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The distribution
of nicotinic acetylcholine
receptors
(AChR)
in the rat and mouse central
nervous system has been
mapped in detail using monoclonal
antibodies
to receptors
purified
from chicken
and rat brain. Initial studies in the
chicken brain indicate that different neuronal AChRs are contained in axonal projections
to the optic lobe in the midbrain
from neurons in the lateral spiriform nucleus and from retinal
ganglion cells. Monoclonal
antibodies
to the chicken and rat
brain AChRs also label apparently
identical
regions in all
major subdivisions
of the central nervous system of rats and
mice, and this pattern is very similar to previous reports of
3H-nicotine
binding,
but quite different from that of a-bungarotoxin
binding.
In several instances,
the immunohistochemical evidence has strongly indicated that neuronal AChR
undergoes
axonal transport.
The clearest example
of this
has been in the visual system, where labeling was observed
in the retina, the optic nerve and tract, and in all of the major
terminal fields of the optic nerve except the ventral suprachiasmatic
nucleus. This was confirmed
in unilateral
enucleation experiments
in the rat, where labeling was greatly
reduced
in the contralateral
optic tract, ventral lateral geniculate nucleus, pretectal
nuclei receiving direct visual input, superficial
layers of the superior colliculus,
and medial
terminal nucleus, and was significantly
reduced in the dorsal
lateral geniculate
nucleus. Clear neuronal labeling was also
observed
in dorsal root ganglion
cells and in cranial nerve
nuclei containing
motoneurons
that innervate branchial archderived muscles, although the possibility
that neuronal AChR
undergoes
axonal transport
in the latter cells was not tested
experimentally.
The possibility
that neuronal AChRs may act
both pre- and postsynaptically
in the nervous system is discussed.

Acetylcholine (ACh) is a classicalneurotransmitter that plays
an important signalingrole in many parts of the nervous system,
and, like several other neurotransmitters, it is known to interact
with different pharmacologically defined classesof receptors.
Muscarinic ACh receptors act through secondmessengersand
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are structurally unrelated (Kubo et al., 1986a, b) to nicotinic
ACh receptors (AChR, Noda et al., 1983a, b), which act by
regulating directly the opening of a cation channel that is an
intrinsic component of the molecule. Furthermore, subtypesof
neuronal AChRs have been identified on the basisof pharmacological and structural properties (Whiting et al., 1987a). To
understand the functional significanceof ACh in a particular
neural system, it is therefore necessaryto establishthe cellular
localization of ACh, and the cellular localization and type of
cholinergic receptor with which it interacts. Immunohistochemistry provides a sensitivemethod for localizing cholinergic neurons with antibodies to the synthetic enzyme choline acetyltransferase,whereasthe distribution of cholinergic receptorsin
tissue sectionshas largely been characterized autoradiographitally, usingradiolabeled cholinergic ligands.
The structure of AChRs from fish electric organsand skeletal
musclehas been greatly clarified with the biochemical characterization oftheir protein subunits(LY,p, y, 6) and the sequencing
of their respective cDNAs (Popot and Changeux, 1984; McCarthy et al., 1986). a-Bungarotoxin (cuBgt)has been an extremely useful probe for AChRs from these tissues,but there
are neuronal AChRs that are not blocked by cYBgtand neuronal
otBgtbinding sitesthat are not neuronal AChRs (seePatrick and
Stallcup, 1977;Jacobet al., 1984;Whiting and Lindstrom, 1987a;
Whiting et al., 1987a),which suggests
that cYBgtmay not always
be a good probe for characterizing neuronal AChRs. Antibodies
have alsobeenusefulprobesfor AChRs (Lindstrom, 1986),and
some monoclonal antibodies (mAbs) to AChRs from electric
organsand musclebind to neuronal AChRs that do not bind
cYBgt(Whiting and Lindstrom, 1986a, b), indicating that they
may provide ideal probesfor theseneuronal receptors. Whiting
and Lindstrom have recently immunoaffinity-purified neuronal
AChRs from chicken (1986a, b) and rat (1987a) brain that are
clearly distinct from brain cuBgt-bindingproteins describedearlier (Conti-Tronconi et al., 1985; Kemp et al., 1985), sincethey
fail to bind aBgt. Two AChR subtypeshave been identified in
the chicken brain; they exhibit identical high-affinity, stereospecific binding for L-nicotine, and have similar or identical
cY-subunits(M, = 49,000), but differ in their p-subunits@I,M, =
59,000 or p’, 75,000) (Whiting et al., 1987a). Antisera to the
chicken neuronal AChRs specifically block ACh-induced depolarization of chick ciliary ganglioncells(Stollberg et al., 1986)
and bind virtually all of the high-affinity nicotine binding sites
in brain extracts (Whiting and Lindstrom, 1986b).SeveralmAbs
have been raisedto the chicken neuronal AChR, one of which
(mAb 270) also cross-reactswith an AChR from rat brain. This
mAb alsobinds > 90% of the high-affinity (& = 1.5nM) nicotine
binding sites in detergent extracts of rat brain (Whiting and

