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lmmunocytochemical Localization of a Neuronal Nicotinic Receptor: 
The @2=Subunit 
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We have characterized in adult rat the tissue-specific ex- 
pression of the nicotinic ACh receptor (AChR) @S-subunit 
using antisera raised against fusion protein constructs. Im- 
munohistochemical localization revealed immunoreactivity 
distributed throughout the neuraxis. Overall, @2-like immu- 
noreactivity (@2-LI) correlated well with in situ localization of 
82 transcript in neuronal cell bodies. Particularly strong la- 
beling was detected in the thalamus, and scattered other 
regions, whereas relatively weak staining was observed in 
the hypothalamus and amygdala. At the cellular level, B2-LI 
appeared to be exclusively neuronal and concentrated pre- 
dominantly in perikarya, although strongly positive dendrites 
(cerebral cortical pyramidal neurons, cerebellar Purkinje cells) 
and axon terminals (e.g., striatum) were detected. At the 
ultrastructural level, B2-LI was membrane associated, with 
strong staining observed in endoplasmic reticulum and cy- 
toplasmic transport vesicles. @2-LI was rarely detected at 
synapses. The widespread distribution of 82 suggests it may 
serve as a common subunit in different AChR combinations 
in various brain regions. Regulation of the expression of /32- 
subunit appears to be relatively unrestrained, with an ap- 
parent excess of protein synthesized in the cytoplasm rel- 
ative to that which ultimately arrives at functional targets in 
the plasma membrane. 

[Key words: ACh receptor, nicotinic receptor, immmuno- 
cytochemistry, CM, rat] 

Nicotinic cholinergic neurotransmission is increasingly recog- 
nized as fundamental to neuronal signaling in the mammalian 
CNS. ACh interacts with nicotinic receptors (AChR), leading 
to the opening of an intrinsic cationic channel and depolariza- 
tion of the neuronal membrane. Molecular cloning methods 
have revealed the existence of a gene family encoding neuronal 
AChR subunits expressed in rat (cu2, Wada et al., 1988; a3, 
Boulter et al., 1986; a4, Goldman et al., 1987; LYS, Boulter et 
al., 1990; /32, Deneris et al., 1988; p3, Deneris et al., 1989; p4, 
Duvoisin et al., 1989; Isenberg and Meyer, 1989), chick ((~2, 
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a3, a4, and nay, Nef et al., 1988; Schoepfer et al., 1988; cu7, 
Schoepfer et al., 1990; Couturier et al., 1990), goldfish (GFnLu2, 
Cauley et al., 1989; GFa3 and GFncu3, Cauley et al., 1990), 
Drosophila (a-like, Bossy et al., 1988; ARD, Hermans-Borg- 
meyer et al., 1986; Wadsworth et al., 1988; SAD, Sawruk et al., 
1990) and locust (cuL1, Marshall et al., 1990) brain. Heterolo- 
gous expression studies in Xenopus oocytes suggest that different 
subunit combinations assemble to form AChR pentamers (An- 
and et al., 199 1; Cooper et al., 199 1) with distinct pharmaco- 
logical specificities and ionic channel properties (e.g., Luetje and 
Patrick, 199 1, and references cited therein), implying that a wide 
variety of AChRs exist in the CNS and PNS. 

Efficient neuronal transmission in the brain is contingent upon 
the geometric arrangement of presynaptic and postsynaptic el- 
ements within an elaborate circuitry. Receptor molecules are 
synthesized and dispatched to precise membrane domains, 
sometimes being transported several centimeters to plasma 
membrane targets. In the highly characterized model synapses 
of the innervated membrane of the fish electric organ and mam- 
malian neuromuscular junction (reviewed in Changeux et al., 
1990), a single type of chemical synaptic contact exists, com- 
prising one type of receptor and one classical transmitter. In the 
CNS and PNS, the situation is complicated by the possible 
existence of several receptors and transmitters per neuron (Hok- 
felt, 1991). Moreover, in the case of AChR, assorted subunit 
combinations potentially assemble to form numerous AChR 
isoforms. 

Thus, it is fundamental to the elucidation of nicotinic neu- 
rotransmission in the brain to identify where AChRs are located 
in the circuitry. Current understanding of AChR expression and 
distribution in the brain relies on localization of individual sub- 
unit transcripts (Wada et al., 1989, 1990; Daubas et al., 1990; 
Morris et al., 1990) or AChR-like immunoreactivity (using cross- 
reacting antibodies raised against AChR oligomers purified from 
heterologous species) (Deutch et al., 1987; Swanson et al., 1987; 
Schroder et al., 1989). These methods do not allow unambig- 
uous localization of individual subunit proteins, and are not 
informative concerning AChR assembly and transport to target 
sites in the cell membrane. Thus, molecular probes with reso- 
lutive power at the level of individual subunit proteins are re- 
quired for convincing identification and localization of AChR 
subunit proteins and specific AChR combinations. The cloning 
of cDNAs encoding functional AChR subunits has made it pos- 
sible to develop such tools. 

We have prepared subunit-specific antibodies in order to ex- 
amine the anatomical complexities of AChR expression in the 
brain. In this article, we report experiments to localize AChR 
@2-subunit protein at tissue, cell, and ultrastructural levels in 
rat telencephalon, diencephalon, and cerebellum. As expected, 
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Figure 1. Recombinant AChR sub- 
unit proteins expressed in E. coli. Fu- 
sion proteins were engineered contain- 
ing extracellular and cytoplasmic 
domains specific for rat 02 (see text for 28 
details) and (~3 (Hill, Zoli, Bourgeois, 
and Changeux, unpublished observa- 
tions) subunits. Crude protein extracts 
of induced E. coli cultures are in lanes 
2-6; fusion proteins purified by nickel 
chelate affinity chromatography are in 
lanes 7-11. - 

PZlike immunoreactivity @ZLI) was widely distributed, though 
largely restricted to cholinergic regions of the brain. The distri- 
bution of cell bodies expressing p2-LI correlated well with the 
localization of p2 gene expression as observed by in situ hy- 
bridization (ISH); evidence for the transport of p2 protein was 
inferred from those instances where transcript and protein lo- 
calization differed. p2-LI was strictly membrane associated, with 
a conspicuous predominance of staining of intracellular mem- 
branes relative to those at the cell surface. 

