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Acetyicholine Receptor-like Molecules Are Found in Both Synaptic
and Extrasynaptic Clusters on the Surface of Neurons in the Frog

Cardiac Ganglion

Peter B. Sargent and Danny Z. Pang

Division of Biomedical Sciences, University of California, Riverside, California 92521

Sixty monoclonal antibodies (mAbs) made against nicotinic
acetylcholine receptors (AChRs) from electric organ were
tested for their ability to cross-react at synaptic sites in the
frog cardiac ganglion, where transmission is mediated by
ACh via nicotinic receptors. Forty-one of the mAbs tested
were known to bind to AChRs in frog skeletal muscle (Sar-
gent et al.,, 1984). As determined by double-label immuno-
fluorescence microscopy, 8 of the 60 mAbs bound to small,
punctate sites that lay within areas of synaptic contact,
marked by an anti-synaptic vesicle antibody. One of the 8
cross-reacting antibodies that produced particularly intense
staining (mAb 22) was chosen for further study and was
tound to bind to the postsynaptic membrane beneath active
zones, as determined by peroxidase immunocytochemistry
and electron microscopy. This suggests that mAb 22 cross-
reacts with AChRs on the ganglion cell surface. While most
mAb 22 immunoreactivity was located in the postsynaptic
membrane, about 20% of the peroxidase-stained patches
were extrasynaptic (327 patches analyzed from 8 ganglia).
Virtually no peroxidase-stained patches were observed when
an isotype-matched control mAb was used in place of mAb
22. In frog skeletal muscle peroxidase-stained patches ob-
tained with mAb 22 were found exclusively at synaptic sites
(179 patches examined from 6 muscles). These results sug-
gest that extrasynaptic patches of AChRs are present in
innervated autonomic neurons but not in innervated skeletal
muscle.

Although nicotinic acetylcholine receptors (AChRs) have been
extensively characterized in skeletal muscle, relatively little is
known about them in neuronal systems. This discrepancy is due
to the absence of a rich natural source of neuronal AChRs and
to the fact that, until recently, specific ligands for neuronal re-
ceptors have not been available. During the past several years,
3 useful classes of probes for neuronal receptors have emerged.
The first of these is neuronal bungarotoxin (n-bgt; formerly known
as bungarotoxin 3.1, toxin F, and «-bungarotoxin), a toxin from
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krait venom that blocks neuronal AChR function (reviewed by
Chiappinelli, 1985, and Lindstrom et al., 1987). The second
class of probes is a subset of antibodies made against electric
organ AChR which cross-reacts with neuronal receptors (Mar-
shall, 1981; Swanson et al., 1983, 1987; Jacob et al., 1984;
Whiting and Lindstrom, 1986, 1987; Whiting et al., 1987; Sar-
gent et al., 1989). The third set of probes are cDNA probes
which recognize portions of AChR-like sequences found in brain
c¢DNA libraries and which bind to AChR-rich areas of brain
upon in situ hybridization (Boulter et al., 1985, 1986; Barnard
et al.,, 1986; Goldman et al., 1986, 1987). The recent and in-
tensive use of these ligands has greatly increased our under-
standing of neuronal nicotinic AChR structure and distribution.
For example, Marshall (1981), working on frog sympathetic
neurons, and Jacob et al. (1984), working on chick ciliary neu-
rons, found, using cross-reacting antibodies combined with per-
oxidase immunocytochemistry and electron microscopy, that
neuronal AChR-like immunoreactivity is concentrated in punc-
tate patches lying immediately beneath active zones. Quanti-
tative electron microscopic autoradiography using 'I-n-bgt
binding to chick ciliary ganglion cells suggests that the density
of AChRs in the postsynaptic membrane is on the order of 600
toxin binding sites/um? of membrane (Loring and Zigmond,
1987), or perhaps 20-fold less than it is in skeletal muscle, where
the density is more than 10,000 sites/um? (Porter and Barnard,
1975; Fertuck and Salpeter, 1976; Matthews-Bellinger and Sal-
peter, 1978). We have utilized cross-reacting monoclonal an-
tibodies specific for neuronal AChRs and peroxidase immu-
nocytochemistry to uncover another apparent difference between
skeletal muscle and nerve. In the frog cardiac ganglion approx-
imately 20% of the patches of AChR-like immunoreactivity are
located at extrasynaptic sites (see also Jacob et al., 1984). In
frog skeletal muscle analyzed using identical techniques, no ex-
trasynaptic patches of immunoreactivity are present. These re-
sults suggest that a sizable fraction of AChR clusters on the
neuronal surface, but not the myofiber surface, are extrasynap-
tic.

A preliminary account of these results has been published
(Sargent and Lindstrom, 1987).

Materials and Methods

Animals and dissections. Rana pipiens were obtained from Hazen Co.
(Alburg, VT) and housed at room temperature in chambers where they
had access to both water and a dry platform. Xenopus laevis were ob-
tained from the laboratory breeding colony. Frogs were cooled to near
0°C in an ice/water bath, decapitated, and pithed, and the interatrial
septum and cutaneous pectoris muscles (Rana only) were removed and
dissected in frog Ringer’s (114 mm NaCl, 2.0 mm KCl, 2.0 mm CaCl,,
5.0 mm HEPES, pH 7.4).