The Journal

Figure 1. Adjacent frontal sections through the chick midbrain showing the pattern of 1*51-mAb-35 and 1251-mAb-270 immunolabelina. Both
mAbs heavily labeled the lateral spiriform nucleus (SpL) and its projection to the optic lobe (UT). mAb 270 also labeled other reaions of
the midbrain, including layer f of the superficial tectum (arro&). The
left eye was removed at 3 weeks of age and the animal was killed 1
month later; note that mAb-270 labeling on the right side of layer f is
greatly reduced. x 6.
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Cryostat sections (20 pm thick) were thaw-mounted onto slides and
desiccated at 0-4°C under vacuum overnight (Herkenham and Pert,
1982). For autoradiographic
localization, the sections were overlaid
with 4 nM lz51-mAb 270 (radioiodinated to a specific activity of l-2 x
lo’* cpm/mol by a modified chloramine-T method; Lindstrom et al.,
1981) in 100 mM NaCl, 10 mM Na phosphate buffer, pH 7.5, 10 mM
NaN,, 10% normal rat serum, and 5% dried milk (Carnation), and were
incubated overnight at 4°C. lz51-(uBgt (4 nM; sp act, 2-4 x 10” cpm/
mol) was also used in this way, except that dried milk was eliminated
from the buffer. The slides were transferred to Coplin jars and rinsed 5
times over 30 min with 100 mM NaCl, 10 mM Na phosphate buffer,
pH 7.5, and 10 mM NaN, at room temperature. The sections were further
rinsed in 3 changes of buffer over 3 hr on a rockina nlatform at 4°C.
They were then dried at 37”C, mounted on cardboa&-in groups of 20,
overlaid with an 8 x 10 in. sheet of Kodak XARS (or DuPont Cronex)
film in a cassette, and autoradiographed at room temperature for 1236 hr (or 2-6 d for Cronex). The sections were then postfixed in 10%
formalin, dehydrated in ethanol, defatted in xylene, rehydrated and airdried, dipped in Kodak NTB-2 emulsion, exposed for 4 d, and developed
as described elsewhere (Sawchenko and Swanson, 1983). For indirect
immunofluorescence, sections were obtained as described above, and
the mAbs were localized with goat anti-rat IgG conjugated with fluorescein isothiocyanate (FITC) as described elsewhere (Swanson et al.,
1983b).
mAb 270 was prepared from rats immunized with immunoaffinitypurified AChR from chicken brain. Its preparation and characterization
are described in detail elsewhere (Whiting et al., 1987a).

Results

Immunolabeling

in chicken brain

We previously found in the chick midbrain that mAbs to AChRs
from electric organ and muscle stain neurons in the lateral spiri-