Materials and Methods 
Fusion protein constructs 
Two @2 fusion protein constructs were engineered using standard DNA 
cloning techniques (Sambrook et al., 1989): (1) the hydrophilic sequence 
(123 amino acids) between membrane-spanning domains M3 and M4 
(02 cytoplasmic), and (2) the N-terminal region (176 amino acids) @2 
extracellular) of rat 82-subunit. In each case, a fusion protein consisting 
of the 82 sequence of interest fused C-terminal to a derivative of mouse 
dihydrofolate reductase (DHFR) was engineered (plasmids generously 
provided by Dr. Dietrich Sttiber, Hoffman-LaRoche, Basel; currently 
commercialized by Qiagen). A means of purification by chelate affinity 
chromatography was provided by a histidine hexamer N-terminal to 
dihydrofoiate reductase (Stiiber et al., 1990). 

p2 cytoplasmic. A 369 base pair (bp) fragment (nucleotides 999-l 368 
of Deneris et al., 1988) was obtained by NcoI digestion of /32 rat cDNA 
(pCX49, kindly provided by Dr. Steven Heinemann) and rendered blunt- 
ended using Klenow fraament DNA polvmerase. A pDS781/ 
RBSII,6xHis..DHFR expression vector was digested with BglII and ren- 
dered blunt-ended using Klenow fragment DNA polymerase. The DNA 
fragment was subcloned and conservation of the reading frame across 
the fused junction was confirmed by dideoxy sequencing (Pharmacia). 
The sequence of the 82 cytoplasmic loop component of the resulting 
fusion protein was: APWVKWFLEKLPTLLFLQQPRHRCARQRLR 
LRRRQREREGEAVFFREGPAADPCTCFVNPASVQGLAGAFRAE 
PTAAGPGRSVGPCSCGLREAVDGVRFIADHMRSEDDDQSVRED 
WKYVA. This sequence was chosen as it is unique to and specific for 

+ 28 

@2-subunit protein. Cross-reactivity with other known AChR subunits 
is very unlikely as alignment calculations (not shown) established that 
no stretches of identical amino acids exist that are long enough (>4 
amino acids) to constitute an antibody epitope. 

p2 extracellular. A fusion protein construct was engineered for the 
N-terminal domain of p2. Although the amino acid sequence in this 
region of the protein is less specific for p2, antisera directed against the 
N-terminus served as useful controls for the specificity of 82-LI staining 
pattern; though cross-reactivity with other AChR subunits might be 
expected, immunostaining with 82 extracellular antisera defines an outer 
limit to the true distribution of P2-subunit. 

A 530 bp fragment (nucleotides 121-65 1 of Deneris et al., 1988) was 
obtained from BstYI and HgaI digestion of pCX49 and rendered blunt- 
ended using Klenow fragment DNA polymerase. A pDS781/ 
RBSII,6xHis-DHFR(-2) expression vector was digested with BglII and 
rendered blunt-ended using Klenow fragment DNA polymerase. The 
DNA fragment was subcloned and conservation of the reading frame 
across the fused junction was confirmed by DNA sequencing. The se- 
quence of the p2 extracellular domain component of the resulting fusion 
urotein was: DPSRYNKLIRPATNGSELVTVQLMVSLAQLISVHER 
EQIMTTNVWLTQEWEDYRLTWKPEDFDNMKKVRLPSKHIWL 
PDVVLYNNADGMYEVSFYSNAWSYDGSIFWLPPAIYKSACKIE 
VKHFPFDQQNCTMKFRSWTYDRTEIDLVLKSDVASLDDFTPSG 
EWDIIALPGRRN. 

Preparation offusion proteins and generation of antibodies 
Expression plasmids were transformed into Escherichia coli SG13009 
cells (Gottesmann et al., 198 1) harboring a repressor plasmid (pUHA1) 
carrying neo and IacI genes. Recombinant proteins were induced and 
purified by nickel chelate affinity chromatography according to Sttiber 
et al. (1990) (Fig. 1). Polyclonal antisera were raised in adult male New 
Zealand rabbits by a hyperimmunization protocol: ~250 pg of recom- 
binant protein was emulsified in adjuvant (Freund’s complete for first 
injection, Freund’s incomplete thereafter) and injected subcutaneously 
(10-l 2 sites) four times at 6 week intervals. 

In all experiments, @2 antisera were preadsorbed with rat dihydro- 
folate reductase (DHFR). In addition, antisera were routinely condi- 
tioned by preadsorption with rat brain acetone powder and innervated 
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Figure 2. Photomicrographs of rat basal ganglia and ventrolateral thalamus stained with immune (A, Ab170) and preimmune (B) antisera against 
fusion protein containing the cytoplasmic domain of rat 82. Ce, central amygdaloid nucleus; CPU, caudate-putamen; B, basal nucleus of Meynert; 
EP, entopeduncular nucleus; GP, globus pallidus; ic, internal capsule; Rt, reticular thalamic nucleus. Level = bregma -2.8 mm; antibodies diluted 
1: 1000, revealed by DAB/Ni. Scale bar, 400 hrn. 

membranes from Torpedo electrocyte (to eliminate cross-reactivities 
stemming from epitopes shared with peripheral AChR, prepared ac- 
cording to Hill et al., 199 1). Experiments performed using preimmune 
sera (derived from the same animal) (Fig. 2) or with anti-62 antibodies 
after preadsorption with excess of the appropriate fusion protein (Fig. 
3) yielded an absence of the specific pattern of staining. 

Immunoblots of recombinant protein or adult rat cortical membranes 
were probed with Ab170 (anti-@2 cytoplasmic fusion protein) and re- 
vealed the presence of specific bands (data not shown). Preadsorption 
with recombinant protein led to a dramatic diminution in the intensity 
of these bands. In the case of crude protein from adult cortex, a strong, 
preadsorbable band was detected at =40 kDa, in the approximate range 
where immunopurified @2-subunit is found (Whiting and Lindstrom, 
1987). In addition, a second, faster migrating band was seen at -28 
kDa. We interpret the band at ~40 kDa to be native fi2-subunit protein 
and the faster band to be a product of proteolytic degradation. 

Anti-peptide antibodies 
To provide additional anatomical controls, polyclonal antisera were 
raised against synthetic peptides specific for extracellular (DTEERLVE 

HLLDPSRY) and intracellular (RQRLRLRRRQREREGEY) domains 
of 02. Synthetic peptides were coupled to keyhole limpet hemocyanin 
(molar ratio of 2000: 1) using a bis-diazotized benzidine procedure (Har- 
low and Lane, 1988). Rabbits were immunized as above. Preimmune 
sera or sera preadsorbed with synthetic peptide (50 pg of peptide per 
milliliter of diluted serum) failed to stain tissue sections. 

Ajinity purijication of antibodies 
@2-cytoplasmic fusion protein was covalently coupled to beads (Affi- 
Gel 10, Bio-Rad) and incubated overnight with antiserum. After thor- 
ough washing, specific antibodies were eluted first in acid (pH 2.5) and 
then base (pH 11.5). Fractions were pooled and concentrated by ultra- 
filtration (Centricon). 

Immunocytochemical procedures and optic microscopy 
Sprague-Dawley rats (150-200 gm body weight) were killed under deep 
chloral hydrate anesthesia (35%, 2 ml/kg, i.p.) by intracardiac perfusion 
with 100 ml of saline followed by 100/l 50 ml of ice-cold 2% parafor- 
maldehyde, 0.2% picric acid in 0.1 M phosphate buffer (pH 7.2). The 

Figure 3. Photomicrographs of layer V of rat cerebral cortex stained with antibodies against fusion protein containing the cytoplasmic (A, Abl70) 
or extracellular (B, Ab167) domains of rat @2. C shows an adjacent section stained with Ab170 preadsorbed with p2 cytoplasmic fusion protein. 
Level = bregma -2.2 mm; antibodies diluted 1:500, revealed by DAB. Scale bar, 100 pm; 
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brains were rapidly dissected out and postfixed for 30 min in the same 
fixative. Similar r&ults were obtained with 100 ml of 3% paraformal- 
dehvde. 0.2% uicric acid or with 300 ml of 2-3% naraformaldehvde. 
Four p&cent iaraformaldehyde with or without pi&c acid as weil as 
postfixation times longer than 2-4 hr resulted in a marked decrease in 
staining intensity. Brains were cryoprotected by incubation in first 15% 
and then 30% sucrose (0.1 M phosphate buffer) over 2 d (4°C). The 
brains were cut on a cryotome (SO-pm-thick sections) or vibratome (50- 
60-pm-thick sections). 