Enzyme treatment. In order to promote access of macromolecules,
such as immunoglobulins, to the surface of the cardiac ganglion cells,
interatrial septa were incubated at 37°C for 1 hr in 1 mg/ml collagenase
(type 11, Sigma) and for 0.5 hr in 0.1 mg/ml protease (subtilisin, Boeh-
ringer-Mannheim). This sequential procedure is similar to that de-
scribed by Betz and Sakmann (1971) and by Baluk and Fujiwara (1984).
Enzyme treatment dissociates much of the tissue in the septum, leaving
only the nerve trunks intact.

Immunofluorescence. Two-color immunofluorescence experiments to
visualize both AChRs and synaptic sites in protease-treated tissue were
done by fixing cardiac ganglia in 0.75% paraformaldehyde (PFA) in 0.10
M Na phosphate for 1 hr and then by incubating tissue with the following
solutions (all incubations were done at room temperature; in some
experiments membranes were permeabilized by preincubation in 0.025%
saponin in Ringer’s for 20 min): (1) Ringer’s containing 10% normal
goat serum (hereafter, RG) for 10 min, (2) 20 nm rat mAb in RG for 1
hr (titer determined using electric organ AChR; see Tzartos et al., 1981,
for details), (3) RG for 30 min (3 changes), (4) 50-300 nm fluorescein-
conjugated goat anti-rat IgG (FI-GARt) in RG for 1 hr, (5) RG for 20
min (2 changes), (6) Ringer’s for 10 min, (7) 1% PFA in 0.1 M Na
phosphate for 1 hr, (8) Ringer’s for 20 min, (9) Ringer’s containing
0.025% saponin for 20 min (to permeabilize the tissue), (10) Ringer’s
for 10 min, (11) RG for 10 min, (12) mouse mAb asv48 (from Dr. Lou
Reichardt) in RG for 1 hr, (13) RG for 30 min (3 changes), (14) rho-
damine-conjugated goat anti-mouse IgG (Rh-GAM) for 1 hr [Rh-GAM
was cleansed of its cross-reactivity with rat IgG by prior incubation
with rat IgG-agarose (Sigma) and centrifugation], (15) RG for 20 min
(2 changes), (16) Ringer’s for 10 min, (17) 1% PFA in 0.1 m Na phosphate
for 1 hr, (18) Ringer’s for 10 min, (19) 70% glycerol/30% Ringer’s for
10 min, and (20) 90% glycerol/10% Ringer’s for 10 min. Tissue was
then mounted between 2 coverslips in Citifluor (a buffered, glycerol-
based mountant that retards bleaching) and viewed and photographed
using a Nikon Microphot-FX microscope with 100 W mercury lamp
and 60 x planapo objective.

Peroxidase immunocytochemistry. Electron microscopic visualization
of AChRs by immunoperoxidase techniques in protease-treated ganglia
was done with the avidin biotinylated HRP complex (ABC) technique
of Hsu and Raine (1981). Peroxidase-treated tissue was fixed in PFA
(as above) and then incubated in the following solutions: (1) RG for 10
min, (2) 20 nM rat mAb in RG for 1 hr, (3) RG for 30 min (3 changes),
(4) biotinylated rabbit anti-rat IgG (RbARt, diluted 1:200 in RG, from
Vector Laboratories’ Vectastain kit; goat serum proved to be a more
effective blocking reagent in these experiments, even though the second
antibody was made in rabbit), (5) RG for 30 min (3 changes), (6) HRP-
avidin (diluted 1:100 from the Vectastain kit) for 1 hr, (7) RG for 20
min (2 changes), (8) Ringer’s for 10 min, (9) 1% glutaraldehyde in 0.06
M Na phosphate buffer, pH 7.2, for 1 hr, and (10) Ringer’s for 10 min.
Reaction product was generated with diaminobenzidine using the glu-
cose oxidase technique as described by Itoh et al. (1979). Tissue was
then incubated in 1% OsO, in 0.09 M Na phosphate, pH 7.2, dehydrated
in ethanol, and embedded in Epon/araldite. Block staining, when ap-
propriate, was done in aqueous 2% uranyl acetate for 30 min. Sections
having a silver interference color were made using a Reichert Ultrami-
crotome and viewed in a Hitachi H-600 electron microscope without
grid staining.

Immunoperoxidase visualization of mAb binding was also done in
the absence of protease treatment, but not via the ABC technique, since
the large HRP-avidin complex does not penetrate into the synaptic cleft
even after 24 hr of incubation. Rather, a 2-step procedure was used in
which tissue was treated with primary mAb for 20-24 hr and subse-
quently with HRP-GARt-F(ab’), (Cappel) for 20-24 hr. Wash steps
following these incubations were increased to 1-2 hr.

Experiments were done with both control and experimental antibod-
ies in parallel, so that incubation and reaction conditions would be
identical. For each condition, we attempted to analyze 100 nucleus-
containing cell profiles in the electron microscope, with each profile
representing a unique neuron. The perimeter of each profile was scanned
in the electron microscope at 8000 x (80,000 x, including magnification
of oculars), and each peroxidase-stained patch on the cell surface was
photographed at 40,000 x, The linear length of the patches is then
measured on EM negatives using a digitizing pad and a microcomputer.