1986b) and binds to agonist-sensitivecation chanLindstrom,
nels in rat neuron-like
PC12 cells (Whiting et al., 1987b), but
doesnot bind to muscleAChRs (Whiting and Lindstrom, 1986b).
Neuronal AChRs immunoaffinity-purified
from rat brain using
mAb 270 also revealed 2 subunits (a, M, = 5 1,000 and p’, M, =
79,000) with mAb 270 binding to the o-subunit (Whiting and
Lindstrom, 1987a). Both subtypes of neuronal AChR from
chicken brain and the neuronal AChR from rat brain can be
affinity-labeled with bromoacetylcholine and 4-(N-maleimido)
benzyltrimethyl ammonium iodide (MBTA), suggestingthat
residueshomologousto cysteines 192-l 93 in the a-subunit of
Torpedo AChR have been conserved (Whiting and Lindstrom,
1987b). It is interesting that what we have called the P-subunit
of the brain neuronal AChR becauseof its molecular weight
contains the ACh binding site (Whiting and Lindstrom, 1987b).
Becausethere is now a substantialbody of evidencethat mAb
270 is a specificprobe for localizing functional neuronal AChRs,
we examined immunohistochemically its binding throughout
the CNS of the rat and mouse. We also compared this to the
pattern of immunolabeling with mAb 290, which was prepared
from rats immunized
with rat brain AChR immunoaffinitypurified upon mAb 27O-Sepharose.
Like mAb 270, mAb 290

binds the high-affinity nicotine binding sitesin rat brain and,
when coupled to Sepharose, affinity-purifies
a neuronal AChR
with a subunit

structure

identical

to that of receptor

purified

on

mAb 270-Sepharose(P. J. Whiting and J. Lindstrom, unpublished

observations).

Materials and Methods
One-month-old
white Leghorn chickens, adult Sprague-Dawley rats,
and adult Balb/c mice were used in these experiments.
For all of the immunohistochemistry
in this paper, the animals were
decapitated and tissue was removed and frozen with liquid nitrogen.

form nucleus(SpL), alongwith their axonal projectionsto deeper
layers of the optic lobe (Swanson

et al., 1983a).

Since one of

thesemAbs (mAb 35) was usedto purify AChRs from chicken
brain (to which mAb 270 was subsequently raised), we first
compared immunolabeling patterns from mAb 35 and mAb
270. Both mAbs labeled the SpL and deeper layers of the optic

lobe, whereasmAb 270 labeledadditional parts ofthe midbrain,
with a particularly
obvious dense band over layer fin the stratum griseum et fibrosum superficialis of the optic lobe (Fig. 1).

Interestingly, unilateral removal of one eye eliminated the ventral two-thirds of this denseband of labeling in the contralateral
optic tectum (and in the contralateral
pattern of mAb 35 labeling unaltered

optic tract), but left the
(Fig. 1). Enucleation
also

reduced lZSI-aBgtbinding in the contralateral layer f, but not in
layers innervated by the SpL (not illustrated; seeBrecha et al.,
1979). Theseresults indicate that mAb 270 and mAb 35 have
an identical distribution in the SpL, and biochemical evidence
indicates that they recognize the sameantigen (Whiting et al.,
1987a), and suggeststhat mAb 270 recognizesa secondAChR
in retinal ganglion cells that project to superficial tectal layer f.
And sinceboth chicken brain AChRs that cross-reactwith mAb
270 do not bind cYBgt(Whiting and Lindstrom, 1986a;Whiting
et al., 1987a), it appearsthat retinal ganglion cell terminals in
layer f may contain both a neuronal AChR and an cuBgt-binding
protein. In chick ciliary ganglion neurons, mAb 35 binds to
synaptic membranes,whereasaBgt binds to extrasynaptic regions of neuronal membranesand doesnot block ACh-induced
depolarization (Jacob et al., 1984).