Before incubation with primary antibody, free-floating sections were 
incubated 30 min at room temperature (RT) in blocking buffer [phos- 
phate buffered saline (PBS; pH 7.2) containing 1% bovine serum al- 
bumin (BSA), 0.1% gelatin, and 5% normal serum (NS)]. Sections were 
incubated overnight at 4°C in primary antibody diluted in incubation 
buffer (PBS containing 1% BSA, 0.1% gelatin, and 1% NS). Antibody 
dilutions ranged from 1: 100 to 1:5000. Optimal results were obtained 
at I:500 when using streptavidin peroxidase or streptavidin-gold as 
detection systems, 1: 1000 when using peroxidase detection plus nickel 
intensification. 

Sections were rinsed 3 x 15 min in washing buffer (PBS containing 
1% BSA and 0.1% gelatin) and incubated with the secondary antibody 
(biotinylated anti-rabbit; Amersham; dilution, 1:200) in incubation buffer 
for 1 hr at RT. After three 10 min rinses in washing buffer, the sections 
were incubated in streptavidin-biotinylated peroxidase preformed com- 
plex (Amersham; 1: 100) or streptavidin-gold (1 nm diameter; Amer- 
sham; 1:50) for 30 min or 4 hr, respectively, at RT. In the case of 
peroxidase detection, 3,3’-diaminobenzidine (DAB) (0.05% in 0.05 M 
Tris-HCl, pH 7.2) plus 0.016% H,O, with or without ammonium nickel 
sulfate (0.07%) was used as chromogen. Detection of gold particles (1 
nm) was enhanced using silver amplification (Amersham). Anatomical 
nomenclature used in this report follows that of Paxinos and Watson 
(1982). 

Electron microscopy 
Vibratome sections (80 pm) were incubated (overnight at 4°C) in pri- 
mary antiserum and processed as above for peroxidase or gold labeling. 
Blocks of tissue were dehydrated in stepped ethanols and flat embedded 
in epoxy resin. As antibody penetration was limited in the vibratome 
sections (in absence of detergent), labeling was largely confined to a few 
micrometers under the surface of the blocks. Ultrathin sections were 
examined using a Philips CM 12 electron microscope without coun- 
terstaining. 

In situ hybridization 
In situ hybridization (ISH) was performed on cryostat sections (14 pm) 
as described nreviouslv (Young. 1990). Probes were 3’ end-labeled with 
?j-dATP using te&&al deoxynucieotidyl transferase (Boehringer- 
Mannheim). Four nonoverlapping antisense oligonucleotides from the 
putative cytoplasmic domain of 02 between membrane-spanning seg- 
ments M3 and M4 gave the same pattern of hybridization: AGCCAA 
GCCCTGCACTGATGCAGGGTTGACAAkGCAGGTACAGGTACATGG, 
TCGCATGTGGTCCGCAATGAAGCGTACGCCATCCACTGCTTC 
CCG,TGACAAAGCAGGTACATGGGTCAGCCGCAGGACCTTC 
ACGGAAGA,TCGCCCTCACGCTCTCGCTGGCGCCTCCTCAAG 
CGCAGA. Specificity was additionally assured by the absence of la- 
beling above background in experiments with oligonucleotides of the 
same GC content and length but unrelated sequences. 

Results 
Specificity of p2-LI localization 
Incubation of tissue sections with fi2 antisera generated repro- 
ducible patterns of staining within discrete populations of neu- 
rons and neuronal processes. To assess the specificity of the 

antibody staining, several anatomical control experiments were 
performed in addition to the routine immunohistochemical con- 
trols (absence of staining with preimmune sera or after antigen 
preadsorption; see Materials and Methods). 

The same staining pattern was observed with all anti-@2 an- 
tibodies tested. Criteria for similarity were defined as staining 
patterns identical in terms of neuronal types and their localiza- 
tion throughout several brain regions; all control experiments 
(see below) met these criteria for similarity and allowed us un- 
ambiguously to define the distribution of @2-LI. Differences in 
immunolabeling that were observed exclusively involved rela- 
tive intensities of somatic versus terminal field staining and 
differences in general background levels. 

First, the same staining pattern was observed whether the 
antibodies were directed against a cytoplasmic domain or an 
extracellular domain of p2 (Fig. 3). Second, antisera directed 
against fusion proteins and against synthetic peptides provided 
the same p2-LI staining patterns, even if antibodies against 
synthetic peptides showed a lower staining intensity. Third, for 
each antigen construct, antisera were raised in at least three 
rabbits, and sera prepared from each animal provided the same 
p2-LI staining patterns. Fourth, anti-/32 cytoplasmic fusion pro- 
tein polyclonal antisera purified on an antigen column produced 
the same fi2-LI staining pattern. Fifth, the regional distribution 
of cell bodies with @2-LI was found to be in good agreement 
with that of /32 mRNA as visualized by ISH (Figs. 4, 5; see 
below for a detailed description). Sixth, the regional distribution 
of /32-LI was found to be dissimilar from those of @4, (~3, and 
ot4 mRNAs as visualized by ISH. For this control the hippo- 
campal area and media1 habenula were chosen as these regions 
contain a unique distribution of the four mRNAs considered. 
As shown in Figure 4, in the pyramidal layer of the hippocampus 
only @2 mRNA is expressed, whereas in the medial habenula 
the four mRNAs are expressed but differently localized in the 
nucleus. In fact, p4 and ot3 mRNAs are strongly expressed only 
in the ventral part of the medial habenula, ot4 mRNA is more 
expressed in the lateral part of the medial habenula, and p2 
mRNA is homogeneously but weakly expressed in the entire 
medial habenula. As shown in Figure 5, the p2-LI cell body 
distribution specifically corresponds to the 02 mRNA pattern 
(see also Fig. 12). Taken together with the observations from 
preadsorption and preimmune serum experiments, these data 
indicate that the p2-LI staining pattern was specific. After es- 
tablishing the specificity of the labeling pattern, we performed 
the majority of experiments with antiserum 170 (anti-P2 cy- 
toplasmic fusion protein). 

Regional distribution of fi2-LI 

OIfactory regions. Rat olfactory bulb showed a very heteroge- 
neous laminar distribution of /32-LI (Fig. 6A). Most mitral cell 
bodies were intensely stained, and in the periglomerular layer 
moderately stained cell bodies and long neuronal processes were 
present. In the other layers only occasional weakly stained cell 
bodies could be detected. The anterior olfactory nucleus (Fig. 