Colloidal gold immunoelectron microscopy. Colloidal gold (3 nm) was
made by the citrate-tannic acid méthod of Slot and Geuze (1985), con-
jugated to protein A by the method of Slot and Geuze (1981), and
purified using a modification of a procedure described by Wray and
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Sealock (1984). Rat mAb binding was visualized as described in steps
1-10 above for the immunoperoxidase technique except that rabbit anti-
rat IgG (diluted to 20 nm, Cappel) was used in step 4 and gold-protein
A (diluted to an O.D. of 1.0 at 525 nm) in step 6. Tissue was then
osmicated, dehydrated, and embedded without running the histochem-
ical reaction.

Results

The frog cardiac ganglion is a collection of more than 1000
parasympathetic neurons embedded within the thin interatrial
septum (McMahan and Kuffler, 1971). The neurons, or ganglion
cells, are situated primarily along 2 nerve trunks, which are
continuations of the paired cardiac branches of the vagosym-
pathetic nerves (so-called because they contain both sympa-
thetic and parasympathetic components). Each unipolar gan-
glion cell body is innervated by a single preganglionic axon
(Sargent, 1986), which terminates in a number of en passant
and terminal synaptic boutons. The boutons, which are the sites
from which the transmitter ACh is released, occupy about 3%
of the cell body surface (McMahan and Kuffler, 1971). Regions
of the cell surface having boutons are known to be more sensitive
to iontophoretically applied ACh than randomly chosen sites
(Harris et al., 1971; Roper, 1976), presumably because the post-
synaptic membrane is enriched in AChRs (Marshall, 1981; Ja-
cob et al., 1984; Loring and Zigmond, 1987).

If cardiac ganglia are incubated for an hour in high concen-
trations of HRP, little or no tracer is found to have penetrated
into the synaptic cleft (data not shown). This diffusion barrier
is not overcome by saponin, which does permit access to both
the pre- and the postsynaptic cell (Sargent et al., 1984). There-
fore, the barrier is not cellular but acellular and is probably the
result of extracellular matrix. One way to overcome this diffu-
sion barrier is to disrupt the matrix with protease. The technique
used was similar to that first described by Hall and Kelly (1971)
and Betz and Sakmann (1971, 1973) as modified by Baluk and
Fujiwara (1984). Unfixed cardiac ganglia were treated with col-
lagenase (37°C, 1 hr) and then with subtilisin (37°C, 30 min).
Under these conditions there is relatively little disjunction of
synaptic boutons, and the satellite cell processes remain on the
ganglion cell surface. Protease treatment does not appear to
adversely affect neuromuscular transmission when synapses re-
main physically intact (Betz and Sakmann, 1973), signifying that
the AChR is sufficiently intact to permit its ion channel to be
gated by ACh.

Antibody binding characterized by light microscopy

MADbs made against electric organ AChR were tested for their
ability to bind to synaptic sites in the cardiac ganglion using a
2-color fluorescence assay. Tissue was protease-treated, lightly
fixed, treated with rat mAb and then with FI-GARt. In order
to locate synaptic sites in the same tissue, we followed the FI-
GARt step with a mouse mAb (asv48) that recognizes a synaptic
vesicle antigen (Matthew et al., 1981) and, finally, with Rh-
GAM. When used with some mAbs, this technique produced
small, brightly fluorescent spots on the surface of the cell. A
typical result produced by a positive rat mAb is illustrated in
Figure 1, which shows, at the same focal plane, Nomarski (4),
rhodamine (B), and fluorescein (C) micrographs of a pair of
ganglion cell bodies. Small, brightly fluorescent spots (C) are
seen that correspond in position to synaptic boutons (B). There
are usually several fluorescein spots associated with a single
bouton. No spots were seen when normal rat serum was used
in place of a positive mAb (data not shown).
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Figure 1. Light microscopic fluorescence assay for mAb binding to
synaptic sites in the cardiac ganglion. A cardiac ganglion was incubated
in succession with mAb 22, with fluorescein-labeled goat anti-rat IgG,
mouse antibody asv48 (which recognizes an antigen on synaptic vesi-
cles), and finally rhodamine-labeled goat anti-rat IgG. The 3 micro-
graphs in the figure were taken of the same field using Nomarski (4),

mAb 22
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Figure 2. Electron microscopic demonstration of anti-AChR binding
to synaptic sites in the cardiac ganglion. Two electron micrographs of
synaptic boutons are shown, one taken from an experiment using control
mADb 32 (top) and one using mAb 22 (bottom). Antibody binding was
visualized using the ABC technique (Hsu and Raine, 1981). The images
are of low contrast because the tissue was not block-stained and because
tannic acid was omitted from the glutaraldehyde during fixation. The
lack of contrast enhances the visibility of the peroxidase reaction product
(compare with Fig. 3). Specific staining (with mAb 22 only) is found in
a patch that occupies only a fraction of the bouton contact area.