Overview: Immunolabeling,
binding in rodent CNS

OtBgt binding, and nicotine

1251-mAb270 was next used to characterize the distribution of
neuronal AChRs in tissuesectionsthroughout the rostrocaudal
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Figure 2. The distribution of Y-mAb-270
immunolabeling in a rostrocaudal (A-P) series of sections through the rat CNS. Virtually no labeling
was observed when the sections were coincubated in 400 nM cold mAb 270. Adjacent Nissl-stained sections were used to identify labeled structures.
From an enucleated (left eye) animal (see text and Figs. 4, 6). x 1.8. Immunolabeled regions: AD, anterodorsal nucleus (n.); AHZ, amygdalohippocampal area (a.); AL, anterior limbic a.; AM, anteromedial n.; AMB, n. ambiguus; AON, anterior olfactory n.; AP, a. postrema; A V, anteroventral
n.; BLAp, basolateral n. amygdala (posterior); BST, bed n. stria terminalis; CAIm-CA3m, molecular layer of Ammon’s horn fields; CM, central
medial n.; CoAp, cortical n. amygdala (posterior); CP, caudoputamen; DC, dorsal cochlear n.; DGm, dentate gurus molecular layer; DMX, dorsal
motor n. vagus; DRG, dorsal root ganglion; DTN, dorsal tegmental n.; EC, external cuneate n.; ENT, entorhinal a.; EP, endopyriform n.; FP,
frontal pole; GV, trigeminal ganglion; ZC, inferior colliculus; IO, inferior olive; ZPN, interpeduncular n.; LA, lateral n. amygdala; LD, lateral dorsal
n.; LG, d,v, dorsal, ventral lateral geniculate n.; LP, lateral posterior n.; MD, mediodorsal n.; MG, medial geniculate n.; MH, medial habenula;
MoK motor n., trigeminal; MR. median raphe; MV, medial vestibular n.; MZ, marginal zone; NC, cuneiform n.; NG, gracile n.; NLOT, n. lateral
olfactory tract; NOT, n. optic tract; NTS, n. solitary tract; OP, olivary pretectal n.; OT, olfactory tubercle; PAG, periaqueductal gray; PAR,
parasubiculum; PB, parabrachial n.; PF, parafascicular n.; PG, pontine gray; PHA, posterior hypothalamic a.; PIN, pineal; PZR, piriform cortex;
PO, posterior complex; PPN, pedunculopontine n.; PRE, presubiculum; PSV, sensory n., trigeminal; PT, paratenial n.; PVTu, paraventricular n.
thalamus (anterior); Re, n. reuniens; Rf; rhinal fissure; RSP, retrosplenial a.; RT, reticular n.; SC, superior colliculus; SG, substantia gelatinosa; SZ,
substantia innominata; SNc, compact part, substantia n&a; SpV, spinal n. trigeminal; SUB(m), subiculum (molecular layer); TRN, tegmental
reticular n.; TS, triangular n. septum; VA, ventral anterior n.; VH, ventral horn; VM, ventromediai n., thalamus; VPp, ventral posterior n.
(parvicellular); VTA, ventral tegrnental a.; YZN, ventral tegmental n.; ZZ, zona incerta. ch, Optic chiasm;fr, fasciculus retroflexus; gl, granular layer
cerebellum; on, optic nerve; ot, optic tract.
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high-affinity 3H-nicotine binding sitesin detergent extracts of
rat brain, but do not interact with lZ51-aBgtbinding sites. Becausetheseimmunohistochemical studies(Fig. 2) are more extensive than were earlier reports basedon 3H-nicotine binding
histochemistry, new insightsinto the central distribution of neuronal AChRs emerged.

ctBgt
Figure 3. Effectof left enucleation
3 weeksprior to deathon lZsI-mAb

270 immunolabeling
(top) and lz51-olBgt
binding(bottom)in adjacent
sectionsof the rat superiorcolliculus(SC).Note disappearance
of mAb
270 labelingin the contralateralSC (Xc) and denselabelingin the
ipsilateralSC(X2’) of thisslightlyasymmetrically
cut section.x 5. Inset,
dark-fieldphotomicrograph(left) of lZ51-mAb270 immunolabeling
in
the ganglioncelllayer(g) andinnerplexiformlayer(ip) of the rat retina.
Labelingis particularlydensein the deeppart of the ip. Apparentlabelingin the outernuclearlayer(on)isartifactud, dueto cracksbetween
denselypacked cells. Bright-field view (right) of Nissl stain. in, Inner
nuclear layer; op. outer plexiform layer. x 75.

