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An a-neurotoxin, Bgt 3.1, that reversibly blocks the ACh re- 
sponse of chick ciliary ganglion neurons has been used to iden- 
tify 2 classes of high-affinity binding sites on the cells in culture. 
The first class appears to be the a-bungarotoxin binding site on 
the neurons. The second class of Bgt 3.1 sites is distinct from 
the a-bungarotoxin binding sites and has the properties expect- 
ed for the functional nicotinic ACh receptor on the cells. Equi- 
librium binding and kinetic studies indicate a Kd value of 5-6 
nM for Bgt 3.1 at the second class of sites. The kinetics and 
affinity of binding are consistent with those inferred from pre- 
vious physiological studies for Bgt 3.1 inhibition of receptor 
function. Bgt 3.1 binding to the sites is completely inhibited by 
each of the cholinergic ligands ACh, carbachol, nicotine, d-tubo- 
curarine, and trimethaphan, but not by a-bungarotoxin. Highest 
site densities are found in cultures of ciliary and sympathetic 
ganglion neurons, cell types known to have ganglionic nicotinic 
ACh receptors. Low levels of sites may be present in cultures of 
spinal cord and dorsal root ganglion neurons; no binding is found 
in cultures of skeletal myotubes or cardiac cells when a-bun- 
garotoxin is used to block Bgt 3.1 binding to a-bungarotoxin 
sites. These results demonstrate that Bgt 3.1 can be used as a 
specific probe for the nicotinic ACh receptor on chick autonomic 
neurons. 

Neuronal nicotinic acetylcholine receptors (AChRs) mediate the 
primary chemical synaptic transmission through ganglia of the 
autonomic nervous system and play important roles in the CNS 
as well. Though neuronal AChRs are similar in many physio- 
logical respects to the well-characterized nicotinic AChRs of 
vertebrate muscle and electric organ, physical characterization 
of neuronal AChRs has been difficult to interpret because of 
controversy over suitable molecular probes. cY-Bungarotoxin (a- 
Bgt), a protein neurotoxin that has proved valuable in studying 
muscle and electric organ AChRs, has also been suggested as a 
probe for neuronal AChRs. Recently, Lu-Bgt binding components 
have been purified from locust nervous system (Breer et al., 
1985) and from chick (Conti-Tronconi et al., 1985) and rat brain 
(Kemp et al., 1985), and characterized as possible nicotinic 
AChRs. Partial amino acid sequence data from the chick brain 
component indicate sequence homology with the AChR from 
chick muscle. The failure of ol-Bgt in most instances to block 
vertebrate neuronal ACh responses, however, in contrast to its 
efficient blockade of muscle AChR responses, has left questions 
as to the function of the a-Bgt binding component on neurons. 
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Studies on the rat pheochromocytoma cell line PC 12 (Mitsuka 
and Hatanaka, 1983; Patrick and Stallcup, 1977) and on chick 
ciliary ganglion neurons (Jacob and Berg, 1983; Jacob et al., 
1984; Smith et al., 1983) indicate that the membrane component 
responsible for the fast, depolarizing response attributed to ni- 
cotinic AChRs on the cells is clearly distinct from the component 
on the same cells that binds or-Bgt. Moreover, recent studies on 
detergent extracts prepared from chick and rat brain show that 
most, if not all, of the high-affinity binding for cholinergic ag- 
onists occurs with components that can be physically separated 
from those binding a-Bgt (Schneider et al., 1985; Whiting and 
Lindstrom, 1986a, b). These results underscore the value of 
developing new probes that identify functional nicotinic AChRs 
in the vertebrate nervous system and suggest caution in attrib- 
uting, at this time, a specific functional role to the cY-Bgt binding 
component found on neurons. 

Monoclonal antibodies (mAbs) to the “main immunogenic 
region” (MIR) of muscle and electric organ AChR a-subunit 
have been used to identify a membrane component on chick 
ciliary ganglion neurons that is a strong candidate for the func- 
tional, synaptic AChR on the cells. The component is concen- 
trated in synaptic membrane (Jacob et al., 1984), has biochem- 
ical properties expected for an AChR (Smith et al., 1985), can 
be modulated by exposure of the cells to choline@ ligands 
(Smith et al., 1986), and is clearly distinct from the cu-Bgt binding 
component on the cells, which appears to be confined to extra- 
synaptic regions (Jacob and Berg, 1983; Jacob et al., 1984; Smith 
et al., 1983, 1985). The same anti-MIR mAbs have been used 
to purify a component from chick brain that binds nicotine but 
not ol-Bgt (Whiting and Lindstrom, 1986a, b). Antisera to the 
brain component specifically block the nicotinic ACh response 
of chick ciliary ganglion neurons in cell culture (Stollberg et al., 
1986). Taken together, these findings strongly suggest that the 
brain and ganglionic components recognized by the anti-MIR 
mAbs are functional neuronal nicotinic AChRs. Two concerns 
remain. First, the cross-reacting mAbs currently available do 
not alter receptor function either for neuronal AChR or muscle 
AChR, preventing a definitive and direct confirmation of re- 
ceptor identity on neurons using the mAbs alone. Second, though 
in most instances comodulation is seen for the number of pu- 
tative AChRs recognized by the mAbs and the relative levels 
of ACh response associated with the neurons as predicted, in at 
least one instance a significant unexplained discrepancy re- 
mains: One growth condition in culture produces a 3- to 4-fold 
change in the levels of ACh sensitivity that develop without 
producing a corresponding change in the levels of surface com- 
ponent detected by anti-MIR mAbs (Margiotta et al., 1985, and 
unpublished observations; Smith et al., 1986). 

