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ABSTRACT Sympathetic neurons receive direct synaptic in-
put from cholinergic terminal boutons of preganglionic nerve fi-
bers. The distribution of acetylcholine receptors at these synapses
is not precisely known. This study shows that aebungarotoxin,
which binds specifically to nicotinic receptors on skeletal muscle,
also may be useful for localizing postsynaptic nicotinic receptors
on principal neurons in the paravertebral sympathetic ganglia of
the bullfrog. a-Bungarotoxin (1-5 atM) produces a block of ni-
cotinic (fast) excitatory postsynaptic potentials that is fully re-
versed after 5-8 hr of washing. Dihydro-f3-erythroidine, a nico-
tinic antagonist, reduces the half-time of recovery from the toxin
block to one-third of the control value, presumably by competing
forthe same receptor sites. Furthermore, the response to applied
carbachol is reduced by the toxin, indicating that the block of syn-
aptic transmission is due to a decreased response of the postsyn-
aptic membrane. Peroxidase-labeled a-bungarotoxin is localized
to small (0.2- to 0.5-aum diameter) patches beneath synaptic bou-
tons. Peroxidase reaction product is restricted to regions of the
synaptic.cleft just opposite the active zones of the presynaptic ter-
minal. In addition, peroxidase-labeled antibodies-against Torpedo
acetylcholine receptor bind exclusively to these same synaptic re-
gions; evidently these patches are the areas at which nicotinic re-
ceptors are concentrated at synaptic contacts on sympathetic
neurons.

Chemoreceptors are usually highly concentrated in the region
of synaptic contacts on muscle and nerve cells. The chemosen-
sitivity to focally applied transmitter substances is much greater
near nerve terminals on vertebrate (1) and crustacean (2) muscle
fibers and around synaptic boutons on autonomic neurons (3).
The most precise determinations of receptor distribution have
been made at vertebrate neuromuscular junctions which were
labeled with a-bungarotoxin (a-BuTx) that binds tightly and
specifically to acetylcholine (AcCho) receptors (4). Electron
microscopy shows that these receptors are sharply localized to
the crests of folds in the postsynaptic membrane beneath motor
nerve terminals (5, 6). An equally precise determination of the
distribution of synaptic receptors for AcCho on neurons has not
been made because bound a-BuTx does not block synaptic
transmission to mammalian (7, 8) and avian (9, 10) autonomic
neurons, and the significance of the binding is unclear (8, 9).
However, several laboratories report that various neurotoxins
in concentrations from 10 nM to 10 ,uM can block cholinergic
synaptic transmission to vertebrate neurons (11-16).
The current study was undertaken to find molecular probes

to determine the precise distribution of synaptic AcCho recep-
tors on frog sympathetic neurons. The results show that a-BuTx
blocks nicotinic receptors and that the binding of peroxidase-
labeled a-BuTx is restricted to discrete areas of the synaptic
membrane opposite the active zones of the preganglionic nerve
terminal. Antibodies against purified AcCho receptor mole-
cliles also bind to these same synaptic regions.

MATERIALS AND METHODS
Electrophysiology. The section of the adult bullfrog sym-

pathetic chain containing the -7th through 10th paravertebral
ganglia was mounted in a 0.5-ml chamber and perfused at 220C
with Ringer's solution (115mM NaCl/2mM KCl/1.8mM CaCI2/
1 mM Na Hepes buffer, pH 7.2). Removal of connective tissue
that covers the ganglia was facilitated by a 5- to 10-min incu-
bation in collagenase (1 mg/ml; Worthington, code CLSPA).
Suction electrodes were used for stimulating preganglionic fi-
bers and for extracellular recording from postganglionic nerve
trunks. Intracellular responses were recorded with 80- to 120-
MQ microelectrodes (filled with 4 M KOAc) manipulated under
X500 Zeiss-Nomarski optics. The input resistance of each im-
paled neuron was monitored by a conventional balanced-bridge
circuit.

a-BuTx. a-BuTx purified from Bungarus multicinctus venom
was obtained from three sources: Boehringer Mannheim (lot
1117304) Miami Serpentarium (lot BMa-B-lZ) and S. C. Froeh-
ner. (The last-named a-BuTx was purified by ion-exchange
chromatography and isoelectric focusing.)