extent of the rat CNS. This was necessarybecausemAb 35 has
a very low affinity for rat brain AChR (Whiting and Lindstrom,
1986b), and we were unable to confirm histochemically a report
that this mAb binds to cells in the rodent supraoptic and paraventricular nuclei (Mason, 1985). Immunolabeling with mAb
270 was localized to discrete regions at all levels of the brain
and spinal cord (Fig. 2), and this pattern was identical to that
of published maps of 3H-nicotine binding in the rat forebrain
and midbrain (Clarke et al., 1985a).Adjacent sectionsincubated
in *2sI-LyBgtrevealed a quite different pattern of labeling (Fig.
3), which wasalso identical to that reported in the rat forebrain
and midbrain (Clarke et al., 1985a).The immunolabeling specificity was confirmed by incubating adjacent sections in 1251mAb 290, and a pattern similar to that for mAb 270 was observed. A similar pattern of labeling with mAb 270 was also
observed in the mouse brain (Fig. 4C). Taken together, this
evidence indicates that both mAb 270 and mAb 290 produce
a labeling pattern that correspondsprecisely to nicotine binding
sites in the rodent CNS, but not to crBgt binding sites. This
confirms biochemical data showingthat mAb 270 (Whiting and
Lindstrom, 1986b, 1987a)and mAb 290 (P. J. Whiting and J.
Lindstrom, unpublished observations) bind virtually all of the

Retinal projections to the brain
The retina contains choline& amacrine cells (Voigt, 1986)
that excite specific classesof ganglion cells by way of AChRs
(Ariel and Daw, 1982; Ikeda and Sheardown, 1982; Pazdemik
et al., 1982),which are not blocked by aBgt (Lipton et al., 1986).
It was not surprising, therefore, that densemAb 270 labeling
was restricted to the inner plexiform layer of the retina (Fig. 3),
which contains synapsesbetween amacrine cell processesand
ganglion cell dendrites. Distinct immunolabeling was also observed over the optic nerve and tract, and denselabeling occurred in all but oneregion innervated by retinal ganglioncellsthe dorsal and ventral lateral geniculatenucleus,nucleusof the
optic tract, and olivary nucleusofthe pretectal region, superficial
layers of the superior colliculus (optic tectum), and medial terminal nucleusof the basaloptic root-whereas the ventral suprachiasmatic nucleus was unlabeled (Figs. 2, 4). Since both
retinal ganglion cell dendrites and axons were labeled, this evidencesuggests
that subpopulationsof retinal ganglion cellssynthesize neuronal AChRs that are transported to their dendrites,
and through their axons to the brain. Consistent with this interpretation, unilateral enucleation experiments (n = 6) with a
survival time of 2-4 weeksdemonstratedthat immunolabeling
was eliminated in the unilateral optic nerve and was greatly
reducedin the contralateral optic tract, ventral lateral geniculate
nucleus(Fig. 5), pretectal nuclei, superiorcolliculus (Fig. 3), and
medial terminal nucleus.Labelingin the dorsallateral geniculate
nucleus was clearly reduced, but not as dramatically (Fig. 5).
These resultsare consistent with the fact that the optic tract is
some90-95% crossedin the rat (Hayhow et al., 1962),and with
the possibility that the dorsal lateral geniculate nucleus also
contains neuronal AChR from another source, either intrinsic
cells or axon terminals. arBgt binding in the contralateral superior colliculus of enucleatedanimalsappearedto be only very
slightly reduced(Fig. 3), suggestingthat little, if any, cYBgt-binding protein is transported from the retina in the optic nerve of
the rat. It now seemslikely that in the goldfish an AChR that
binds both LvBgtand some mAbs to electric organ AChRs is
transported to the tectum by retinal ganglion cells (Henley et
al., 1986),that in the chicken separateneuronalAChR and crBgtbinding proteins undergo similar transport, and that in the rodent this transport is largely restricted to a neuronal AChR.
Other sensorysystems
Dorsal root ganglioncellsgive rise to a singleprocessthat divides
and sendsone branch to the periphery and one to the spinal
cord. Some of these cells bind CrBgt(Polz-Tejera et al., 1980)
and stain for AChE (Kokko, 1965), and we found that a subpopulation of these neurons (both small and large) also stains
with mAb 270 (Fig. 2P), asdo ganglion cells in the trigeminal
ganglion (Fig. 5) and mesencephalicnucleus of the trigeminal.
As with retinal ganglion cells, it appearsthat neuronal AChR
may undergo axonal transport, becausedenselabel was found
over the dorsal horn (particularly the marginal zone; Fig. 2P),
and lighter label wasfound in other terminal fieldsof the central
processes,including the dorsal horn, dorsal column nuclei (Fig.
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Figure 4. Photomicrographs showing the indirect immunofluorescence localization of mAb 270 (A, B, 0) and mAb 290 (C) in the mouse brain.
A, Dorsal (top) and ventral (bottom) lateral geniculate nucleus; compare with Figure 2F. B, Olivary pretectal nucleus; compare with Figure 2F. C,
Right medial terminal nucleus: compare with Figure 2G. D. Medial habenula with unlabeled lateral habenula and stria medullaris to the left:
compare with Figure 2, D, E. Because the fasciculus retroflexus and interpeduncular nucleus were clearly labeled (Fig. 2, E-l), it appears likely
that neuronal AChR is synthesized in medial habenular cells (Clarke et al., 1985a, 1986; Goldman et al., 1986) and undergoes axonal transport to
the interpeduncular nucleus. Indirect immunofluorescence was only successful in the mouse, probably because the primary mAbs were raised in
rats, where background staining was high, and was not sensitive enough to reveal areas moderately or lightly labeled with T-mAbs,
such as the
cerebral cortex. All micrographs x 75. -