Eight of 60 rat mAbs tested bound selectively to synaptic sites
in the double-label fluorescence assay (Table 1). All § of the
cross-reacting mAbs are specific for the main immunogenic re-
gion (MIR) of electric organ AChR: a highly immunogenic and
highly conserved set of overlapping epitopes on the « subunit
of the electric organ AChR (Tzartos et al., 1981). None of the
8 mAbs bound to synaptic sites in the cardiac ganglion of X.
laevis, presumably because X. laevis AChRs do not have an
MIR (Sargent et al., 1984). Table 1 lists subunit specificity when
tested against electric organ AChR as well as whether the mAb
binds to AChRs in frog skeletal muscle (Sargent et al., 1984)
and to AChR-like molecules in frog optic tectum (Sargent et al.,
1989). Each AChR (skeletal muscle, optic tectum, cardiac gan-
glion) is antigenically distinct (Table 1).

Antibody binding characterized by electron microscopy

Antibody binding to synaptic sites in the electron microscope
was visualized using the ABC immunoperoxidase technique (Hsu

—

rhodamine (B), and fluorescein (C) optics. The sites of mAb 22 binding
(C) correspond in position to the location of synaptic boutons (B).
Usually there are multiple spots of immunoreactivity associated with
each bouton.



Figure 3. Electron microscopic demonstration of anti-AChR antibody
binding to synaptic sites in the cardiac ganglion, with active zones
revealed by inclusion of tannic acid in the glutaraldehyde step and by
block staining with uranyl acetate. Two electron micrographs are shown,
one taken from an experiment using control mAb 32 (top) and one taken
from an experiment using mAb 22. Antibody binding was visualized
using the ABC technique (Hsu and Raine, 1981). Arrows indicate the
location of active zones, the probable sites of transmitter release. Ar-
rowhead in top micrograph indicates a probable punctum adhaerens.
Reaction product with mAb 22 is intense and fills the synaptic cleft.
No specific reaction product is observed with mAb 32.

and Raine, 1981). Figure 2 shows a pair of synaptic boutons
taken from tissue incubated with control mAb 32 (top) and with
mAb 22 (bottom). MADb 32 is an anti-electric organ mAb that
iscompletely species specific; it is an ideal control for nonspecific
binding since it is the same isotype (IgG2b) as mAb 22. The
tissue in Figure 2 was neither block- nor grid-stained in order
to clearly reveal the presence of peroxidase stain. The specific
staining (bottom) is restricted to a part of the contact area. The
staining entirely fills the synaptic cleft, as it often does when
AChRs are visualized at synaptic sites in skeletal muscle using
peroxidase immunocytochemistry (e.g., Sargent et al., 1984).
The presence of stain within the cleft and on the presynaptic
membrane is presumably the result of diffusion of peroxidase
reaction product (Courtoy et al., 1983).

In order to learn whether the stain seen in Figure 2B is re-
stricted to that part of the contact area containing active zones,
we examined peroxidase immunoreactivity in block-stained tis-
sue. Figure 3 shows representative examples of sections through
active zones from block-stained tissue treated with mAb 32 (top)
and with mAb 22 (bottom). In a ganglion incubated with control
mADb 32, we found no peroxidase staining at any of 39 active
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Figure 4. Electron microscopic visualization of AChR-like immuno-
reactivity using immunogold techniques. Top, Synaptic bouton with a
dense cluster of gold particles within the synaptic cleft (shown at higher
magnification below). AChR-like immunoreactivity was visualized us-
ing mAb 22, rabbit anti-rat IgG and protein A—colloidal gold (3 nm
particle size). The gold particles are located at an active zone, recognized
by the postsynaptic density. Active zones are often more readily iden-
tified in immunogold experiments than in immunoperoxidase ones since
reaction product does not obliterate the synaptic cleft. The protein A-
gold reagent penetrates into only parts of the tissue in protease-treated
ganglia and labels AChRs in only a small fraction of active zones.

zones from 29 boutons (active zones were defined by the pres-
ence of both pre- and postsynaptic electron-dense specializa-
tions and by a cluster of presynaptic vesicles; only profiles with
sharply defined pre- and postsynaptic membranes were scored).
In a second ganglion, run in parallel with the first but with mAb
22, we found immunoreactivity at 44 of 45 sites marked by
active zones (37 boutons scored; see Figure 3, bottom), and we
found no patches of immunoreactivity away from active zones.
Thus, virtually all of the immunoreactivity at areas of bouton
contact is restricted to areas of the ganglion cell surface opposite
active zones.

‘We have also been able to view anti-AChR antibody binding
using 3 nm colloidal gold conjugated to protein A. Figure 4 (top)
shows a micrograph of a bouton with a dense cluster of gold
particles within the synaptic cleft. The particles are present at
an active zone on the basis of its postsynaptic electron-dense
specialization (Fig. 4, bottom). Since the gold particles are found
throughout the cleft, it is not possible to conclude that mAb 22
binds selectively to the postsynaptic membrane. One reason
for the poor resolution of this gold technique is that the pro-
cedure uses protein A, a rod-shaped molecule with a probable
length that is comparable to the width of the synaptic cleft (Bjork
et al., 1972). The protease treatment used to promote access of
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Table 1. Anti-AChR binding to synaptic sites in the cardiac ganglion of Rana pipiens

