are weakly immunoreactive (arrowhead). Postsynaptic 
density associated with another terminal (T2) is weakly immunoreactive (open arrow), mvb --- multivesicular body. In C, the 
immunoreactivity appears to conform to the structures of postsynaptic densities (along the postsynaptic membrane) and 
subjunctional bodies (5 small arrows) associated with terminal 2 (T2) but not terminal 1 (T1) (open arrow of a proximal dendrite, 
D). Electron micrograph in D depicts immunoreactivity associated with a synaptic junction as well as the cytoplasmic organelle in 
the vicinity of subjunctional body (small double arrows). The reaction also extends along the postsynaptic membrane with acute 
curvature resembling a pinocytotic or exocytotic vesicle (larger arrow). The rest of the dendritic cytoplasm (D) exhibits little 
immunoreactivity except for a small aggregate at the opposite pole from the synaptic junction (arrowhead). The cytoplasm of 
presynaptic terminal (T) is not labeled. Asterisks --- glial process; m = mitochondria; bars = 0,3/zm. 
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Fig. 6. Dual localization TH and /3AR in neurons of the m-NTS. The electron microscopic autoradiograph in A shows 
TH-immunoreactivity (black squiggles = silver grains) within a proximal dendrite (D) in the absence of {3AR-immunoreactivity. The 
autoradiograph in B shows perikarya of another neuron exhibiting immunoreactivity both for fiAR along peripheral saccules (small 
double arrows) of Golgi apparatus (G) and rough endoplasmic reticulum ncar plasma membrane (arrowhead) and for TH (silver 
grains). The boundary of this portion of the perikarya is delimited by a glial process (asterisks). The autoradiograph in C depicts 
the lack of synaptic association between a TH-containing terminal (TH-T; llat arrow points to its associated synaptic junction) and 
a/3AR-immunoreactive perikarya. Curved arrow and arrowhead point to immunoreactive portions of plasma membrane and nuclear 
envelope, respectively. Cy = cytoplasm; Nu = nucleus; m = mitochondria. Bars = 0.5 urn. Autoradiographic exposure = 4 months. 

Light microscopic distribution and general morpho- 
logical features 

T h e  abundan t  light microscopic  dis t r ibut ion and 

small  per ikarya l  size of  neurons  i m m u n o r e a c t i v e  for 

/3AR are  c o m p a r a b l e  to those  conta in ing  G A B A  in 

the i n t e r m e d i a t e  m-NTS.  49 G A B A e r g i c  neurons  in 

the caudal  N T S  also share  u l t ras t ruc tura l  fea tures  in 

c o m m o n  with f l A R - i m m u n o r e a c t i v e  somata :  a thin 

r im of  cy top lasm,  re la t ively  few somat ic  contac ts  and 

a highly inden ted  nuc lea r  e n v e l o p e  49. These  G A B A -  

ergic neurons  rece ive  d i rec t  synapt ic  input  f rom 

p h e n y l e t h a n o l a m i n e  N-me thy l t r ans fe ra se  ( P N M T ) -  
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Fig. 7. Relation of TH-immunoreactive axon terminals to flAR-immunoreactivity. The electron micrograph in A shows two 
TH-immunoreactive axon terminals (silver grains in T) with different morphological characteristics. The terminal on the left contains 
numerous small, clear vesicles, while the one to the right contains large dense-core vesicles. Both types lack synaptic specializations 
within the plane of section. The electron micrograph in B shows axospinous junctions between a TH-immunoreactive terminal 
containing numerous small clear vesicles (silver grains in TH-T) and two dendritic spines (S), both of wich exhibit 
flAR-immunoreactivity over the junction as well as over the region corresponding to the subjunctional bodies. In C, a 
TH-immunoreactive axon terminal with similar morphology as in A forms a synaptic junction with a spine (S) which contains no 
detectable flAR-immunoreactivity (open arrow). Small arrows in B and C point to coated vesicles in the dendrites. Asterisks = glial 
processes; bars = 0.3 ~m. Autoradiographic exposures = 4 months in A; 6 months in B and C. 

containing, i.e. epinephrine-synthesizing terminals 49 

and, thus, would be expected to contain adrenergic 

receptors. 