2N), and the sensorynuclei of the trigeminal (Fig. 2, K, 0). The
peripheral endingsof a variety of sensoryfibers are sensitiveto
ACh through an AChR (Gray, 1959; Paintal, 1964), and the
central endingsin the spinalcord may contain presynapticAChRs
(Esplin et al., 1972), whereas cell bodies themselves are not
sensitive to ACh (DeMontigny and Lund, 1980; Karczmar et
al., 1980).
Other sensoryneuronswere not examined directly, although
apparent terminal fields and/or cellswere labeled in the nucleus
of the solitary tract and area postrema (central ending of vagal
and glossopharyngealganglion cells, which may synthesize
AChRs; Cooper and Lau, 1986), medial vestibular nucleus,and
cochlear nuclei. The olfactory bulb glomeruli were unlabeled,
although the inner plexiform layer wasmoderately labeled.Further experimental work is neededto demonstratewhether neuronal AChRs are transported in sensoryneuron processes.
Motor nuclei
Clear labeling was observed over large neuronsin 4 motor nuclei: the trigeminal motor nucleus(Fig. 2K), facial nucleus,nucleusambiguus(Fig. 2L), and dorsal motor nucleusof the vagus
(Fig. 2iV). It is of interest that the first 3 innervate branchial
arch-derived skeletal muscle, whereasthe fourth contains preganglionic parasympathetic neurons. Motor neurons innervating the extraocular muscles(oculomotor, trochlear, and abdutens nuclei) may be very lightly labeled, whereaslabeling over
motor neurons in the hypoglossal nucleus and spinal ventral
horn was near background levels. This evidence suggeststhat
certain motor neuronsmay receive a nicotinic cholinergic input,
ashasbeenreported for the nucleusambiguus(Wu and Martin,
1983), although it remains to be demonstrated whether these
neurons transport neuronal AChRs to their axon terminals in
the facial musculature,the musclesof mastication, and the muscles of the pharynx, larynx, and esophagus.
Several other “premotor” regions were also clearly labeled,

including the cerebellar granular layer (particularly lobules 9
and 10) and regions that project to the cerebellum, including
the deeppontine gray (Fig. 20, tegmentalreticular nucleus(Fig.
2J), inferior olive (Fig. 2M), and nucleus prepositus. The pedunculopontine nucleus (mesencephaliclocomotor region) was
lightly labeled, as were neurons in the superior vestibular nucleus that presumably project to the spinal cord. The caudoputamen was moderately labeled (Fig. 2, B-D), which was almost certainly due to axonal transport, sincemany presumably
dopaminergic neurons were labeled in the compact part of the
substantianigra (Fig. 2, G, H), and the region of the nigrostriatal
tract was labeled. Similarly, many (presumably dopaminergic)
neuronsin the ventral tegmental area were also labeled (Fig. 2,
G, H), along with the associatedterminal field in the nucleus
accumbens.
Ventrolateral medulla
Nicotine applied to the ventrolateral surfaceof the medulla acts
on a subadjacent“chemosensitive” zone to produce a fall in
systemicblood pressure(Feldbergand Guertzenstein, 1976). In
agreementwith these physiological results, a limited region of
the ventrolateral medulla (ventral to the spinal nucleus of the
trigeminal) was immunolabeled with mAb 270 (Fig. 2N).
Forebrain
As with 3H-nicotine binding (Clarke et al., 1985b), all thalamic
nuclei (except the lateral habenula) were clearly labeled with
our mAbs (see Fig. 2 for relative density). In the neocortex,
labeling was generally centered over layers Ia, IV, and deeper
parts of V, whereasin the cingulategyrus and medial prefrontal
cortex, label was concentrated over layers I, III, and V-VI (Fig.
6). This pattern was quite different in olfactory cortex, where
labelingwascenteredin layer II of the anterior olfactory nucleus
and nucleusof the lateral olfactory tract, and in layer III of the
pyriform cortex and olfactory tubercle. In the hippocampalfor-
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Figure 5. A, B, Dark-field photomicrographsof W-mAb 270immunolabelingin the lateralgeniculatenucleus
on the sideipsilateral(A) and contralateral(B) to enucleationin the rat illustratedin Figure3; comparableto F
in Figure2. Seetext for details.x30.
C, Dark-fieldphotomicrograph
of lzsImAb 270immunolabeled
ganglioncells
in the trigeminalganglion(seeFig. 2,
sectionadjacent
E-G). D, Nissl-stained
to C. C, D, x100.