An alternative approach to identifying neuronal AChRs is to 
utilize agents known to block receptor function. Bgt 3.1 is an 
a-neurotoxin present as a minor component in the venom of 
Bungarus multicinctus. The toxin can be separated from cu-Bgt, 
a major component in the same venom, and, unlike cy-Bgt, Bgt 
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3.1 specifically and reversibly blocks the ACh response of chick 
ciliary ganglion neurons in cell culture (Ravdin and Berg, 1979). 
Indirect studies have suggested that ciliary ganglion neurons 
have at least 2 classes of Bgt 3.1 binding sites, one being the 
cr-Bgt sites on the cells and the other being the functional ni- 
cotinic AChRs (Ravdin et al., 198 1). Electrophoretic and amino 
acid sequence analyses (Loring et al., 1986) indicate that Bgt 
3.1 is indistinguishable from K-bungarotoxin (Chiappinelli, 1983) 
and toxin F (Loring et al., 1984) all derived from the same 
venom. The toxin has a molecular weight of 7300 and is com- 
posed of 66 amino acids (Loring et al., 1986). Binding studies 
with iodinated derivatives of toxin F and K-bungarotoxin have 
found that only a portion of the specific binding in chick ciliary 
ganglia can be blocked by a-Bgt, again suggesting 2 classes of 
sites (Chiappinelli, 1983; Loring et al., 1984). We have exam- 
ined the binding of lZ51-Bgt 3.1 to chick ciliary ganglion neurons 
in dissociated cell culture and have identified a class of binding 
sites that exhibits the kinetic and pharmacological properties 
predicted for the nicotinic AChR on the neurons. 

Materials and Methods 

Cell cultures 
Dissociated ciliary ganglion neuron cultures were prepared from 8 d 
chick embryos and grown at 37°C in an atmosphere of 5% CO,/95% 
air on a substratum of collagen and lysed fibroblasts as previously de- 
scribed (Nishi and Berg, 198 1). Cultures contained about 1.4 x lo4 
neurons in 16 mm wells and were grown in a culture medium consisting 
of Eagle’s minimal essential medium containing 10% (vol/vol) heat- 
inactivated horse serum, 50 units/ml penicillin, 50 pg/ml streptomycin, 
and 3% (vol/vol) embryonic eye extract (Nishi and Berg, 198 1). Culture 
medium was replaced at 2-3 d intervals, and cultures were taken for 
experiments at 7 d. 

Dissociated dorsal root ganglion (DRG) cell cultures were prepared 
from 9-10 d chick embryos by the same procedure as described for 
ciliary ganglion cultures except that cells were plated at an initial neuron 
density of 2-3 x lOV16 mm well and the medium was supplemented 
with 0.4 &ml 7S NGF. Dissociated sympathetic neuron cultures were 
prepared from 9 d embryonic chick sympathetic chain ganglia and main- 
tained as described for DRG cell cultures except that initial plating 
densities were 0.5-l x 1 O5 neurons/l 6 mm well. Cultures of dissociated 
spinal cord cells were prepared from 7 d embryonic chick, maintained 
in medium supplemented with embryo extract instead of embryonic 
eye extract, and treated with cytosine arabinoside as previously de- 
scribed (Berg, 1978), using initial cell densities of l-2.5 x lo5 neurons/ 
16 mm well. 

Skeletal muscle myotube cultures were prepared from 11 d embryonic 
pectoral muscle as previously described (Nishi and Berg, 1977) on the 
same substratum as ciliary ganglion cultures. Cells were plated at an 
initial density of 1 OS-1 O6 cells/ 16 mm well, exposed to 1O-5 M cytosine 
arabinoside for a 36-48 hr period on the second and third days of 
incubation, and taken for experiments on day 7. 

Cardiac muscle cultures were prepared as previously described (Na- 
thanson, 1983) from 8 d embryonic chick heart and plated at a density 
of l-2 x lo5 cells/l6 mm well on the substratum described for ciliary 
ganglion cultures. Cardiac cultures received medium of the same com- 
position as that described for skeletal muscle cultures and were taken 
for experiments when the cells reached confluency at 3 d. 

Protein neurotoxins 
The a-neurotoxins Bgt 3.1 and Lu-Bgt were purified from Bungants mul- 
ticinctus venom as previously described (Ravdin et al., 198 1). Iodina- 
tion of Bgt 3.1 was carried out using a modified Chloramine T method 
as previously described (Lindstrom et al., 198 l), yielding initial specific 
activities of 0.5-l. 1 x lo’* cpm/mol and, on average, 0.2 mol iodine/ 
mol toxin. 