Binding to Binding to
Binding to AChR-like synaptic sites  Number of
mAb Subunit specificity AChRs in molecules in Rana cardiac experiments
no. (electric organ) Rana muscle  in Rana tectum ganglion positive
1 ? - NT - 0/1
2 ? - NT - 0/1
3 a - NT - 0/1
4 MIR + + - 0/2
5 a - NT - 0/1
6 o, MIR + + - 0/3
7 S,y + — - 0/2
8 a + + - 0/3
12 ? - NT - 071
14 ? - NT - 0/1
16 a, MIR - NT - 0/1
17 o, MIR + + - 0/2
21 a, MIR + + - 0/3
22 a, MIR + + + 3/3
23 ? - NT - 0/1
24 a, MIR + + - 0/3
26 ? - NT - 0/1
27 a, MIR - NT - 0/1
28 a, MIR + + + 3/3
31 a, MIR + + - 0/3
32 a, MIR - - - 0/3
35 a, MIR + + - 0/3
36 o, MIR + + - 0/2
37 a, MIR + + - 0/3
38 a, MIR + + - 0/3
39 a, MIR + + - 0/2
41 a, MIR + + - 0/3
42 a, MIR + + - 0/3
44 a, MIR + + + 2/2
46 a, MIR + + + 2/2
47 a, MIR + + + 2/3
48 B - NT - 0/1
49 a, MIR - NT - 0/1
50 a, MIR + + + 2/3
51 a, MIR - NT - 0/1
53 ) - NT - 0/1
55 a - NT - 0/1
56 o - NT - 0/1
60 b + NT - 0/1
61 a + NT - 0/1
65 a, MIR NT NT - 0/1
94 B + NT = 0/1
110 8 + NT - 0/1
111 8 + NT - 0/1
113 B + NT - 0/1
120 8 + NT - 0/2
139 ) + + - 0/2
141 ) + NT - 0/2
142 a,B,v,6 + NT - 0/1
148 8 + NT = 0/1
149 o + NT - 0/1
151 v + NT - 0/1
154 Y + + - 0/2
157 o - NT - 0/1
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Table 1. Continued

Binding to Binding to

Binding to AChR-like synaptic sites Number of
mAb Subunit specificity AChRs in molecules in Rana cardiac experiments
no. (electric organ) Rana muscle  in Rana tectum ganglion positive
165 L% + NT - 0/2
166 8 + NT - 0/1
168 v, 8 + NT = 0/1
176 MIR + NT - 0/1
177 MIR + + + 3/3
188 MIR + + + 3/3

All mAbs were made against electric organ AChR or AChR subunits and were characterized as described in Tzartos
and Lindstrom (1980) and Tzartos et al. (1981, 1986). Reactivity with AChRs in skeletal muscle was determined by
Sargent et al. (1984), and with AChRs as described by Sargent et al. (1989). Only 8 of the 60 mAbs cross-reacted with
synaptic sites in the ganglion (Fig. 1). All 8 cross-reacting mAbs are specific for the main immunogenic region (MIR).

NT, not tested.

macromolecules to the synaptic cleft occasionally causes syn-
aptic disjunction (Betz and Sakmann, 1973), so that some bou-
tons are lifted away from the ganglion cell surface. Under such
conditions we find that the immunoreactivity is usually restrict-
ed to the postsynaptic membrane, as illustrated in Figure 5 for
an immunoperoxidase experiment. The appearance of weak per-
oxidase immunoreactivity on the nerve terminal of disjoined
synapses (Fig. 5) may reflect the presence of presynaptic AChRs
but may alternatively reflect the fact that peroxidase reaction
product is capable of diffusing some distance before precipitating
(Courtoy et al., 1983). The issue of presynaptic receptors would
best be addressed at disjoined synapses using EM autoradiog-
raphy (Jones and Salpeter, 1983) or colloidal gold techniques
to visualize AChRs.

Our results show that mAb 22 binds preferentially to the
postsynaptic membrane in the frog cardiac ganglion. This result,
taken together with the fact that mAb 22 specifically binds to
AChRs in eel electric organ (Tzartos et al., 1981), strongly sug-
gests that it is binding to AChRs in the cardiac ganglion. Qur
argument is strengthened by the recent findings of Berg and his
colleagues with mAb 35 which, like mAb 22, is an anti-MIR
antibody made in rats against eel AChR (Jacob et al., 1984;
Halvorsen and Berg, 1987). These investigators showed that
mADb 35 bound to synaptic sites in the chick ciliary ganglion
and that mAb 35 binds to the AChR itself, since it immuno-
precipitates the AChR-specific binding of n-bgt in tissue ex-
tracts.