Figure 4. Dark-field images of emulsion autoradiograms of p2 (A, E), 04 (B, F), 013 (C, G), and (~4 (0, H) ISH in rat dorsomedial thalamic and 
hippocampal regions. E-H represent higher magnifications of media1 habenula regions shown in A-D. Antisense oligonucleotides: 82 = TGACA 
AAGCAGGTACATGGGTCAGCCGCAGGACCTTCACGGAAGA, 04 = AGCTGACACCCTCTAATGCTTCCTGTAGATCTTCCCGGAACC 
TCC; (~3 = CCCAAGTGGGCATGGTGTGTGTGGTTGGAGTTCTATAGTGCAC, a4 = GCTGCTTCTTGGGAGCTGGGCACATGCTGGA 
CACTCAGGGACCTG. Broken lines delimit the media1 habenula; arrows indicate the pyramidal layer of CA1 field. Level = bregma -3.8 mm. 
Scale bars: A-D, 250 pm; E-H, 100 pm. 
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Figure 5. Photomicrograph of p2-LI in rat dorsomedial thalamic and 
hippocampal regions. Broken line delimits the medial habenula; arrows 
indicate the pyramidal layer of CA1 field. Level = bregma -3.8 mm; 
Ab170 diluted 1: 1000, revealed by DABiNi. Scale bar, 250 pm. 

6B) contained a large number of moderately to intensely stained 
neurons. Olfactory tubercle (Fig. 74 and piriform cortex (Fig. 
7B) showed a similar pattern of staining, that is, layer II highly 
stained, layer III moderately stained, and the outer layer I almost 
unstained. All densely packed neurons of layer II appeared to 
be positive. 

Zsocovtex. In the isocortex, distinct heterogeneity in the lam- 

inar distribution of p2-LI was present (Fig. 84. The most prom- 
inent staining was observed in the large pyramidal neurons of 
layer V, which showed strongly labeled cell bodies and apical 
dendrites; in contrast, the lateral dendrites were only incon- 
stantly visualized. A moderate number of positive cell bodies 
were present in cortical layers II/III, and a few neurons in layer 
VI were stained. Cortical layers I and IV were almost devoid 
of staining. 

Hippocampal formation. In the hippocampus, most pyra- 
midal and granular cell bodies and many apical dendrites were 
weakly to moderately stained (Fig. SB, see also Figs. 5, 12). This 
pattern was similarly observed in subregions CAl-CA3 and 
dentate gyrus. The most prominent staining, however, was ob- 
served in sparsely distributed interneurons in all layers, includ- 
ing the pyramidal layer, where they were intermingled with 
pyramidal neurons. In the hilar regions of the dentate gyrus, 
several large polymorph cells were intensely stained. In all sub- 
iculum and entorhinal cortex subregions, most of the densely 
packed cells of layer II were positive together with scattered cells 
in internal layers. The cell labeling in layer II exhibited a gradient 
in intensity across the various hippocampal subregions (Table 
1). For instance, in entorhinal cortex a gradient toward de- 
creased staining intensity was observed moving from the lateral 
to the medial part. 

Basal ganglia. In both dorsal and ventral striatum, sparsely 
distributed large neurons (possibly corresponding to cholinergic 
cells) were intensely stained whereas weaker labeling was ob- 
served in many medium-sized neurons (Fig. 9B). The entire 
striatal region appeared to be extremely rich in delicate neuronal 
processes, giving the impression of elevated background to this 
area (Fig. 2). A continuous band of intensely stained neurons 
with an elaborate dendritic arborization was localized in globus 
pallidus and substantia innominata (Fig. 9B), again surrounded 
by dense, fine neuropil staining. Many moderate to intensely 
immunoreactive neurons and dense neuropil staining were also 
observed in the subthalamic (Fig. 94 and entopeduncular (Fig. 

Figure 6. Photomicrographs of fi2-LI in rat olfactory regions. A, Olfactory bulb. GZ, glomerular layer; EPZ, external plexiform layer; ZPf, internal 
plexiform layer; ZGr, internal granular layer; Mi, mitral cell layer. B, Anterior olfactory nuclei. AOL, anterior olfactory nucleus, lateral part; AOE, 
anterior olfactory nucleus, external part. Level = bregma 5.7 mm; Abl70 diluted 1: 1000, revealed by DAB/Ni. Scale bar, 50 pm. 
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Figure 7. Photomicrographs of fi2-LI in rat olfactory regions. A, Olfactory tubercle and adjacent regions. acp, anterior commissure, posterior part; 
HDB, nucleus of the horizontal limb of the diagonal band; Tu, olfactory tubercle. Level = bregma -0.3 mm. B, Olfactory cortex. PO, Primary 
olfactory cortex, layers I-ZZZ. Level = bregma -4.3 mm; Ab170 diluted 1: 1000; revealed by DAB/Ni. Scale bars, 200 pm. 

2) nuclei. In the ventral mesencephalon, most neurons as well 
as neuropil of the pars compacta and reticulata of the substantia 
nigra and the ventral tegmental area appeared to be moderately 
to intensely stained (Fig. 9C). 

Septum and limbic forebrain. The septal area contained sev- 
eral distinct clusters of intermediate to intensely stained neurons 
(Fig. 10). In particular, in the dorsal part of lateral septum many 
moderately stained cells were observed (Fig. lOB), and in the 
median septum most cells were moderately to intensely stained 
(Fig. 10A). These positive cells extended to the nucleus of the 
vertical limb of the diagonal band and, at more caudal levels, 
to the nucleus of the horizontal limb of the diagonal band (Fig. 
7A). As in the striatum, these cells exhibited distinct and rich 
dendritic arborization. Several other nuclei, such as the bed 
nucleus of the stria terminalis and septofimbrial and triangular 
septal nuclei, were weakly to moderately stained. Among them, 
the bed nucleus of anterior commissure was exceptional in that 
dense neuropil staining was also present. 

Amygdala. Overall, the amygdaloid region was relatively 
poorly stained (Fig. 2). However, many moderately stained cell 
bodies were present in cortical and, to a lesser extent, medial 
amygdala. Occasional intensely stained cells were detected in 
the basolateral amygdala. Weakly stained cells were rarely ob- 
served in the other subregions. 

Thalamus. The thalamus exhibited the highest overall p2-LI 
in rat brain (Figs. 1 l&D; 12). Indeed, ventral group thalamic 
nuclei manifested the most intense staining observed in the adult 
CNS. Overall, however, the thalamic staining pattern was rather 
heterogeneous among different subregions (Fig. 12). The highest 
degree of cell body labeling was observed in the ventral nuclei 
and in the posterior complex. Somewhat lower labeling was 
observed in anterior (Fig. 1 lB), lateral, and mediodorsal groups 
of nuclei, and relatively weak but specific labeling was seen in 
midline nuclei. In each of the thalamic nuclei, most neurons 
appeared to be stained (Fig. 11D). 

Intralaminar nuclei appeared to be both relatively weakly and 
more sparsely stained, with the exception of the parafascicular 
nucleus, which was intensely stained. Scant cells of the reticular 
nucleus and zona incerta were intensely stained (Fig. 11B). In 

the habenular complex, all clustered cells of the medial habenula 
appeared weakly stained, whereas fewer cells were positive in 
the lateral habenula (Figs. 5, 12). Many cells were strongly stained 
in the medial geniculate nucleus and in the dorsal part of the 
lateral geniculate, while a sparser and less intense staining was 
observed in the ventral lateral geniculate. Densely stained neu- 
ropil was apparent in the ventral posterior nuclei, the lateral 
geniculate (especially the dorsal part), in the reticular nucleus 
and the zona incerta. 