The dually labeled (TH and flAR) neurons in both 

the rostral (C2 group of H6kfelt 2°) and the more 

caudal 26'46"51 NTS may be adrenergic. Specifically, in 

the caudal NTS, the perikarya have features similar 

to those containing PNMT 49. The presence of both 

f lAR and PNMT in the same cells would be 

consistent with the location of presynaptic f lAR on 

catecholaminergic neurons.  

The co-localization seen by light microscopy is not 

believed to be at tr ibuted to cross-reactivity between 

f lAR and catecholamine enzymes, 56 since many of 

the large TH-labeled neurons  of the A2 group 

contained no detectable flAR-like immunoreactivity.  
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Additionally, many cells were immunolabeled for 
flAR, but lacked TH-immunoreactivity. Further 
dual labeling studies are needed to establish whether 
the flAR-containing neurons also contain GABA, 
PNMT or other transmitters. 

Subcellular localization 
The sidedness of the ultrastructural immunolabe- 

ling observed in these preparations provides the first 
direct morphological support for predictions based 
on amino acid sequences 1°'12'18,6°,61,7° that the anti- 

genic portion of flAR resides on cytoplasmic surfaces 
of plasma membrane. The cytosolic site for antibody 
recognition also serves to explain the apparent lack 
of change in light microscopic immunostaining fol- 
lowing detergent permeabilizations, since only anti- 
body accessibility to any intra-membrane region of 
the protein would be expected to be enhanced by 
this step. 

The results demonstrate that a significant portion 
of the flAR occurs in intracellular regions that are 
separate, but in close proximity to immunoreactive 
plasma membrane. This observation is consistent 
with previous reports for intracellular (i.e. also 
non-synaptic) acetylcholine receptors and a-subunits 
of voltage-dependent sodium channel, both of which 
have been estimated to consist of as much as 
two-thirds of the entire population 23'55'59. 

Prominent immunoreactivity was associated with 
cytoplasmic surfaces of clear-lumen saccules near 
plasma membrane, with postsynaptic membranes 
that were fusing with vesicles and in the peripheral 
portions of the Golgi apparatus. These cytoplasmic 
organelles are intimately involved in the biosyn- 
thesis, endocytosis and recycling of membranes TM. 
Thus, the observed immunolabeling pattern is con- 
sistent with currently accepted intracellular mecha- 
nisms involved in agonist-stimulated internalization 
and degradation of flAR 5"6'57"7°. Alternatively, the 
immunoreactivity may be attributable to newly 
synthesized pools of flAR yet to be incorporated into 
plasma membrane. If this is the case, it is unclear 
why larger portions of the Golgi apparatus were not 
immunoreactive. Reports on protein biosynthesis 
suggest that the period required for protein glycosy- 
lation within the Golgi apparatus is relatively short 
compared to the translational step at rough endo- 
plasmic reticulum or transport and storage within 

vacuoles and vesicles 14. Therefore, immunodetecta- 
bility within the Golgi apparatus may possibly be 
more difficult, due to the smaller fraction of flAR 
residing in this state. 

Granular aggregates of peroxidase product were 
discretely associated with cytoplasmic surfaces of 
mitochondria, usually in the vicinity of flAR-immu- 
noreactive plasma membrane or nuclear envelopes. 
This immunolabeling pattern may reflect intracellu- 
lar binding sites for catecholaminergic metabolism, 
such as oxidative degradation, a process that is 
catalyzed by monoamine oxidases in outer mito- 
chondrial membranes 65. Alternatively, the labeling 
may reflect the origin of mitochondrial membrane 
and plasmalemma from the common pool of cellular 
membrane TM. Artifactual labeling of mitochondria 
by diffusion of the diaminobenzidine product, as 
seen with more soluble antigens such as TH 45, seems 
less likely due to the aggregated distribution and 
selectivity of the localization. 