Quantitative analysis of AChR patches on the ganglion cell
surface

Clusters of AChRs on the neuronal cell surface were examined
quantitatively using immunoperoxidase cytochemistry and elec-
tron microscopy. The peroxidase technique has high spatial res-
olution compared with autoradiography and is ideal for ex-
amining the location and size of clusters of AChR present in
high density. But the technique is not as sensitive as autora-
diography; for example, it does not typically reveal extrasynaptic
AChRs in denervated skeletal muscle, which are present at rel-
atively low density (Lentz et al., 1977; Burden et al., 1979).
The general approach in analyzing the ganglion cell surface
for high-density clusters of AChRs was to scan large numbers
of cell profiles for the presence of patches of peroxidase stain.
A total of 615 profiles, each from a unique cell, was examined
from ganglia treated with either control (mAb 32) or experi-

mental (mAb 22) mAb. The average number of peroxidase-
stained patches observed with mAb 22 was 0.81 patches per
cell profile [+0.06 (SD), n = 4 experiments, with an average of
100 cell profiles examined for each experiment]; in contrast, the
average number of patches observed with mAb 32 was 0.01
patches per cell profile (n = 2 experiments, both mAbs were
used at a titer of 20 nM). Thus, the extent of nonspecific staining
is on the order of 1% of total staining and can be ignored. The
incidence of 0.8 1 patches per cell profile for normally innervated
ganglia corresponds to about 0.4% of the cell surface and is
equivalent to several dozen patches of high-density AChRs per
whole cell body.

An analysis of AChR patches on normally innervated gan-
glion cells revealed an unexpected result. Figure 6 shows prom-
inent patches of peroxidase stain, indicative of high AChR den-
sity, beneath 2 synaptic boutons. Both patches of stain appear

Figure 5.
reactivity on the postsynaptic membrane at a disjoined terminal. At a
synaptic bouton disjoined by collagenase and subtilisin the peroxidase
reaction product (arrow), visualized using mAb 22 and the ABC tech-
nique, is restricted largely to the postsynaptic surface.

Immunoperoxidase visualization of AChR-like immuno-
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Figure6. AChR-like immunoreactivity is located on both the synaptic and the extrasynaptic ganglion cell surface. Immunoreactivity was visualized
using mAb 22 and the ABC technique. Patches of dense peroxidase stain are associated with 2 boutons (arrows) but also with at least one site on
the ganglion cell surface not contacted by a bouton (arrowhead). The image is of low contrast (as in Fig. 2) in order to enhance the appearance of

the peroxidase reaction product.

to be situated at active zones, but there is at least one other
patch of stain in Figure 6 that does not lie at a site of bouton
contact. This presumably represents an extrasynaptic patch of
AChR. Such extrasynaptic patches of immunoreactivity were
also observed using colloidal gold techniques (data not shown).
Many immunoperoxidase-stained patches were located in the
vicinity of boutons (as in Fig. 6), but a systematic search using
light microscopy or serial section electron microscopy was not
made to learn whether all extrasynaptic patches were perisynap-
tic. Of a total of 327 patches of peroxidase stain, 78 = 2% were
located beneath boutons and 22 + 2% were not (mean *+ SD,
n = 4 experiments). Jacob et al. (1984) also reported the exis-
tence of extrasynaptic AChR patches in the chick ciliary gan-
glion.

Extrasynaptic AChR patches are slightly smaller than synaptic
ones. The average /inear length of synaptic patches in thin sec-
tions was 0.34 + 0.05 um, while the average linear length of
extrasynaptic patches is 0.25 + 0.02 ym (mean + SD, n =4
experiments, p < 0.02 by student’s ¢ test). The surface area of
extrasynaptic patches is therefore likely to be about half that of
synaptic patches [calculated by squaring the ratio of linear di-
mensions; (0.25/0.34)].

The distribution of AChR-like immunoreactive patches on
the ganglion cell surface is highly asymmetric, with about 80%
of the patches within the 3% of the cell surface contacted by
boutons (McMahan and Kufller, 1971). If the macromolecular
reagents used to label AChRs in these experiments do not have
access to the entire surface of the cell, then the observed patch

distribution might not necessarily reflect the actual distribution
of AChR clusters. However, when ganglia are incubated with
collagenase and subtilisin for 2-3 times the usual length, large
sections of the cell surface are exposed to the bulk extracellular
space (see also Baluk and Fujiwara, 1984). Under these con-
ditions, a distribution qualitatively similar to that observed after
milder conditions prevails. Peroxidase-stained patches of im-
munoreactivity are located primarily beneath boutons (Fig. 7).
This suggests that the general pattern of patch distribution is
not likely to result from selective access of reagents to synaptic
portions of the ganglion cell surface under conditions of mild
proteolysis.

We have recently discovered an alternative to protease treat-
ment for staining the postsynaptic membrane with mAb 22 and
HRP-labeled secondary reagents. Although antibodies do not
penetrate the synaptic cleft in 1 hr without protease, they will
do so if incubation times are increased to 24 hr. Figure 8 shows
the result of incubating intact, fixed septa with primary antibody
followed by HRP-labeled goat anti-rat F(ab’), [HRP-GARt-
F(ab"),]. [Experiments using the larger HRP-avidin complex (MW
> 500k?) did not work, suggesting that compounds considerably
larger than IgGs do not penetrate into the synaptic cleft in 24
hr.] Active-zone-specific peroxidase staining was again observed
with mAb 22 but not with control mAb 32. When AChR-like
immunoreactivity was visualized without protease treatment,
we still found extrasynaptic patches of stain: In one experiment
8 of 53 immunoreactive patches (15%) were extrasynaptic, and
in a second experiment, 1 1 of 68 immunoreactive patches (16%)
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Figure 7. Electron micrograph of AChR-like immunoreactivity on a ganglion cell stripped of its satellite cell coverings prior to the immunoperoxi-
dase procedure. A cardiac ganglion was treated with collagenase and subtilisin for 2-3 times the usual length, fixed, and then incubated with mAb
22 and with secondary and tertiary reagents to visualize AChR-like immunoreactivity (Hsu and Raine, 1981). The prolonged protease incubation
often leaves substantial portions of the cell surface exposed. Under these conditions, immunoreactivity is found preferentially at synaptic sites.
Here, reaction product is located exclusively at 3 sites of bouton contact. The length of the peroxidase stain generally was no greater after prolonged

protease treatment than it was normally.