Binding assays 
Toxin binding to intact cells in culture was carried out by first replacing 
the culture medium with 0.2 ml 37°C medium of the composition used 
for ciliary ganglion neuron cultures but containing 10m6 M Lu-Bgt unless 
otherwise indicated. After returning the cells to the culture incubator 

for 15-20 min, the binding reaction was initiated by adding 0.025 ml 
of ‘251-Bgt 3.1 from a stock solution. The incubation was continued for 
an additional 45-60 min (unless otherwise stated) and then terminated 
by aspirating the toxin-containing medium and rinsing the cultures 
rapidly 4 times with 1 ml aliquots of warm rinse buffer consisting of 
137 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO,, 0.9 mM Na,PO,, 0.4 mM 
K,PO,, 1.8 mM CaCl,, 2 mg/ml BSA, 5.6 mM glucose, and 5 mM HEPES, 
pH 7.4. The total rinse time was confined to a 10 set period unless 
otherwise indicated. The cultures were then scraped in 0.5 ml of 0.6 N 
NaOH and analyzed for bound radioactivity with a Tracer analytic 
model 119 1 gamma counter at a counting efficiency of 75%. Data rep- 
resent the mean +SE for triplicate cultures unless otherwise indicated. 
Specific 125I-Bgt 3.1 binding was determined as the amount of binding 
inhibited by an excess of unlabeled Bgt 3.1 (usually 1 PM). 

Rapid release of lZ51-Bgt 3.1 bound to the surface of ciliary ganglion 
neurons was achieved by using a mild acid rinse procedure previously 
described that releases a-variety of protein ligands from their receptors 
(Ascoli, 1982; Mahan et al., 1985). Ciliary ganglion cultures were labeled 
with lZ51-Bgt 3.1 as indicated, rinsed and after 2 hr at 37°C cooled on 
ice, and then incubated for 15 min on ice in 0.1 M glycine, pH 2.5, 
containing 50 mM NaCl and 2 mg/ml BSA. The cultures were then 
washed with rinse buffer and assayed for bound radioactivity. 

Lactic acid dehydrogenase assay 
Lactic acid dehydrogenase (LDH), a relatively ubiquitous cytoplasmic 
enzyme, was assayed as a means of comparing relative amounts of 
cytoplasmic volume among cultures as previously described (Nishi and 
Berg, 1981). LDH activity was determined by taking aliquots from 
triplicate cultures grown in parallel with those used for binding studies. 
Cultures were solubilized with 0.1 ml of Triton X- 100 buffer consisting 
of 200 mM NaCl, 50 mM NaPO,, 5 mg/ml BSA, and 0.5% Triton X- 
100, pH 7.5, and were centrifuged to remove particulate debris. LDH 
activity was measured spectrophotometrically by following the conver- 
sion of NADH to NAD in the presence of pyruvate and cell culture 
extract at room temperature. One unit of LDH activity is defined as a 
decrease of 1 OD unit/min in the absorption of light at 340 nm using 
a pathlength of 1 cm. 

Materials 
White Leghorn chick embryos were obtained locally and maintained at 
39°C in a humidified incubator. Tissue extracts and culture media were 
prepared as previously described (Nishi and Berg, 198 1). Na lzsI was 
obtained from Amersham, Bungarus multicinctus venom from Miami 
Serpentarium, culture media components from Grand Island Biological 
Co., and 7S NGF from Sigma (8384). Other chemicals were obtained 
as previously described (Smith et al., 1986). 

Results 

Classes of Bgt 3.1 binding sites 
Previous physiological evidence suggested that Bgt 3.1 interacts 
with at least 2 distinct classes of sites on chick ciliary ganglion 
neurons, one being a class of sites that inhibits a-Bgt binding 
and the other being a class of sites that blocks ACh receptor 
function (Ravdin et al., 1981). To test this directly, cultures of 
ciliary ganglion neurons were incubated with lZ51-Bgt 3.1 in the 
presence of a range of cu-Bgt concentrations and examined for 
binding of radioactivity. cy-Bgt at lo-’ M inhibited half of the 
total binding observed with lZ51-Bgt 3.1, and no further inhi- 
bition was obtained with a-Bgt concentrations as high as 3 x 
1 Om6 M (Fig. 1). Addition of unlabeled Bgt 3.1 at 1 O-6 M in the 
presence of 1O-6 M cu-Bgt inhibited an additional 25% of the 
total binding, or 50% of the remaining binding (Fig. 1). Thus, 
three fourths of the total binding under these conditions rep- 
resented specific, saturable lz51-Bgt 3.1 binding in the cultures, 
and of this, two thirds was associated with the a-Bgt site since 
it could be blocked by ol-Bgt. One third of the specific lz51-Bgt 
3.1 binding involved a separate class of sites since it was not 
blocked by cY-Bgt. In all subsequent experiments, 1O-6 M cu-Bgt 
was routinely included in the binding reaction to block lz51-Bgt 
3.1 binding to the high-affinity cr-Bgt sites. This strategy facil- 
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Figure 1. Partial blockade of Bgt 3.1 binding by a-Bgt. Binding of lz51- 
Bgt 3.1 was determined for cultures of ciliary ganglion neurons in the 
presence of the indicated concentrations of cy-Bgt (filled circles) and is 
expressed as a percentage of total binding in the absence of cu-Bgt. 
Unlabeled Bgt 3.1 at 1O-6 M was included with the cY-Bgt in one set of 
cultures (open box). The unlabeled toxin(s) was present both during an 
initial 15 min preincubation period and during the subsequent 1 hr 
labeling with 1O-8 M lz51-Bgt 3.1. Total binding (100%) was 6.2 + 0.2 
fmol/culture. Similar results were obtained in 2 other experiments. 

itated characterization of the Bgt 3.1 -unique sites described be- 
low. 