Hypothalamus. Overall, the hypothalamus was relatively poor 
in ,f32-LI relative to the thalamus. A relatively intense labeling 
was, however, observed in magnocellular nuclei (paraventric- 
ular hypothalamic and supraoptic nuclei and accessory ones), 
the preoptic area, and mammillary nuclei (in particular, the 
supramammillary and lateral mammillary nuclei; see Fig. 13). 
Moderate staining was also observed in the suprachiasmatic, 
ventrolateral, and arcuate nuclei, and in the retrochiasmatic and 
lateral hypothalamic areas. 

Cerebellum. In the cerebellum, staining was mostly restricted 
to Purkinje cells and dendrites (Fig. 14B). Weakly stained gran- 
ular cells were also observed (Fig. 140). Several neurons in the 
deep cerebellar nuclei were moderately stained. 

In situ hybridization studies 

We have localized p2 transcript in selected regions of the brain 
in order to compare @2 gene expression with the distribution of 
p2-LI. We carried out ISH histochemistry using oligonucleotide 
probes from specific portions of the ,02 mRNA (see Materials 
and Methods). Overall, we observed substantial correlation be- 
tween p2-LI immunolabeling in neuronal somata and in situ 
localization of p2 transcript. 

For example, in the hippocampus, localization ofp2 transcript 
to pyramidal cells and interneurons matched exactly with the 
presence of ,82-LI in these same cells (Figs. 4, 5, 1 lA, 12). In 
thalamus, p2 transcript accumulated to high levels and was 
widely distributed (Fig. 11A). At higher magnification, practi- 
cally all neurons in the ventroposterior part of the thalamus 
were positive for ,82 mRNA (Fig. 11 C), a pattern similar to that 
of p2-LI (Fig. 11D). In cerebellum, a strong signal was detected 
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Table 1. f32-LI in telencephalon, diencephalon, and cerebellum 

Brain reaions 
Inten- 

Densitv” sit+ 

A. Isocortex 
I 
II 
III 
IV 
V 
VI 
Claustrum 

B. Olfactory regions 
1. Main bulb 

Periglomerular layer 
Outer plexiform layer 
Mitral layer 
Inner plexiform layer 
Granular layer 

2. Anterior olfactory n. 
Lateral part 
External part 

3. Olfactory tubercle 
I 
II 
III 

4. Piriform cortex 
I 
II 
III 
Endopiriform cortex 

C. Hippocampal formation 
1. Entorhinal area (lateral) 

I 
II 
III 
IV-VI 
Entorhinal area (medial) 
I 
II 
III 
IV-VI 

2. Subiculum 
Molecular layer 
Stratum radiatum 
Pyramidal layer 

3. CA1 
Stratum lacunosum-moleculare 
Stratum radiatum 
Pyramidal layer 
Stratum oriens 

t 

1 
2 
1.5 
1 
2.5 
1.5 
1.5 

1 
2 
3 
1 
1 

3 
2 

1 
3 
1.5 

1 
3 
1.5 
2 

I 
3 
1 
2 

1 
3 
1 
2 

1 
1 
3 

1 
1 
3 
1 

a 
b 
ab 
a 
bc 
ab 
b 

a 
ab 
b 
a 
a 

ab 
hc 

a 
b 
ab 

a 
b 
ab 
b 

a 
bc 
a 
ab 

a 
ab 
a 
ab 

bc 
bc 
ab 

lx 
bc 
ab 
bc 

Figure 8. Photomicrographs of p2-LI in rat cerebral cortex and hip- 
pocampus. A, Frontoparietal cortex, layers I-VI. Level = bregma -2.8 
mm; Abl70 diluted 1: 1000, revealed by DAB/Ni. B, Hippocampal field 
CA1 . Zm, Stratum lacunosum-moleculare; or, stratum oriens; py, stra- 
tum pyramidale; ra, stratum radiatum. The photograph was intention- 
ally overexposed to reveal dendritic field details, which explains the 
high intensity of staining in pyramidal cells compared to Figures 5 and 
12. Level = bregma -4.3 mm; Ab170 diluted 1:500; revealed by DAB/ 
Ni. Scale bars: A, 100 pm; B, 50 pm. 
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Table 1. Continued Table 1. Continued 

Inten- 
Brain regions Brain regions Density0 sity* 

4. CA3 
Stratum lacunosum-moleculare 
Stratum radiatum 
Pyramidal layer 
Stratum oriens 

5. Dentate gyrus 
Molecular layer 
Granular layer 
Polymorph layer 

D. Amygdala 
1. Medial nucleus 
2. Cortical nucleus 
3. Central nucleus 
4. Lateral nucleus 
5. Basolateral nucleus 
6. Basomedial nucleus 
7. Intercalated nuclei 

E. Septum 
1. Lateral nucleus 

Dorsal part 
Intermediate part 
Ventral part 

2. Medial nucleus 
3. Nucleus of the diagonal band 

Vertical limb 
Horizontal limb 

4. Bed n. stria terminalis 
5. Bed n. anterior commissure 
6. Septotimbrial nucleus 
7. Triangular nucleus 
8. Septohippocampal n. 

F. Basal ganglia 
1. Striatum: large cells 
2. Striatum: medium-sized cells 
3. Globus pallidus 
4. Entopeduncular n. 
5. Substantia innominata 
6. Subthalamic n. 
7. Substantia nigra 

Pars compacta 
Pars recticulata 

8. Ventral tegmental area 
G. Thalamus 

1. Medial habenula 
2. Lateral habenula 
3. Anterior group 

Anteroventral n. 
Anterodorsal n. 

4. Mediodorsal n. 
5. Lateral group 

Lateral dorsal n. 
Lateral posterior n. 

6. Midline group 
Paraventricular n. 
Parataenial n. 
N. reuniens 
Rhomboid n. 
N. gelatinosus 

1 bc 
1 bc 

3 ab 
1 bc 

1 bc 
3 ab 
2 bc 

2 ab 
3 b 
1.5 a 
1 b 
1.5 bc 
1.5 ab 
1 a 

2 b 
1 a 
1 a 
2.5 bc 

2.5 bc 
2.5 bc 
1.5 ab 
2 ab 
2 ab 
2 a 
2 ab 

1 
2 

2 

2 

2 

2 

3 

2 

3 

3 

1.5 

2 

2 

3 

3 

3 

2 

2 

3 

3 

3 

bc 
ab 
C 

b 
C 

bc 

bc 
bc 
bc 

a 
ab 

b 
b 
b 

b 
bc 

ab 
b 
ab 
ab 
bc 

Inten- 
Density” sir+ 

7. Ventral group 
Ventral anterior/ventral lateral 
Ventral medial 
Ventral posterior 

8. Posterior complex 
9. Medial geniculate n. 

10. Lateral geniculate n. 
Dorsal part 
Ventral part 

11. Intralaminar nuclei 
Central medial n. 
Paracentral n. 
Central lateral n., 
Parafascicular n. 

12. Reticular n. 
13. Zona incerta 
14. N. fields of Fore1 

H. Hypothalamus 
1. Paraventricular zone 

Preoptic periventricular n. 
Suprachiasmatic n. 
Supraoptic n. 
Paraventricular n. 

Parvicellular part 
Magnocellular part 

Anterior periventricular n. 
Arcuate n. 

2. Medial zone 
Medial preoptic area 
Anterior hypothalamic n. 
Retrochiasmatic area 
Ventromedial n. 
Dorsomedial n. 
Premammillary n. 
Supramammillary n. 
Lateral mammillary n. 
Medial mammillary n. 