were extrasynaptic. Extrasynaptic patches were slightly less
common than when experiments included protease pretreat-
ment (22 + 2%, mean *+ SD). This suggests that protease treat-
ment may artificially convert a small number of synaptic patches
to extrasynaptic ones, possibly by disjunction. However, the
frequency with which extrasynaptic patches of AChR-like im-

munoreactivity are found in the absence of protease treatment
indicates clearly that they are not an artifact of protease usage.

In skeletal muscle, high-density clusters of AChRs are re-
ported to be located exclusively at synaptic sites (e.g., Dreyer
and Peper, 1974; Lentz et al., 1977). In order to make neuron—
myofiber comparisons more meaningful, we visualized AChRs
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mAb 32

Figure 8. Electron microscopic demonstration of AChR-like immu-
noreactivity at synaptic sites in cardiac ganglia not treated with protease.
Access of antibodies was made possible by lengthening incubation times
from 1 hr to 1 d. Two electron micrographs of synaptic boutons are
shown, one from an experiment using control mAb 32 and one using
mADb 22. MAb binding was visualized using HRP-conjugated F(ab'),
fragments of goat anti-rat IgG. Active zones are indicated by arrows.
The arrowhead in the top micrograph points out a subsynaptic bar (Taxi,
1976).

in normally innervated skeletal muscle using mAb 22 and im-
munoperoxidase procedures identical to those used in the car-
diac ganglion (mAb 22 binds to Rana skeletal muscle AChRs:
Sargent et al., 1984). In a total of 744 fiber cross sections from
6 cutaneous pectoris muscles examined in 2 experiments, we
found 179 patches of peroxidase immunoreactivity, all of which
were located at synapses (identified by the presence of the nerve
terminal). Skeletal muscle thus appears to lack extrasynaptic
high-density AChR patches.

Discussion

ACHhR-like immunoreactivity and AChRs

The distribution of binding of mAb 22 in the cardiac ganglion
is similar to that expected for a ligand that recognizes AChRs.
Immunoreactivity is found predominantly in small patches on
the postsynaptic membrane which correspond in position to
that of active zones, marked by electron-dense specializations
in the presynaptic membrane. Immunoreactivity is found at
virtually all active zones, several of which may be associated
with a single bouton, but not found elsewhere at sites of bouton
contact. A very similar pattern of immunoreactivity was found

by Marshall (1981) and by Jacob et al. (1984) at other inter-
neuronal nicotinic synapses. Marshall (1981) showed in bullfrog
sympathetic ganglia that both polyclonal anti-AChR sera and
HRP-a-bungarotoxin bound selectively to the postsynaptic
membrane, Unlike the situation at many interneuronal nicotinic
synapses, a-bungarotoxin binds to AChRs in bullfrog sympa-
thetic ganglia and blocks receptor function. Jacob et al. (1984,
1986) found in the chick parasympathetic ciliary ganglion that
anti-AChR mAb 35 binds selectively to the postsynaptic mem-
brane. The likelihood that this binding reflects the presence of
AChRSs is very high, since mAb 35 has been shown to immu-
noprecipitate AChR-specific binding of neuronal bungarotoxin
(n-bgt), indicating that it and n-bgt bind to a common molecule
(Halvorsen and Berg, 1987).

MAD 22 recognizes AChRs in several species, including elec-
tric organ of eel and Torpedo (Tzartos et al., 1981), skeletal
muscle of Rana and Xenopus (Sargent et al., 1984) and goldfish
brain (Henley et al., 1986). This fact, together with the fact that
the distribution of mAb 22 binding on the neuronal surface is
similar to that produced by other AChR-specific ligands used
by others and that an antibody with a similar specificity (mAb
35) binds to AChRs in another neuronal system strongly suggest
that mAb 22 is binding to AChRs in the cardiac ganglion.