Bgt 3. I -unique sites 
Specific binding of lZ51-Bgt 3.1 in the presence of ar-Bgt reached 
equilibrium within 45 min (Fig. 2A). Kinetic analysis of the 
data, assuming a reversible second-order reaction (Fields et al., 
1978) indicated that the rate of binding was well described by 
a single rate constant of 9.3 x lo6 M-I min-I. The amount of 
binding was proportional to the number of neurons present over 
the range of O-2 dissociated ganglia per culture; at higher den- 
sities, the binding did not always increase proportionately (Fig. 
2B). Near-saturation of the Bgt 3.1 -unique sites, i.e., toxin sites 
not recognized by a-Bgt, occurred under standard conditions (1 
hr at 37°C) with 10 nM lz51-Bgt 3.1 (Fig. 3). Scatchard analyses 
of the data from 3 such experiments indicated a mean equilib- 
rium dissociation constant (Kd) of 5.3 f 0.3 x 1O-9 M and an 
average maximum binding (B,,,) of 2.9 f 0.3 fmol/culture for 
cultures prepared with 2 dissociated ganglia per culture well. An 
example is shown in the inset of Figure 3. Only a single class 
of high-affinity Bgt 3.1 -unique sites was observed. 

The Kd for L251-Bgt 3.1 binding determined here agrees well 
with the concentrations of Bgt 3.1 needed for physiological 
blockade of the ACh response: 1O-8 M Bgt 3.1 blocks 90% of 
the response, while lo-’ M blocks 99% (Ravdin and Berg, 1979). 
Similarly, the time course of receptor blockade by Bgt 3.1, i.e., 
within 60 min at 37°C (Ravdin and Berg, 1979), is consistent 
with the rate of L251-Bgt 3.1 binding shown here (Fig. 2A). To 
extend this correlation, we also examined the rate of lZ51-Bgt 3.1 
dissociation. Previous physiological studies indicated that at 
least two thirds of Bgt 3. l-induced receptor blockade can be 
reversed by l-2 hr of rinsing at 37°C (Ravdin and Berg, 1979). 
When cultures were labeled with 1251-Bgt 3.1 in the presence of 
1O-6 M cu-Bgt for 1 hr and rinsed, the majority of binding to Bgt 
3. l-unique sites was reversed within a 2 hr period (Fig. 4), as 
predicted by the physiological studies. The dissociation was 
complex, however, and was better described by biphasic rather 
than monophasic kinetics. Kinetic analysis indicated that 46% 
of the lZ51-Bgt 3.1 binding dissociated with a rate constant of 
5.2 x lo-* min-l (fast), while the remainder dissociated with a 
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Figure 2. Time dependence and proportionality to number of neurons 
for Bgt 3.1 binding. Specific binding of lZ51-Bgt 3.1 was determined in 
cultures of ciliary ganglion neurons under standard conditions, i.e., 1 O-8 
M lZ51-Bgt 3.1 for 1 hr at 37°C in the presence of 1O-6 M or-Bgt with 
cultures containing 2 dissociated ganglia (ca. 7 x 1 O3 neurons/ganglion) 
per culture, except for the indicated variations. A, Time of 1251-Bgt 3.1 
binding was varied as indicated. B, Number of dissociated ganglia used 
to prepare the cultures was varied as indicated. Similar results were 
obtained in 2 other experiments. 
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Figure 3. Concentration dependence of Bgt 3.1 binding. Cultures of 
ciliary ganglion neurons were incubated for 1 hr with the indicated 
concentrations of lz51-Bgt 3.1 in the presence of 1O-6 M Lu-Bgt and ana- 
lyzed for specific binding of Bgt 3.1. Scatchard analysis of the data (inset) 
indicated a Kd of 5.2 x 1O-9 M and a B,,, of 3.5 fmoYculture for this 
experiment. Similar results were obtained in 2 other experiments. 
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Figure 4. Rate of Bgt 3.1 receptor dissociation. Ciliary ganglion cul- 
tures were labeled with 1 O-8 M lZ51-Bgt 3.1 for 1 hr at 37°C in the presence 
of 1O-6 M cY-Bgt, rinsed rapidly 3 times, incubated in medium at 37°C 
for the indicated time, rinsed a final time, and analyzed for specific lZ51- 
Bgt 3.1 binding. Results are expressed on a log scale as a percentage of 
the specific binding observed after 4 rapid washes at zero time; the 100% 
value represents 1.7 fmol/culture. The curve was drawn from a least- 
squares regression fit of the data assuming 2 independent rates of dis- 
sociation. F test analysis indicated that the data were fit better to a 
biphasic model than to a monophasic model @ < 0.05). Similar results 
were obtained in a second experiment. 

rate constant of 2.3 x 10m3 min-L (slow). The fast dissociation 
rate constant, together with the association rate constant, yield 
a value for the K., of 5.6 x 1O-9 M, which is in close agreement 
with the value calculated above from equilibrium binding data. 