mation (Figs. 2, E, J, 7), label wasmost denseover the molecular
layer of Ammon’s horn and the middle third of the dentate
molecular layer (like the medial perforant pathway from the
entorhinal area), the molecular layer and deep pyramidal layer
of the subiculum, layers I-III of the presubiculum, layer I of
the parasubiculum, and layer IV (and, to a lesserextent, layers
I and II) of the entorhinal area. Interestingly, the densestlabeling
in the thalamus is in the anterior group, which projects specifically to layers I-III of the presubiculum(Shipley and Sorensen,
1975). The lateral and basolateralnuclei of the amygdala were
more densely labeledthan the cortical nucleus,and the medial
nucleuswas only lightly labeled,no obvious labeling wasfound
over the central and posterodorsalmedial nuclei (Fig. 2, D-G).
The triangular nucleusand posterodorsalbed nucleuswere the
only clearly labeled structures in the septal region (Fig. 2G).
Light labeling was seenover the substantiainnominata or ventral pallidum (Fig. 2, C, O), which contains a population of
choline& neuronsthat innervates the entire neocortex. Finally,
the pineal gland clearly appearedto bind the mAbs.

Discussion
Our immunohistochemicalresultsindicate that severaldifferent
mAbs to functional neuronal AChRs label the sameneural regionsthat bind 3H-nicotine (Clarke et al., 1985b;London et al.,
1985), and that this labeling pattern is quite distinct from that
for IzsI-CuBgtbinding (Hunt and Schmidt, 1978; Clarke et al.,
1985b).Furthermore, the resultsindicate that neuronal AChRs
may undergo axonal transport in the optic nerve, the processes
of sensoryganglioncells,the habenulointerpedunculartract, and
the nigrostriatal system,and suggestthat this may alsooccur in
a number of other central pathways (e.g., thalamocortical) that
remain to be manipulated experimentally. This possibility is
based,first, on the observation of immunolabeling in neuronal
cell bodies, as well as in associatedaxonal pathways, where
protein synthesisdoesnot occur and, second,on the reduction
of immunolabelingin terminal fieldsof the optic nerve following
enucleation. Recently, similar experimental evidence has been
reported for the possibletransport of neuronal AChRs in the
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Figure 6. Dark-field photomicrographs
showing the distribution oL
T-mAb
270 labeling in the retrosplenial area (top) and superior colliculus (bottom) of an enucleated rat; section cut in the frontal plane.
x 50.

habenulointerpeduncular tract (Clarke et al., 1986),and it seems
clear that a number of other putative neurotransmitter receptors
may also undergo axonal transport (seeZarbin et al., 1982),
although its functional significanceis asyet unclear.
A well-studied example of possibleneuronal AChR transport
is the nigrostriatal dopamine system, where nigral cells are

Figure 7. Dark-field photomicrograph illustrating the distribution of lzSImAb 270 labeling in the hippocampus
of the rat. Note that labeling is centered
over the stratum lacunosum moleculare of Ammon’s horn and the middle
third of the dentate molecular layer, in
the region innervated by the medial
perforantpath. x 60.