Antisera. Rabbit antisera against purified Torpedo AcCho
receptor, bovine serum albumin, and a-BuTx were a gift of S.
C. Froehner. The anti-AcCho receptor antiserum reacts with
four putative receptor subunits with apparent molecular
weights of 43,000, 57,000, 58,000 and 63,000 (17).

Histology. Whole ganglia were incubated for 90 min (22°C)
in horseradish peroxidase (HPRase)-a-BuTx conjugate (= 1 ,uM
in Ringer's solution) prepared by the method of Vogel et al.
(18). The tissue was washed in several changes of bovine serum
albumin/Ringer's solution (1 mg/ml) for 10 min at 4°C and im-
mediately was fixed in 1% glutaraldehyde in 0.1 M sodium cac-
odylate (pH 7.2; initially at 4°C) for 1 hr at 22°C. After washing
for 15 min in 0.1 M sodium cacodylate (pH 7.2) and for 15 min
in 0. 1 M Tris-HCl (pH 7.2), the tissue was incubated for 30 min
*in diaminobenzidine (0.5 mg/ml) in 0.1 M Tris-HCl (pH 7.2)
and then allowed to react for 4 hr. after the addition of 0.01%
H202 (19). Washing in the same Tris and cacodylate buffers was
followed by postfixation in 1% osmium tetroxide in 0.09 M so-
dium cacodylate (pH 7.2), dehydration in ethanol, and embed-
ding in epoxy resin (Epon).

Antibody.binding was demonstrated by the indirect immu-
noperoxidase technique. Ganglia were incubated for 2 hr in
rabbit antisera (diluted in Ringer's solution; see Table 1, ex-
periment B) at 22°C, washed in bovine serum albumin/
Ringer's solution at 4°C for 2 hr, incubated for 2 hr in HRPase-
conjugated goat anti-rabbit IgG (0.16 mg/ml in Ringer's solu-
tion; Miles-Yeda), and washed for4 hr in bovine serum albumin/

Abbreviations: a-BuTx, a-bungarotoxin; HRPase, horseradish peroxi-
dase; AcCho, acetylcholine.
* Present address: Department of Physiology, University of North Car-
olina at Chapel Hill, Chapel Hill, NC 27514.
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Ringer's solution at 40C. The tissue was fixed, treated, and pre-
pared for electron microscopy as before, except for a 1-hr rather
than 4-hr reaction period after the addition of H202.

Preganglionic nerve fibers were stained for light microscopy
by anterograde axonal transport of HRPase. A l- to 2-mm length
of interganglionic nerve trunk was drawn tightly into a glass
pipette containing Ringer's solution which was then replaced
by a solution containing HRPase (0.5 g/ml; Boehringer Mann-
heim, grade 1). After 8-10 hr at 220C, the tissue was fixed for
1 hr in 1% glutaraldehyde, treated (19) for 1 hr, dehydrated'in
ethanol, cleared in xylene, embedded whole in Permount
(Fisher), and viewed with Nomarski optics.

RESULTS
a-BuTx blocks nicotinic transmission

Reversible Suppression of the Fast Synaptic Potential. A
single preganglionic nerve stimulus gives rise to a depolariza-
tion that triggers an action potential, followed by a residual de-
polarization (Fig. 1A). This is the fast excitatory postsynaptic
potential which is blocked by nicotinic antagonists (20). Expo-
sure to 3 AM at-BuTx gradually diminished this response. After
about 30 min, the residual excitatory postsynaptic potential
usually disappeared (Fig. 1B) and within an hour became
subthreshold (Fig. LC) without a significant change in resting
potential (61 mV) or input resistance (85 Mfl). The electrode
was then withdrawn from the cell, and the preparation' was
washed with.Ringer's solution for 6 hr. Upon reimpalement of
the same cell, the response had fully recovered (Fig. 1D).