In principle, a multiphasic dissocation curve could arise from 
any of several causes, including heterogeneity of binding sites, 
Bgt 3.1 -mediated induction of a slowly dissociating toxin-re- 
ceptor complex in the plasma membrane, and internalization 
of bound lZ51-Bgt 3.1 by the cells. To detect possible heteroge- 
neity of binding sites, the proportion of bound lZ51-Bgt 3.1 that 
slowly dissociates was compared for cultures labeled to different 
extents. Varying the concentration of lZ51-Bgt 3.1 from 1 to 10 
nM in the initial 45 min incubation resulted in a nearly 4-fold 
difference in the levels of specific binding achieved at equilib- 
rium but produced no differences in the subsequent dissociation 
profiles (data not shown). 

a-Bgt bound to AChR of muscle and electric organ has been 
shown to induce a slowly dissociating form of the toxin-receptor 
complex (Hess et al., 1975). To determine whether Bgt 3.1 in- 
duces conversion of the toxin-receptor complex on ciliary gan- 
glion neurons from a fast-dissociating form to a slowly disso- 
ciating one, cultures were labeled with lZ51-Bgt 3.1 to equivalent 
extents but for different lengths of time and were then examined 
for the proportion of bound lZSI-Bgt 3.1 that dissociated slowly 
from the cells. lZ51-Bgt 3.1 at 30 nM was used for the labeling 
reaction so that complete binding was achieved during the short 
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Figure 5. Effect of incubation time on dissociation kinetics. Ciliary 
ganglion neurons were labeled with 3 x 1 O-@ M 1251-Bgt 3.1 in the pres- 
ence of 1O-6 M cu-Bgt either for 10 min (open circles) or for 2 hr (closed 
circles), and then rinsed and examined for dissociation of specifically 
bound Y-Bgt 3.1 as described in Figure 4. The 100% control value 
obtained following a 1 min rinse at zero time was 1.3 fmol/culture for 
both conditions. The high lz51-Bgt 3.1 concentration necessitated the 1 
min rinse to reduce nonspecific binding adequately for the “zero time” 
determinations. The curves represent least-squares regression fits of the 
data, assuming biphasic dissociation kinetics, as described in Figure 4. 
Similar results were obtained in a second experiment. 

period (10 min) as well as the long period (120 min). The fact 
that nearly equivalent amounts of total specific binding were 
observed for the 2 labeling periods in sister cultures after a 1 
min rinse indicates that the concentration was adequate. With 
the 10 min labeling, only 27% of the specific binding remained 
following a 2 hr rinse. With the 120 min labeling, 4 1% of the 
toxin remained bound after a 2 hr rinse (Fig. 5). The biphasic 
dissociation rate constants calculated for the different labeling 
times were nearly identical, but the proportion of slowly dis- 
sociating component increased from 33% after a 10 min incu- 
bation with lZ51-Bgt 3.1 to 53% after a 120 min incubation (Table 
1). Thus, Bgt 3.1 binding undergoes a time-dependent conver- 
sion to yield a form that has slow dissociation kinetics. Only a 
portion of the Bgt 3.1 binding appears to be converted to the 
slowly dissociating form under the conditions examined, how- 
ever, since no increase in the proportion of slowly dissociating 
component was observed when the time of binding was in- 
creased from 60 to 120 min (Table 1). It is unlikely that this 
represents an equilibrium distribution of fast and slow com- 
ponents since most of the slow component forms within 10 min, 
but the half-time for dissociation of the slow component is about 
5 hr (Fig. 5, Table 1). 

The possibility that the slowly dissociating form of bound 
lz51-Bgt 3.1 might represent toxin internalized by the cells was 
considered because previous studies demonstrated that one con- 
sequence of Bgt 3.1 interacting with cr-Bgt sites on the neurons 

Table 1. Dissociation rate constants for the Bgt 3.1 receptor complex 

125I-Bgt 3.1 
concentration Incubation time k, 
G-M (min) (min-I) 

Slow component 
(% of total) 

30 10 0.06 0.002 33 
10 60 0.05 0.002 54 
30 120 0.05 0.002 53 

Ciliary ganglion cultures were incubated in the indicated concentration of lz51-Bgt 3.1 with 10m6 a-B@ at 37°C for the 
indicated time, rinsed, and examined for dissociation of specifically bound ‘25I-Bgt 3.1. The dissociation rate constants 
for the fast (!+) and slow (kJ components and the proportion of slow component at zero time were estimated as described 
in Figures 4 and 5. Data are compiled from 2 separate experiments for each incubation time. 
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Table 2. Effects of DNP and acid rinse on Bgt 3.1 binding 

Experi- 
ment Treatment 

Y-Bgt 3.1 bound 
fmolkulture % 

A Control 
2 hr rinse 
DNP 
DNP + 2 hr rinse 

B Control 
2 hr rinse 
2 hr rinse/acid 
DNP + 2 hr rinse 
DNP + 2 hr rinse/acid 

1.39 + 0.15 100 
0.62 + 0.01 45 
1.28 + 0.25 92 
0.51 + 0.05 31 
1.58 + 0.25 100 
0.73 f 0.05 46 
0.31 + 0.04 20 
0.79 + 0.03 50 
0.37 + 0.06 23 