Antigenic structure of the neuronal AChR

Only 8 of the 60 anti-AChR mAbs tested appear to cross-react
with neuronal AChRSs in the cardiac ganglion. Since 41 of these
mAbs cross-react with AChRs in skeletal muscle, there are sev-
eral epitopes which frog skeletal myofibers, but not frog para-
sympathetic neurons, appear to share with electric organ AChR.
All 8 of the cross-reacting mAbs are specific for the MIR, which
is located on the extracellular surface of the electric organ’s «
subunit (Tzartos and Lindstrom, 1980; Sargent et al., 1984) and
which includes, at least in part, amino acids 67-76 in human
muscle AChR (Barkas et al., 1988; Tzartos et al., 1988) and 68—
76 in Torpedo electric organ AChR (M. Das and J. Lindstrom,
unpublished observations). The MIR in electric organ and skel-
etal muscle is highly conserved across species since a large num-
ber of MIR-specific mAbs react with AChRs from a number of
species, including calf, rat, and frog (Tzartos and Lindstrom,
1980; Tzartos et al., 1981; Sargent et al., 1984). Although there
are homologies within the MIR between nerve and muscle, there
are also differences, since 14 of the 22 anti-MIR mAbs that
cross-react with muscle AChRs do not cross-react with ganglion
AChRs. None of 18 mAbs that recognize intracellular epitopes
and cross-react with AChRs in frog skeletal muscle (Sargent et
al., 1984) bind at synaptic sites in the cardiac ganglion, even
when incubations are performed on tissue permeabilized with
saponin. The differences in cross-reactivity observed with mAbs
recognizing intracellular epitopes probably also reflect genuine
differences between neuronal and muscle AChRs (reviewed by
Lindstrom et al., 1987).

There is a clear antigenic distinction between AChRs in the
cardiac ganglion and AChR-like molecules in the optic tectum
(Table 1). The MIR of the tectal AChR-like molecule is very
similar to that of muscle AChR, with the same set of 22 anti-
MIR mAbs cross-reacting with each, and it is quite different
from that of the AChR in cardiac ganglion, where only 8 of
these 22 mAbs are positive. This is in keeping with results from
other laboratories indicating that neuronal AChRs comprise a
family of AChRs rather than a single type (reviewed by Lind-
strom et al., 1987).



Extrasynaptic AChR patches

The existence of a sizable number of extrasynaptic patches of
AChR-like immunoreactivity in normally innervated neurons
is unexpected. Jacob et al. (1984) reported finding AChR-like
immunoreactivity in the form of peroxidase-stained patches on
the nonsynaptic surface of chick ciliary ganglion cells, although
this staining represented “a small fraction of the total (ligand)
binding.” In the cardiac ganglion we find that about 20% of the
patches of AChR-like immunoreactivity are located at extra-
synaptic sites. We have not made a systematic evaluation of the
distribution of extrasynaptic patches; many, however, are lo-
cated in the vicinity of boutons (as in Fig. 6). The existence of
extrasynaptic patches of immunoreactivity cannot be attributed
to synaptic disjunction or rearrangement caused by protease
treatment since they are observed when the protease treatment
is omitted and when antibody incubations are done on fixed
tissue. These patches likewise cannot be attributed to nonspecific
binding of mAb since this represents about 1% of the total
binding whereas extrasynaptic patches represent about 20% of
the total binding. We estimate that an average ganglion cell body
might contain perhaps 30—40 patches of immunoreactivity as-
sociated with 12 synaptic boutons (McMahan and Kuffler, 1971)
and about7-10 extrasynaptic patches. If AChRs in extrasynaptic
patches are functional, then they could underlie some of the
extrasynaptic sensitivity to iontophoretically applied ACh ob-
served in several autonomic ganglia (Harris et al., 1971; Roper,
1976; Dennis and Sargent, 1979; Dunn and Marshall, 1985);
some of this sensitivity, though, is undoubtedly the result of
diffusion of ACh to nearby synaptic sites.

Why do the parasympathetic ganglion cells in the frog heart
have extrasynaptic patches of AChR immunoreactivity? In skel-
etal muscle the motor nerve terminal induces the initial for-
mation of AChR clusters and maintains them even as individual
receptor molecules are degraded and replaced (reviewed by
Schuetze and Role, 1987). Since AChR-like clusters are enriched
at sites of nerve contact in the cardiac ganglion and elsewhere
(Harris et al., 1971; Roper, 1976; Marshall, 1981; Jacob et al.,
1984; Loring and Zigmond, 1987), one is led to conclude that
here, as in muscle, the preganglionic axon induces and maintains
AChHR clusters. In skeletal muscle there are no AChR clusters
located away from the site of nerve contact, and it is natural to
wonder why there are in the cardiac ganglion. One appealing
possibility is that these clusters represent the recent past (or
future) distribution of synaptic boutons on the surface of the
cell. Experiments in which the distribution of boutons on the
surface of autonomic neurons is monitored irn vivo suggest that
their physical location on the cell surface can change over the
course of weeks, either because they move or because their
replacements are not constrained to occupy the same site (Purves
et al., 1987). If a bouton were to move, its postsynaptic spe-
cialization might linger for some time, permitting its detection.
The current information about nerve terminals in skeletal mus-
cle suggests that they are more stable physically than terminals
on autonomic neurons (Herrera and Banner, 1987; Lichtman
et al., 1987; Wigston, 1987), and thus one might not expect to
find vacated AChR patches in muscle with any regularity.

The finding that normally innervated parasympathetic neu-
rons in frog have significant numbers of extrasynaptic AChR-
like clusters, which presumably reflect true AChRs, points to
the existence of a fundamental difference in AChR distribution
in muscle and nerve. This difference, and others involving AChR
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density (Loring and Zigmond, 1987) and AChR regulation by
the presynaptic axon (Jacob and Berg, 1987), suggests that the
neuromuscular junction may not generally be a good model for
interneuronal synapses.
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