Similar results were obtained from nine B-type and four C-
type principal neurons identified by the conduction velocity of
their axons, 2 m/sec vs. 0.2 m/sec, respectively (21). However,
only four B neurons and two C neurons were successfully reim-
paled after washing. Toxin from each of the three sources were
tested on three or more neurons with no consistent difference
in their effectiveness. Exposure to 0.1 M toxin for over 2 hr
produced no detectable effects, whereas 1-5 ,uM reduced the

fast excitatory postsynaptic potential to subthreshold amplitude
(<10 mV) within 60-90 min in all cells examined.

Reduced Postsynaptic Response. To determine the effect of
a-BuTx on the activation of nicotinic AcCho receptors, the cho-
linergic agonist, carbachol (carbamylcholine chloride), was ap-
plied to the bath in the presence of atropine (1 uM), which
blocks muscarinic AcCho receptors. Responses to carbachol (25
,uM) and to stimulation of the nerve were monitored during
exposure to 3 ,M a-BuTx by recording extracellularly from the
postganglionic nerve trunk. Diminution of the nerve-evoked
response was accompanied by a decrease in the response to
carbachol (Fig. 2B). After a washing, the carbachol response
gradually recovered with a time course that closely followed the
recovery of the nerve-evoked response (Fig. 2 C and D). The
carbachol response was not significantly altered after transmit-
ter release was blocked in low-Ca2 , high-Mg2+ Ringer's so-
lution (Fig. 2E), indicating that response to carbachol resulted
from a direct action on the postsynaptic membrane and was not
due to release of AcCho from the preganglionic nerves. Thus,
the action of a-BuTx was on the postsynaptic membrane.

Competition by Nicotinic Antagonist. In skeletal muscle and
electric organs, cholinergic agonists and antagonists compete
with a-BuTx. for binding sites on AcCho receptors (4). To test
for such a competitive interaction, the response to applied car-
bachol was blocked by a-BuTx, and the time course of recovery
from the block was established. Subsequently, the same con-
centration of a-BuTx was applied with dihydro-3-erythroidine,
a rapidly reversing nicotinic antagonist. When 5 ,uM dihydro-
3-erythroidine was present, the half-time of recovery was re-
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FIG. 1. a-BuTx reversi-
bly blocks the fast excita-
tory postsynaptic potential.
Intracellular recordings
from a B-type neuron before
(A), 30 min after (B), and 90
min after (C) exposure to 3
1uM a-BuTx. At 90 min, the
electrode was withdrawn
from the neuron; then, after
a 6-hr wash with Ringer's
solution, the same neuron
was reimpaled (D).
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FIG. 2. a-BuTx reduced the postsynaptic response to applied car-
bachol. Extracellular recordings of the responses tonerve stimulation
and to bath-applied-carbachol (25 ,4M for 30 sec) before (A) and after
(B) 60 min in 3 uM a-BuTx. The responses are partiallycecovered after
30 min of washing (C) and fully recovered after 90 min of washing (D).
The carbachol response remained after the release of AcCho was in-
hibited in Ringer's solution containing 0.18 mM CaCI2 and 10 mM
MgCl2 (E). Atropine (1 ,uM) was present to block activation of mus-
carinic receptors.
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FIG. 3. The recovery of the carbachol response from a 60-min ex-
posure to 3 HM a-BuTx alone (s) and 3 jAM a-BuTx plus 5 /AM dihydro-
,B erythroidine (o). In both cases the peak amplitude of the response
to a 30-sec application of 25 uM carbachol was monitored in the pres-
ence of 1 p.M atropine.

duced from 2 hr to 45 min (Fig. 3), presumably because a large
fraction of the a-BuTx binding sites were occupied by the rap-
idly reversing dihydro-p-erythroidine. This result suggests that
both compounds blocked transmission by binding to the same
site, apparently the nicotinic AcCho receptor.
Ultrastructural distribution of binding sites

a-BuTx. Preganglionic nerve fibers make 50-80 terminal
and en passant synaptic contacts on the proximal part of the
axon, the axon hillock, and the soma of amphibian sympathetic
neurons (Fig. 4A). Each synaptic bouton has regions of synaptic
specialization called "active zones," which are believed to be
sites at which transmitter is released (22). Fig. 4B shows an ac-
tive zone; a cluster of clear vesicles is closely apposed to dense

portions of the presynaptic membrane, which faces a widened
intercellular cleft and a prominent density of the postsynaptic
membrane.