The postsynaptic localization of immunoreactivity 
detected at select junctions is consistent with earlier 
studies using a polyclonal antiserum against t3AR in 
the striatum, cortex and cerebellum 1"6°. However, 
the present labeling is the first to demonstrate that, 
at some junctions, both pre- and postsynaptic sites 
show flAR-like immunoreactivity. This may be due 
to greater accessibility of the antibodies to antigens 
or, possibly, regional variations in terms of the 
relative prevalence of presynaptic flAR. Even in the 
NTS, the presynaptic sites were infrequently de- 
tected in comparison to postsynaptic sites (<0.5%). 
It is unlikely that the presynaptic immunolabeling is 
caused by the diffusion of immunoperoxidase prod- 
uct, since within favorable planes of section, the 
synaptic cleft was clearly devoid of labeling. The 
absence of immunoreactivity in other portions of the 
axon contrasts the observations in dendrites. It is 
possible that flAR undergo conformational changes 
following post-translational modification in such a 
way as to render the cytoplasmic loop(s) non- 
antigenic or not accessible to the immunolabeling 
solutions during axonal transport. 

In dually labeled sections from the m-NTS, 
TH-immunoreactive axon terminals and flAR-immu- 
noreactive postsynaptic sites usually were not 
aligned. Almost half of the PNMT-containing (ad- 
renergic) and TH-containing (catecholaminergic) 
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terminals fail to show membrane specializations 
within single or small series (2-4) sections (ref. 49 
and present observations). Fewer still of these 
membrane specializations exhibited flAR-immuno- 
reactivity. Conversely, not all flAR-immunoreac- 
tivity was associated with detectable levels of TH in 
presynaptic terminals. By analogy to the extrajunc- 
tional, newly synthesized acetylcholine receptors at 
neuromuscular junctions 54, flAR-immunoreactivity 
observed along non-synaptic plasma membrane may 
reflect the extra-synaptic receptor proteins yet to 
undergo anchoring within the cleft. These receptor 
proteins recognized by the monoclonal antibody may 
or may not exhibit selective ligand-binding charac- 
teristics that would be recognized by receptor auto- 
radiography. Alternatively, non-synaptic localiza- 
tions of immunoreactivity along plasma membrane 
may be interpreted as the receptive sites for norepi- 
nephrine that are released at distances greater than 
that defined by synaptic clefts. Such non-synaptic 
release and 'non-classical' synapses have previously 
been suggested for many neurotransmitters and 
neuromodulators, including the catecholamines 2'9' 
19,34. The non-TH-immunoreactive terminals cannot 

unequivocally be characterized as non-catecholamin- 
ergic, since detections using immunoautoradiogra- 
phy (for TH) are more limited than the ABC 
method. Additionally, flAR was difficult to detect in 
distal dendrites, the most common synaptic sites for 
TH-immunoreactive terminals. Possibilities also re- 
main that the catecholaminergic terminals presynap- 
tic to flAR-immunoreactive sites reside outside the 
plane of ultrathin sections. Finally, the apparent 
mismatch between TH-containing terminals and 
flAR-immunoreactive sites may reflect cross-reac- 

tions of the antibody with non-catecholaminergic 
receptor proteins or other non-receptor proteins. 
Future studies that systematically quantitate the 
spatial relations of catecholaminergic axon terminals 
and flAR by dual ultrastructural immunocytochem- 
istry are needed. 

The function of  f lAR in cardiovascular control 
The present localization of flAR at pre- and 

postsynaptic sites within the cardiovascular portions 
of the m-NTS (intermediate level) supports pharma- 
cological evidence implicating a role for flAR with 
changes in blood pressure elicited by microinjections 
of catecholamines directly into the solitary tract 
nuclei 58. However, the most well-documented hypo- 
tensive actions of norepinephrine and its agonists are 
mediated by a2AR 8'15'5s. Since the cells immunola- 

beled for flAR in the present study were primarily 
small, Feldman and Moise's failure to detect a 
flAR-mediated inhibition of neuronal firing in the 
m-NTS 15 may, at least partially, have been due to 
their electrophysiological recording conditions that 
selected for large neurons. Also, unlike the aAR,  
the f lAR is activated by low tonic levels of released 
catecholamines 5s and rapidly becomes desen- 
sitized 35"64 following elevated levels of its release 32' 
33. Thus desensitization might account for failure of 
flAR-antagonists to alter the firing of neurons in the 
m-NTS following iontophoretic applications of 
amines 15. Since elevations of catecholamines are also 
seen in the m-NTS of certain strains of hypertensive 
rats 21'52, the role of f lAR desensitization in the 
etiology of central neurogenic hypertension seems 
worthy of more extensive investigation. 
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