3. Lateral zone 
Lateral preoptic area 
Lateral hypothalamic area 
Posthypothalamic area 

I. Cerebellum 
1. Deep nuclei 
2. Cortex 

Molecular layer 
Purkinje layer 
Granular layer 

3 C 

3 C 

3 C 

3 C 

3 bc 

3 C 

2 b 

2 ab 
2 ab 
2 ab 
3 bc 
2.5 bc 
2 b 
1.5 ab 

1 ab 
2 b 
2 bc 

1.5 ab 
2 bc 
1 ab 
2 ab 

2 b 
1.5 ab 
2 b 
2 b 
1 ab 
2 b 
2.5 hc 
2 bc 
2.5 ab 

1.5 

2 

1.5 

2 

1 
3 

3 

b 
b 
b 

bc 

a 
hc 
a 

This table gives a semiquantitative evaluation of /S2-LI based on the number of 
positive cells (density) and the intensity of immunolabeling. In order to avoid 
saturation of the signal due to Ni intensification, the assessment of the relative 
intensity of staining was performed on experiments revealed by DAB (without Ni 
intensification) or DAB/Ni at several dilutions of the primary antibody. 

a Density scale: 1 (scattered positive cells), 2 (several positive cells), and 3 (most 
cells are positive). 

h Intensity scale: a (weak staining), b (intermediate staining), and c (intense stain- 
ing). 
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, 

Figure 9. Photomicrographs of @2-LI in rat basal ganglia. A, Subthalamic nucleus and adjacent regions. FF, fields of Forel; ic, internal capsule; 
PH, posterior hypothalamic nucleus; Sth, subthalamic nucleus; VPM, ventroposterior thalamic nucleus, medial part; ZZ, zona incerta. Level = 
bregma -3.8 mm. B, Basal ganglia. CPU, caudate-putamen; GP, globus pallidus. Level = bregma -0.8 mm. C, Substantia nigra. SNC, substantia 
nigra, pars compacta; SNR, substantia nigra, pars reticulata. Level = bregma -4.8 mm. For A and C, Ab170 diluted 1:lOOO; revealed by DAB/ 
Ni. For B, Ab170 was diluted 1:500 and revealed by immunogold. Scale bars: A, 300 pm; B and C, 100 pm. 

in Purkinje cells and a diffuse signal was observed in the granule 
cell layer (Fig. 14A,C). Again, this pattern corresponds closely 
with the pattern of ,82-LI labeling observed by immunocyto- 
chemistry (ICC) (Fig. 14&D). 

In order to analyze further the relationship between p2 gene 
expression and p2-LI, we performed a semiquantitative eval- 
uation of fi2-LI and compared this estimation with previous 
ISH data (Wada et al., 1989). p2-LI was quantified (Table 1) 
based on the number of positive cells (scale of O-3) and the 
intensity of staining (scale of O-3). The final value corresponds 
to the sum of these parameters minus 1.5 (to correct for the 
minimum possible value for the ISH; Wada et al., 1989). Values 
were assigned to the ISH data as follows: (+) = 0.5, + = 1.0, 
+( +) = 1.5, etc. Linear regression (Snedecor and Cochran, 1967) 
revealed a coefficient ofcorrelation of0.867 (n = 108,~ < 0.001) 
between the ICC and ISH data. The correlation between p2-LI 
and p2 mRNA content was highly significant even though the 

two experimental approaches are very different. Some dispari- 
ties between ICC and ISH staining patterns were observed, how- 
ever, at the level of cellular content of p2-LI and p2 mRNA, 
essentially limited to areas with scattered neurons intensely 
stained by p2 antibody. For example, measurements in globus 
pallidus where strong immunostaining was detected in the 
sparsely distributed pallidal neurons, fulfilled criteria for a high 
score for ICC (3.5 on our semiquantitative scale) and a low score 
for ISH (0.5 on our semiquantitative scale). Thus, in spite of 
the methodological differences between ICC and ISH, the cor- 
respondence between p2-LI and the pattern of p2 transcript 
expression was excellent. 

Subcellular distribution at optic level 

Detection of /32-LI was restricted to discrete populations of 
neurons in the CNS. Of interest was the preponderance of cy- 
toplasmic @2-LI observed at the optic level in many areas of 
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Fzgzzre 10. Photomicrographs of /32-LI in rat septal region. A, Medial septum. MS, medial septum; VDBD, nucleus of the vertical limb of the 
diagonal band, dorsal part; VDBV, nucleus of the vertical limb of the diagonal band, ventral part. Level = bregma + 1.2 mm; Ab 170 diluted 1: 1000; 
revealed by DAB/Ni. B, Lateral septum. cc, corpus callosum; LSD, laterodorsal septum; 3V, third ventricle. Level = bregma +0.7 mm; Ab170 
diluted 1: 1000; revealed by immunogold. Scale bars: A, 200 pm; B, 50 pm. 

the brain (see, e.g., Figs. lOB, 1 lD, 140). Interpreted to rep- 
resent @2-containing AChR during the course of biosynthesis 
and transport to target sites, similar cytoplasmic localization 
was observed at the ultrastructural level (see below). At the same 
time, @2-LI in densely packed neuropil was very often seen in 
various brain regions, indicating that p2-LI exists in nerve pro- 
cesses and terminals (see, e.g., Figs. 2; SA,B; 9A; 11D). 

Not infrequently, neuronal cell nuclei labeled positive for p2- 
LI (see, e.g., Figs. 8B, IO& IID). In the same experiment, pos- 
itive cells with positive and negative nuclei were found. Ob- 
served in all areas of the brain, this issue remains puzzling. It 
is important to note, however, that positive nuclei were present 
exclusively in positive neurons. Under no circumstance did we 
observe positive nuclei in an otherwise negative cell (except after 
glutaraldehyde fixation, a procedure known to favor nonspecific 
nuclear labeling). Similar nuclear staining in positive cells was 
observed in hippocampal and cortical neurons in primary cul- 
ture (J. A. Hill, M. Zoli, J.-P. Bourgeois, and J.-P. Changeux, 
unpublished observations). 

Electron microscopy 

In an effort to account for the cytoplasmic component of @2-LI 
and to characterize p2-LI in neuropil, an examination at the 
ultrastructural level was performed (Fig. 15). All electron mi- 
croscopic experiments were performed using antiserum 170 (anti- 
fi2 cytoplasmic fusion protein), either purified on an antigen 
column or conditioned (preadsorbed against DHFR, Torpedo 
AChR, and rat brain acetone powder). Using the immunope- 
roxidase method, many (though not all) dendritic processes were 
positive for @2-LI in neuropil of layer III of cerebral cortex (Fig. 
15A). In layer V cell bodies, DAB/H,O, reaction product de- 
position could be observed in the cytoplasm in the vicinity of 
endoplasmic reticulum (ER) (Fig. 15C). As expected for an an- 
tibody directed against a cytoplasmic epitope, labeling was lo- 
calized to the cytoplasmic face of ER cisternae. Decoration of 

ER membranes was heterogeneous, as some segments of retic- 
ulum were not stained. Interestingly, labeling of Golgi saccules 
or vesicles was never observed. 

To refine the localization provided by immunoperoxidase, we 
turned to silver-amplified immunogold detection. Though less 
sensitive than peroxidase, immunogold labeling provides ex- 
quisite detail concerning the ultrastructural topography of an- 
tibody binding. This is particularly true given our purpose to 
localize p2-LI to specific cell membranes, as the DAB/H,O, 
reaction product may diffuse somewhat before precipitation. 