In ganglia exposed to HRPase-a-BuTx, the electron-dense
reaction product was restricted to these active zones, forming
0.2- to 0.5-,um diameter patches beneath synaptic boutons (Fig.
5A). This highly localized staining was found on electron mi-
croscopic examination of sample cross sections taken at 10-jim
intervals along 100--jm lengths of ganglia. In general, the
HRPase-a-BuTx staining was limited to the outer layer of gan-
glion cells, most likely because of poor penetration into the
ganglia. Systematic inspection of ganglion cell profiles in the
outer layer showed that about 50% of the active zones were
darkly stained, whereas the remainder appeared unstained or
too lightly stained to be certain (Table 1, experiment A). Al-
though not every bouton contact on a profile of a given cell was
stained, all active zones seen beneath an individual bouton pro-
file were either all stained or all unstained.

Small patches of stain were occasionally seen on the basal
lamina between layers of satellite cell processes that ensheath
each ganglion cell and at damaged regions of cells. However,
this kind of staining was seen also in control experiments in
which ganglia were preincubated for 60 min in unlabeled a-
BuTx or for 30 min in dihydro-,3erythroidine prior to exposure
to HRPase-a-BuTx. In such ganglia, no staining of synaptic
regions was seen (Fig. 5B; Table 1, experiment A). Therefore,
it is concluded that specific binding of HRPase-a-BuTx was
limited to the small patches beneath the synaptic boutons.

Anti-AcCho Receptor (Antiserum). Ganglia exposed to anti-
AcCho receptor antiserum showed an immunoperoxidase stain-
ing pattern identical to that described for HRPase-a-BuTx-
treated ganglia; the reaction product was limited to the region

FIG. 4. Synapticterminalsonasympatheticneuron. (A)Peroxidstainedpreganglionicnervefibers(n)andsynapticboutons(b)aredistributed
over the proximal axon (a), axon hillock (h), and soma of the ganglion cell. Bar = 10 p~m. (B) Electron micrograph showing an active zone (arrows)
of.a synaptic contact. b, Bouton; s,-satellite-cell process;.g, ganglion cell. The tissue was stained en bloc with uranyl acetate, and thin sections were
stained with uranyl acetate and lead citrate. Bar = 0.5 p^m.
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FIG. 5. Ultrastructural localization of peroxidase-labeled probes. (A) The dark HRPase-a-BuTx reaction product is restricted to the active zone
of the synaptic cleft (arrows), with the exception of a typical patch of nonspecific staining (*). (B) Ganglia preincubated in unlabeled a-BuTx showed
no staining of the synaptic region. (C) Reaction product from peroxidase-labeled anti-AcCho receptor antibodies is confined to the active zone. (D)
Preimmune serum produced no staining. All thin sections were stained with uranyl acetate and lead citrate to enhance the contrast of the active
zones. Bar in D = 0.25 ,um and is applicable to all panels.
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Table 1. Specificity of HRPase-a-BuTx and anti-AcCho receptor
antiserum binding

No. No. cell No. active zones
Experiment ganglia profiles Stained Unstained

A. HRPase--aBuTx*
Alone 3 453 285 263
With a-BuTx, 4 pM 3 398 0 637
With dHfE, 5 AtM 2 268 0 416

B. Antiserat
Anti-AcChoR* 3 384 423 84
Anti-AcChoR* with

excess AcChoR§ 2 305 0 322
Preimmune serums 2 221 0 356
Anti-BSA, 10% 1 154 0 141
Anti-a-BuTx, 10% 1 195 0 187

BSA, bovine serum albumin; anti-AcChoR, anti-AcCho receptor
antiserum; dhpE, dihydro-p-erythroidine.* All ganglia were exposedto 1,uMconjugate (18) in Ringer's solution
for 90 min at 220C.