In experiment A, ciliary ganglion cultures were labeled for 1 hr at 37°C with lo-* 
M ‘*T-Bgt 3.1 in the presence of 1O-6 M a-Bgt and then rinsed for 10 set (control) 
or for 2 hr (2 hr rinse) at 37°C and examined for specific binding of lz51-Bgt 3.1 
as described in Materials and Methods. DNP at 1 rnM was present as indicated, 
starting 30 min prior to labeling and continuing through either the 10 set (DNP) 
or 2 hr (DNP + 2 hr rinse) rinse. In experiment B, cultures were treated as described 
in A except that after rinsing, all cultures except controls were incubated 15 min 
on ice in rinse buffer (2 hr rinse, and DNP + 2 hr rinse) or in mild acid rinse (2 
hr rinse/acid, DNP + 2 hr rinse/acid) before determining specifically bound T- 
Bgt 3.1. A repetition of experiment A and 2 repetitions of experiment B yielded 
similar results. 

at 37°C is the internalization of a-Bgt bound at subsaturating 
levels to the cells (Ravdin et al., 1981). No evidence was avail- 
able on possible internalization at the Bgt 3.1 -unique sites from 
this earlier study. Two approaches were taken here. In the first, 
2,4-dinitrophenol (DNP) was used as an energy blocker to de- 
crease ATP synthesis and thereby inhibit energy-requiring pro- 
cesses such as receptor-mediated endocytosis (Haigler et al., 
1980). DNP was found to have no effect on the total amount 
of specific lZSI-Bgt 3.1 binding and no effect on the proportion 
retained by the cells after 2 hr of rinsing (Table 2). The second 
approach took advantage of the finding that mild acid rinsing 
releases surface-bound protein ligands, leaving only internalized 
ligand associated witn the cells (Ascoli, 1982; Mahan et al., 
1985). Mild acid treatment of labeled cultures after 2 hr of 
normal rinsing removed 58% of the lZSI-Bgt 3.1 associated with 
the cells. The fraction remained unchanged for cells labeled and 
rinsed in the presence of DNP (Table 2). These results argue 
against internalization being the major contributor to the amount 
of slowly dissociating component formed. 

Pharmacology of binding 
The pharmacology of the Bgt 3. l-unique sites displayed a pat- 
tern expected for nicotinic AChRs of ciliary ganglion neurons. 
Competition binding studies were carried out between W-Bgt 
3.1 and various cholinergic agonists and antagonists over a range 
of concentrations. ar-Bgt at 10m6 M was included to prevent lZ51- 
Bgt 3.1 binding to cu-Bgt sites. All of the specific lZ51-Bgt 3.1 
binding defined by inhibition with an excess of unlabeled Bgt 
3.1 under these conditions was also blocked by carbachol and 
by d-tubocurarine (Fig. 6). The apparent inhibition constants 
(K,s) for a variety of cholinergic ligands were calculated from 
experiments as shown in Figure 6, and the values are listed in 
Table 3. Cholinergic agonists and antagonists both appeared to 
interact with a single class of Bgt 3.1 binding sites under equi- 
librium conditions since the Hill coefficients were all near unity 
(Table 3). 

Tissue distribution of binding 
lZ51-Bgf 3.1-unique sites were found on cell types expected to 
have neuronal nicotinic AChRs. High levels of binding were 
observed in cultures of ciliary ganglion neurons and sympathetic 
neurons from chick (Fig. 7). Very little if any specific binding 
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Figure 6. Inhibition of Bgt 3.1 binding by nicotinic cholinergic ligands. 
Binding of lo-* M lz51-Bgt 3.1 in ciliary ganglion cultures was carried 
out at 37°C in the presence of 1O-6 M cY-Bgt and the indicated concen- 
trations of unlabeled Bgt 3.1 (filled circles), d-tubocurarine (open circles), 
or carbachol (filled squares). Results are expressed as a percentage of 
the maximum inhibition of Y-Bgt 3.1 binding caused by 1O-6 M Bgt 
3.1, defined as specific binding (see Materials and Methods). Values 
represent the mean k SE of determinations from 3 experiments each 
in the case of Bgt 3.1 and carbachol, and 5 experiments in the case of 
d-tubocurarine. 

was found in cultures of skeletal myotubes or heart cells. Low 
levels were found in cultures of spinal cord cells and DRG 
neurons. In all cases, 1O-6 M a-Bgt was present throughout the 
incubation to block binding of 1251-Bgt 3.1 to possible a-Bgt sites 
in the cultures, such as those associated with nicotinic AChRs 
on skeletal myotubes. 