thought to receive a nicotinic cholinergic input, and dopamine
releasefrom striatal terminals can be pharmacologically modulated by presynaptic AChRs (see Giorguieff-Chesseletet al.,
1979; Clarke and Pert, 1985; Clarke et al., 1985a, b). Nigral
cells thus appear to synthesizeand transport neuronal AChRs
to both their dendrites and axon terminals. In other systems,
however, it is possiblethat neurons may synthesize neuronal
AChRs that are normally involved in dendritic synaptic transmission,with axonal transport to terminals that is nothing more
than a routing “accident” with no physiological relevance. This
may be the casewith the peripheral branchesof sensoryganglion
cells that are excited by exogenousACh, but where a physiologically relevant sourceof transmitter is not clear (Gray, 1959;
Paintal, 1964).
In brain regions that appearto contain presynaptic neuronal
AChRs, it will be necessaryto determine whether ACh is releasedeither on (synaptic effect) or near (paracrine effect) the
terminals. In this regard, it is important to point out that ACh
levelshave beenmeasuredbiochemically in tissuepunchesfrom
many parts of the rat brain (Cheney et al., 1975; Hoover et al.,
1978) and while all parts of the CNS that bind mAbs to the
neuronal AChR were not sampledin these studies, ACh was
found in all of those that were sampled.Furthermore, immunohistochemicalstudieshave showna strongcorrelation for the
presence of the synthetic enzyme choline acetyltransferase
(ChAT) in regionsthat bind mAbs to the neuronal AChR (Armstrong et al., 1983; Houser et al., 1983; Mesulam et al., 1983;
Wolf et al., 1983, 1984; Sofroniew et al., 1985a, b; Wolf and
Butcher, 1986; alsoseeRotter and Jacobowitz, 198l), although
here the data are lesscomplete becausemany fine cholinergic
axons have thus far proven difficult to stain with antibodies to
ChAT. And finally, there is histochemical evidence (Koelle,
1954;Shuteand Lewis, 1963, 1967; Storm-Mathisen and Blackstad, 1964; Lewis and Shute, 1967; Hoover and Jacobowitz,
1979; Hoover and Baisden, 1980; Paxinos and Watson, 1982;
Satoh et al., 1983; Robertson et al., 1986) for the presenceof
the metabolic enzyme AChE in virtually all of the regionswith
labeling reported here. Thus, in many areasthat bind mAbs to
neuronal AChR, there is alsoevidence for the presenceof ACh,
ChAT, and AChE, although evidence for synapses(either preor postsynaptic) remainsto be obtained using appropriate elec-
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tron-microscopic
and electrophysiological methods. In a highly
collateralized system like the optic nerve, the possibility must
also be entertained that neuronal AChRs may be distributed
throughout the axonal tree of ganglion cells that express the
receptor, whereas ACh release may occur in only some of the
terminal fields. It will also be important to establish whether
other neurotransmitters
or endogenous ligands bind to and influence the function of neuronal AChRs.
Finally, it remains to be determined whether there is a single
neuronal AChR in rodent brain, or whether there are families
of neuronal AChRs with differences in subunit amino acid sequence and/or subunit stoichiometry, as now seem clearly to
exist in the chicken (Whiting and Lindstrom, 1987b; Whiting
et al., 1987a). As mRNAs for the subunits are cloned and sequenced, hybridization histochemistry can be used to localize
cell bodies that synthesize these proteins, and indeed this approach has been used to demonstrate mRNA for a putative
neuronal AChR in certain parts of the neocortex, thalamus, and
midbrain identified here (Goldman et al., 1986). This approach
will be particularly useful for distinguishing the location of cell
bodies that synthesize receptor from the sites to which the receptor is transported by dendrites and axons. The latter can be
approached immunohistochemically, but, as in the present study,
areas of dense labeling may contain both labeled cell bodies and
axon terminals, or just dense terminal labeling, that may be
difficult to distinguish in some instances. In the future, a combination of immuno- and hybridization histochemical methods
may be used to determine the sites of neuronal AChR(s) synthesis, as well as the distribution ofAChR(s) within the dendrites
and axons of particular cell groups, both at the light and electronmicroscopic (Jacob et al., 1984) levels.
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