t All ganglia were exposed to rabbit antisera diluted in Ringer's so-
lution for 2 hr at 220C.

t Anti-AcCho receptor antiserum diluted 200:1.
§ Purified AcCho receptor from Torpedo (17) (approximately 50 ug/
ml) was present just before the addition of 0.5% anti-AcChoR
antiserum.
Serum (diluted 1:10) from the rabbit before innoculation with puri-
fied AcCho receptor molecules.

of the synaptic cleft opposite the active zones of the nerve ter-
minal (Fig. 5C). No staining was found in ganglia incubated in
anti-AcCho receptor antiserum in the presence of an excess of
purified AcCho molecules (Table 1, experiment B). Preimmune
serum and hyperimmune sera to irrelevant antigens, bovine
serum albumin, and a-BuTx produced no detectable staining
(Fig. 5D; Table 1, experiment B). Thus, the immunoperoxidase-
stained patches represent the specific binding of antibodies to
antigenic sites in the synaptic cleft that are similar to those on
nicotinic AcCho receptor molecules purified from Torpedo.

DISCUSSION
This study supports the idea that nicotinic AcCho receptors of
frog sympathetic neurons are concentrated in 0.2- to 0.5-gm
diameter patches on the postsynaptic membrane beneath the
active zones of the preganglionic nerve terminals. The evidence
is as follows: (i) a-BuTx blocks the fast (nicotinic) excitatory post-
synaptic potential by acting at the postsynaptic membrane
(Figs. 1 and 2); (ii) the presence of dihydro-f3-erythroidine, a
nicotinic antagonist, inhibits a-BuTx action (Fig. 3); (iii) specific
binding of peroxidase-labeled a-BuTx is restricted to the aitive
zone portion of the synaptic cleft (Fig. 5A; Table 1, experiment
A); and (iv) antibodies against nicotinic AcCho receptor mole-
cules bind specifically to these same synaptic regions (Fig. 5C;
Table 1, experiment B).

This interpretation rests on the assumptions that the histo-
logically demonstrated binding of a-BuTx is postsynaptic and
is responsible for the functional blockade of transmission; fur-
ther, there is only indirect evidence that the anti-AcChoR an-
tibodies are bound to the neuronal nicotinic receptor molecules.
In addition, a-BuTx may not simply prevent AcCho binding but
also may block ionic channels or enhance agonist-induced re-
ceptor desensitization. However, in any of these cases the site
of the a-BuTx label should reveal the location of the nicotinic
AcCho receptor-channel complex.

a-BuTx binds specifically to rat and chicken autonomic neu-
rons but does not block AcCho receptor activation even at sat-
urating concentrations in the range of 10 nM (8-10). Therefore,
the possibility was considered that the histological localization

of a-BuTx reported here represents this high-affinity, non-
blocking binding site. This seems unlikely, however, because
such a high-affinity (10 nM) a-BuTx binding site is not detect-
able in bullfrog paravertebral ganglia (unpublished data).

Ravdin and Berg (14) and Chiappinelli et al. (23) have found
that nicotinic receptors of chicken ciliary ganglion neurons are
blocked by a potent a-neurotoxin (other than a-BuTx) present
in some samples of B. multicinctus venom. All sources of a-
BuTx used in this study were equally effective in blocking trans-
mission to frog sympathetic neurons. These included one sam-
ple (Boehringer Mannheim lot 1117304) that failed to block
transmission in the chicken ciliary ganglion and another source
(Miami Sepentarium lot BMa-B-1Z) that was effective on this
ganglion (13). It is unlikely, therefore, that this additional a-
neurotoxin is solely responsible for the block of the receptors
of the frog. However, because existing purification techniques
do not guarantee homogeneity, it is possible that a second ad-
ditional toxin is responsible for the blockade of transmission in
the frog. Alternatively, the ability of a-BuTx to block synaptic
transmission in sympathetic ganglia of frog but not of higher
vertebrates (7-10) may reflect phylogenetic differences in neu-
ronal AcCho receptor molecules analogous to those found at
vertebrate neuromuscular junctions (24).
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