In cortical neuropil, silver grains were associated with the 
plasma membranes of dendrites and synaptic boutons (Fig. 1%). 
Yet, we rarely observed dense immunoreaction at synaptic pro- 
files using both pre- and postembedding procedures. At present, 
we cannot explain this dearth of synaptic immunostaining. 
Among several possibilities, we may postulate steric hindrance 
effects stemming from the subsynaptic density. Alternatively, it 
remains a possibility that p2-subunit is not present at the syn- 
apse, but rather subserves nonsynaptic neurotransmission (Um- 
briaco et al., 199 1). Experiments using low-temperature resins 
and cryoultramicrotomy are underway to test whether poor an- 
tibody penetration hinders localization of p2-LI at synapses. 

In pyramidal cell bodies, DAB/H,O, reaction product (Fig. 
15C) and silver grain deposition (Fig. 15D) were observed as- 
sociated with the cytoplasmic face of ER membranes. Again, 
no immunolabeling was seen inside ER cistemae or over Golgi 
membranes. Consistent with our optic microscopic observa- 
tions, silver grains were often seen over the nucleus. As before, 
nuclear localization of reaction product was observed only in 
positive neurons and in the absence of glutaraldehyde fixation. 

Discussion 
In the present study, we report the immunohistochemical lo- 
calization of a neuronal AChR resolved at the level of a subunit 
protein. To this end, we developed specific antisera directed 
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Figure I I. Photomicrographs of @2-LI and dark-field ISH images of 82 mRNA in rat thalamus. A, Film autoradiogram of 82 transcript localization 
in thalamic and hippocampal regions. Same oligonucleotide as in Figure 4. CA1 and CA3, hippocampal fields CA1 and CA3; DG, dentate gyms; 
LD, laterodorsal thalamic nucleus; VP, ventroposterior thalamic nuclei; Md, midline thalamic nuclei. Level = bregma -3.3 mm. B, Anterior 
thalamus. AV, anteroventral thalamic nucleus; PT, paratenial thalamic nucleus; sm, stria medullaris; Rt, reticular thalamic nucleus; ic, internal 
capsule. Level = bregma - 1.3 mm; Ab 170 diluted I : 1000; revealed by DAB/Ni. C, Emulsion autoradiogram of /32 ISH in ventroposterior thalamic 
nucleus, medial part. Level = bregma -2.8 mm. D, fi2-LI in ventroposterior thalamic nucleus, medial part, revealed by DAB/Ni. Level = bregma 
-2.8 mm. Scale bars: A, 1 mm; B, 200 pm; C and D, 50 pm. 

against unique regions of the ,f32-subunit primary structure and 
have examined the distribution of AChR @2-subunit protein in 
rat brain at the tissue, cell, and ultrastructural levels. Specificity 
of the immunostaining was assured by several means, the most 
powerful being anatomic controls using antibodies directed 
against multiple regions of the /32 protein molecule. Indeed, 
special measures were undertaken to ensure a specific labeling 
pattern as the /?2-subunit is part of a family of homologous 
membrane proteins. Accumulated evidence derived from a va- 
riety of sources indicate that our reported p2-LI pattern very 
likely reveals the localization of P2-subunit. 

For practical reasons, it is difficult to compare our pattern of 
p2-LI with previous morphological studies. Overall, however, 
the distribution of @2-LI broadly parallels that of 3H-nicotine 
binding sites in the brain (Clarke et al., 1985), being strong in 
the thalamus, intermediate in striatum and cortex, and weak in 
hypothalamus. On the other hand, the p2-LI staining pattern 
markedly differs from the distribution of 12SI-a-bungarotoxin 
binding in rat brain (Clarke et al., 1985), which is intense in the 
hypothalamus and weak in thalamus and striatum. 

With a few notable exceptions, immunohistochemical stain- 
ing using cross-reacting antibodies raised against Torpedo AChR 
parallels p2-LI. A monoclonal antibody directed against the 
main immunogenic region (MIR) of Torpedo AChR, however, 
does not label magnocellular cholinergic cell groups of the basal 
forebrain (Deutch et al., 1987), a locus of intense 82-LI. A 
second monoclonal antibody raised against Torpedo AChR 
a-subunit labels all six layers of rat cortex, the Golgi apparatus 
of cortical neurons, and postsynaptic membranes, but does not 
stain axons (Schroder et al., 1989), a pattern distinct from that 
of p2-LI. Immunolabeling in rat brain using mAb270 revealed 
a pattern similar to the nerve terminal portion of our @2-LI 
staining (Swanson et al., 1987). This monoclonal antibody, raised 
against AChR immunopurified from chicken, recognizes de- 
natured p2 in in vitro assays (Whiting and Lindstrom, 1987). 
Differences in affinity for somatic versus terminal antigen may 
account for these dissimilarities. Alternatively, signal saturation 
using radioactively labeled antibody (Swanson et al., 1987) would 
emphasize background neuropil staining relative to cytoplasmic 
staining. 
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Figure 13. Photomicrographs of fi2-LI in rat mammillary bodies. LM, lateral mammillary nucleus; ML, medial mammillary nucleus, lateral part; 
MM, medial mammillary nucleus, medial part; MP, medial mammillary nucleus, posterior part; SUM, supramammillary nucleus. Level = bregma 
-4.8 mm; Ab170 diluted 1:lOOO; revealed by DAB/I%. Scale bar, 200 pm. 

The distribution of /32-LI in cell bodies closely resembles the 
distribution of b2 transcript in the brain. This is true, based 
both on qualitative evaluation and semiquantitative regional 
comparison, despite prominent methodological differences be- 
tween these two approaches. p2-LI was quantified (Table 1) 
based on the number of positive cells and the intensity of stain- 
ing. Linear regression revealed a coefficient of correlation of 
0.867 between the ICC and ISH data. This striking correlation 
confirms that our pattern of 82-LI staining in cell bodies cor- 
responds more closely to the pattern of p2 gene expression than 
it does to previously reported efforts to map AChR in the brain. 

Comparing our immunostaining pattern with previously pub- 
lished cholinergic markers, we observed an impressive corre- 
spondence between the distribution of p2-LI and that of AChE 
(Butcher and Woolf, 1984). The widespread distribution ofAChE 
has led investigators to regard it as a nonspecific marker of 
central cholinergic systems (Lehmann and Fibiger, 1979). In- 
deed, nicotinic transmission has been held to represent a rela- 
tively minor component of neuronal signaling in the CNS, and 
the diffuse distribution of AChE is thought to reflect the more 
widespread role of muscarinic mechanisms (e.g., Kmjevic, 1988). 
Thus, present data suggest that, as is the case at the neuromus- 
cular junction (Bevan and Steinbach, 1977), AChE colocalizes 
with nicotinic receptors in the CNS over the greater part of its 
distribution. 