Discussion 
The present findings demonstrate that lz51-Bgt 3.1 recognizes 2 
classes of binding sites on chick ciliary ganglion neurons in cell 
culture. The first class of sites appears to represent the high- 
affinity oc-Bgt sites previously described on the cells (Ravdin and 
Berg, 1979; Ravdin et al., 1981) since a-Bgt blocks lZ51-Bgt 3.1 
binding in this case. The results corroborate earlier competition 

Table 3. Binding parameters for cholinergic ligands at the Bgt 3.1 
site 

Agent 
Apparent K, 
hM) 

Hill coefficient 
(tld 

Agonists 
Carbachol 
Nicotine 
ACh 

Antagonists 
d-Tubocurarine 
Trimethaphan 
Bgt 3.1 

6.5 + 0.5 0.9 + 0.2 
3.1 k 0.8 1.0 + 0.2 

0.25 k 0.9 0.9 ? 0.1 

8.3 k 3.2 0.9 + 0.1 
9.3 k 3.9 0.9 + 0.1 

0.003 * 0.001 1.0 + 0.1 

Apparent inhibitory binding constants (K,s) were calculated as described by Cheng 
and Prusoff (1973) for a series of choline@ ligands using data from competition 
binding studies with i*5I-Bgt 3.1 as described in Figure 6. In the case of ACh, 10m5 
M neostigmine was included in the binding reactions to prevent hydrolysis of the 
agonist. Hill coefficients (nJ were determined by transforming the data to Hill 
plots. Values represent the mean f SE of 5 separa~ experiments for d-tubocurarine, 
and 3 for each of the others. 
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Figure 7. Cell types and Bgt 3.1 binding. The specific binding of 1 Om8 
M lz51-Bgt 3.1 in the presence of 10m6 M ol-Bgt was determined for a 1 
hr incubation at 37°C for each of the indicated types of cell cultures. 
Results are expressed as fmol bound lz51-Bgt 3.1 per unit of LDH activity 
measured in sister cultures. Values represent the mean k SE of 8 de- 
terminations with triplicate cultures for ciliary ganglion (CG) cultures, 
5 for spinal cord (SC) cultures, 4 each for dorsal root ganglion (DRG), 
heart (H), and sympathetic ganglion (SG) cultures, and 3 for skeletal 
muscle (M) cultures. Data were compiled from 8 separate culture plat- 
ings for ciliary ganglion cultures, 3 for spinal cord cultures, and 2 in all 
other cases. 

studies with unlabeled Bgt 3.1 and 1Z51-a-Bgt that led to the same 
conclusion (Ravdin et al., 198 1). 

The second class of lZ51-Bgt 3.1 binding sites on the neurons 
has the properties expected for the functional nicotinic AChR 
on the cells. The K,, for lZ51-Bgt 3.1 binding and the rates of 
association and dissociation of the labeled toxin from the cells 
are all consistent with the Bgt 3.1 conditions previously reported 
to block the ACh response of the neurons in culture (Ravdin 
and Berg, 1979). Moreover, lZ51-Bgt 3.1 binding to this second 
class of sites is not inhibited by Lu-Bgt and yet is inhibited both 
by cholinergic agonists and antagonists. The K, for d-tubocu- 
rarine at the site is consistent with d-tubocurarine concentra- 
tions previously reported to block the ACh sensitivity of the 
neurons (Margiotta and Berg, 1982; Ravdin and Berg, 1979) 
and to block the ACh-induced 13Ce+ flux of the cells in culture 
(Messing et al., 1984). The K, values for ACh and carbachol 
indicate binding affinities that are lo*-lo3 times greater than 
the values estimated from physiological dose-response curves 
for agonist activation of the AChRs on the neurons in culture 
(Messing et al., 1984; Ogden et al., 1984; Smith et al., 1983). 
This may reflect an agonist-induced desensitization of the neu- 
ronal AChR analogous to that found with Torpedo electric organ 
AChR, where a 300-fold increase in agonist affinity can be ob- 
served as a result of desensitization (Weiland and Taylor, 1979). 
Studies on membrane fragments and detergent extracts from 
avian and mammalian brain have produced a range of values 
for the binding affinities of cholinergic ligands (Marks and Col- 
lins, 1982; Roman0 and Goldstein, 1980; Schneideret al., 1985; 
Whiting and Lindstrom, 1986b). The reported antagonist affin- 
ities are generally similar to those described here, but the agonist 
affinities vary up to a 100 times greater than those obtained 
here. The differences may be due to the preparations used (whole 
cells versus membrane fragments and solubilized receptor) or 
the receptor sources (brain versus autonomic AChRs). 

The distribution of cell types having the second type of lZ51- 
Bgt 3.1 binding sites, i.e., toxin sites not recognized by cu-Bgt, 
is again consistent with the sites representing neuronal nicotinic 

AChRs. Highest levels of binding were found with ciliary gan- 
glion and sympathetic neurons, while little occurred with skel- 
etal myotubes or heart cells. rz51-Bgt 3.1 did bind to skeletal 
myotubes in culture, but the binding was completely blocked 
by ol-Bgt, indicating that it represented binding to the muscle 
AChR (S. Halvorsen and D. Berg, unpublished results). The low 
levels of binding observed with spinal cord and DRG neurons 
in culture are interesting and deserve additional study. DRG 
neurons derive developmentally from neural crest cells, as do 
ciliary ganglion neurons and sympathetic neurons. Precedence 
exists for sensory neurons expressing functional AChRs under 
certain conditions (Baccaglini and Cooper, 1982; Morita and 
Katayama, 1984). 