A precedent exists for the strong cytoplasmic signal we ob- 
serve with p2 subunit antisera. In ciliary and choroid cells of 

chick ciliary ganglia, prevalent intracellular staining has been 
reported using an anti-MIR monoclonal antibody (Jacob et al., 
1986; Jacob, 199 1). Similarly, antibodies directed against Tor- 
pedo AChR stain neuronal perikarya in brain (Deutch et al., 
1987; Schriider et al., 1989). Among other members of the li- 
gand-gated ion channel superfamily, GABA, receptors accu- 
mulate in the somata of GABAergic stellate and basket cells of 
cerebellum (Somogyi et al., 1989), and glutamate receptor GluRl 
subunits collect in cerebellar Purkinje cells (Rogers et al., 199 1). 
L-type calcium channels accumulate intracellularly in hippo- 
campal pyramidal neurons (Westenbroek et al., 1990) and in 
neonatal rat brain, a significant intracellular pool of sodium 
channel a-subunit has been detected (Schmidt et al., 1985). 
Muscle-type AChR in myotubes and in BC3Hl cells exist in 
both plasmalemmal and internal pools (Devreotes et al., 1977; 
Pestronk, 1985). Indeed, a substantial proportion of the cellular 
AChR content is stored intracellularly or degraded without ever 
reaching the cell surface of muscle (Merlie and Lindstrom, 1983; 
Merlie, 1984) and cultured ciliary ganglion neurons (Stollberg 
and Berg, 1987). Thus, existence of an intracellular pool of 
protein seems to be a common feature among ion channels (but 
cf. glycine receptor, Triller et al., 1985). This cytoplasmic store 
of protein may correspond to improperly assembled “abortive” 
multisubunit complexes; alternatively, it may represent a readily 
accessible reserve of receptor in case of developmental contin- 
gencies (Jacob et al., 1986). 

We have observed strong staining of neuronal ER cistemae 
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Figure 14. Photomicrographs ofp2-LI and dark-field ISH images ofp2 mRNA in rat cerebellum. A, Film autoradiogram of@2 transcript localization 
in cerebellum. Same oligonucleotide as in Figure 4. B, p2-LI in cerebellum. Abl70 diluted 1: 1000, revealed by DAB/I%. C, Emulsion autoradiogram 
of 02 ISH in cerebellar cortex. Note that toluidine blue counterstaining of densely packed granule cells partially masks the diffuse specific signal 
present over these cells (see A). D, pZL1 in cerebellar cortex, revealed by DAB/Ni. In all panels, level = bregma - 10.3 mm. G, granular layer; M, 
molecular layer; P, Purkinje cell layer. Scale bars: A, 1 mm; B, 250 pm; C and D, 50 pm. 

but failed to detect immunoprecipitate over Golgi membranes, 
suggesting that /32-containing AChR accumulates in the ER dur- 
ing the course of biosynthesis and assembly. Similarly, in ciliary 
ganglion neurons, a predominance of anti-MIR binding sites 
localized to ER relative to Golgi was reported (Jacob et al., 
1986; Jacob, 1991). Upon heterologous expression in fibro- 
blasts, Torpedo AChR subunits assemble in the ER and pass 
rapidly through the Golgi to the plasma membrane (Ross et al., 
199 1). Together, these observations lend support to the notion 
that the rate-limiting steps in AChR biosynthesis occur in the 
ER comprising amino acid polymerization, conformation mat- 
uration of individual subunits, and possibly macromolecular 
assembly (Merlie, 1984); once signals for receptor sorting and 
targeting are received, AChR passes rapidly through the Golgi 
apparatus and is transported to the plasmalemma. 

In agreement with the in situ localization of 82 transcript in 
rat (Wada et al., 1989; present data) and chick (Morris et al., 
1990) we observed @2-LI widely distributed throughout the 
brain, further supporting the notion of the global character of 
nicotinic circuitry. This, combined with the strong cytoplasmic 

component of labeling, suggests that /32 is available to be in- 
corporated into AChRs in many regions of the nervous system. 
The structural p-subunit of the inhibitory glycine receptor is 
also widely expressed in rat brain relative to ligand-binding 
subunits (Fujita et al., 1991; Malosio et al., 1991). These data 
imply that an important mechanism underlying AChR hetero- 
geneity may reside in the regulation of a-subunit biosynthesis; 
the control of /32 expression is relatively unrestricted. Non- 
ligand-binding subunits may function in a multimodal fashion, 
subserving generalized structural capacities upon assembly with 
different a-subunits. 

In several brain regions including the hippocampal molecular 
layer, striatum, ventral posterior thalamus, and entopeduncular 
and subthalamic nuclei, we observed a fine and diffuse staining 
that can be interpreted to be staining of nerve terminal fields. 
Other data indicate that AChRs undergo dendritic and axonal 
transport in the brain (e.g., Swanson et al., 1987; Mulle et al., 
199 1). Thus, it may be inferred that axonal and dendritic trans- 
port pathways mediate AChR trafficking in individual neurons. 

The physiologic role of nicotinic transmission in the brain is 
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Figure 15. Distribution of 82-like immunolabeling (anti-@2 cytoplasmic fusion protein) in rat frontoparietal cortex (neuropil in layer III, somata 
in layer V). A, Distinct labeling of some dendrites (arrowheads) as revealed by deposition of the DAB/H,O, reaction product in cortical neuropil. 
B, Immunogold staining reveals silver grains localized to the cytoplasmic face of the dendritic plasma membrane. C, Immunoperoxidase labeling 
of the perikaryon of a pyramidal cell. Note that DAB/H,O, reaction product is associated with the ER, localized to the cytoplasmic face (arrowheuds). 
D, The higher resolution afforded by the immunogold reaction reveals localization to the cytoplasmic surface of ER membrane. Occasional grains 
were observed over the nucleus (Nu) but few over the Golgi apparatus (Go). Images are of unstained, ultrathin sections. Scale bars, 1 pm. 
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AChR subunits should help elucidate the function of nicotinic 

not well characterized. However, perturbed nicotinic mecha- 
nisms may underlie certain disease states. For example, it has 
been reported that the nucleus basalis of Meynert and the nu- 
cleus of the diagonal band are selectively impoverished of their 
magnocellular neurons in Alzheimer’s disease patients (Davies 
and Maloney, 1976; Whitehouse et al., 1982; Yankner and Me- 
sulam, 1991). These neurons, which stain intensely for /32-LI, 
are the major source of cortical afferentation employing ACh. 
Further studies of the neuronal biosynthesis and transport of 

p3: a new member of nicotinic acetylcholine receptor gene family is 
expressed in brain. J Biol Chem 264:6268-6272. 

increased by a-novel subunit: 84. Neuron 3:48?-496. 

Deutch AY, Holliday J, Roth RH, Chun LLY, Hawrot E (1987) Im- 
munohistochemical localization of a neuronal nicotinic acetylchohne 
receptor in mammalian brain. Proc Nat1 Acad Sci USA 84:8697- 
8701. 

Devreotes PN, Gardner JM, Fambrough DM (1977) Kinetics of bio- 
synthesis of acetylchohne receptor and subsequent incorporation into 
plasma membrane ofcultured chick skeletal muscle. Cell 10:365-373. 

Duvoisin RM, Deneris ES, Patrick J, Heinemann S (1989) The func- 
tional diversity of the neuronal nicotinic acetvlcholine recenters is 

. 
transmission in the brain. Fujita M, Sato K, Sato M, Inoue T, Kozuka T, Tohyama M (1991) 

Regionai distribution of the cells expressing glycine receptor @ subunit 
mRNA in the rat brain. Brain Res 560~23-37. 
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