The equilibrium binding studies with lZ51-Bgt 3.1 and the 
competition binding studies with cholinergic ligands all indicate 
that the high-affinity 1251-Bgt 3.1 sites that are resistant to a-Bgt 
on ciliary ganglion neurons behave as a homogeneous popula- 
tion of sites. Also, the association kinetics for lZ51-Bgt 3.1 bind- 
ing are monophasic, as expected for a single class of sites. The 
dissociation kinetics, however, are multiphasic and reveal a 
time-dependent appearance of a slow component. The slow 
component is most likely a conversion product of the fast com- 
ponent. This conclusion follows from the observation that in- 
creasing the time of binding with 30 nM 1251-Bgt 3.1 from 10 to 
120 min produced no increase in the total amount of specific 
binding but did produce an increase in the proportion of bound 
lZ51-Bgt 3.1 in the slowly dissociating form. Taken together, the 
equilibrium and kinetic data support a sequential model for Bgt 
3.1 binding in which initially the toxin-receptor complex dis- 
sociates rapidly but is then converted over time to a state that 
dissociates slowly. Time-dependent multiphasic dissociation ki- 
netics have also been observed for other ligand-receptor inter- 
actions, including the a-Bgt-AChR complex from electric organ 
(Hess et al., 1975), the quinuclidinyl benzilate+muscarinic AChR 
complex in chick heart (Galper et al., 1977) and the thyrotropin- 
releasing hormone-receptor complex in rat brain (Johnson et 
al., 1984). 

A simple reversible equilibrium for interconversion of fast 
and slow states, however, is inadequate to describe fully the Bgt 
3.1 interactions with AChRs on ciliary ganglion neurons, since 
only about half of the toxin-receptor complex appears to undergo 
conversion to a slowly dissociating form under the conditions 
examined. These proportions would predict an equilibrium con- 
stant of approximately 1 for the conversion, but the apparent 
rates of appearance and disappearance of the slow form are 
incompatible with this. Accordingly, the results imply that either 
an inherent difference exists in the 2 types of binding initially 
(perhaps analogous to the 2 nonequivalent toxin-binding sites 
on muscle AChRs) or that a limitation is imposed on the con- 
version by some cellular function. Bgt 3.1 has previously been 
shown over the short term to induce the loss of about half of 
the binding sites on the neurons for anti-MIR mAbs (Smith et 
al., 1986). Since the MIR is thought to be associated with AChRs 
on the neurons (see below), this raises interesting questions about 
the relationship of the slow and fast components of Bgt 3.1 
binding to the altered MIR sites. Internalization or sequestration 
of the bound lZ51-Bgt 3.1 inside the cell seems unlikely to account 
for at least the bulk of the slowly dissociating component since 
formation of the component was not inhibited by treating the 
neurons with an energy blocker, and mild acid rinsing was able 
to remove rapidly the majority of bound radioactivity com- 
prising the slow component. Binding studies with membrane 
fragments or solubilized receptor may help elucidate the mech- 
anism by which the slow component is formed. 

Previous studies have identified a class of a-neurotoxin sites 
in intact chick ciliary ganglia that is distinct from cl-Bgt sites in 
the tissue (Chiappinelli, 1983; Loring et al., 1984). The cr-neuro- 
toxins used in those cases, i.e., K-bungarotoxin (Chiappinelli, 
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1983) and toxin F (Loring et al., 1984), have since been shown 
by electrophoretic and amino acid sequence analyses to be in- 
distinguishable from Bgt 3.1 (Loring et al., 1986). Kd and B,, 
values were not given for the ganglionic sites, but the concen- 
trations of toxin used and the amounts of binding observed were 
comparable to those reported here. Preliminary pharmacolog- 
ical characterization of the sites, however, indicated that while 
bromoacetylcholine did block K-bungarotoxin binding, d-tubo- 
curarine was “not very effective at blocking” the binding (Chiap- 
pinelli, 1983). Both d-tubocurarine and carbachol were reported 
to have no effect on toxin F binding to what was presumably 
the same class of sites (Loring et al., 1984). The failure of com- 
mon nicotinic ligands to block ganglionic binding is surprising 
in view of the present findings in cell culture and may reflect 
the difficulties of doing competitive binding studies on intact 
ganglionic tissue. 

mAbs to the MIR of muscle and electric organ AChR a-sub- 
unit have previously been used to identify a putative nicotinic 
AChR on chick ciliary ganglion neurons. The binding compo- 
nent has a predominantly synaptic location (Jacob et al., 1984) 
and has many of the biochemical and regulatory properties ex- 
pected for the receptor (Smith et al., 1985, 1986). Bgt 3.1 can 
modulate the number of MIR-like sites on the neurons in culture 
(Smith et al., 1986). A preliminary report suggests that Bgt 3.1 
sites in the ganglion (not blocked by a-Bgt) have the same surface 
distribution (Loring and Zigmond, 1985) as previously reported 
for anti-MIR mAb sites (Jacob et al., 1984). Bgt 3.1 as a probe 
for the neuronal AChR has the power of directly associating 
AChR function with the binding component as well as permit- 
ting a pharmacological characterization of the binding site. A 
demonstration that Bgt 3.1 and anti-MIR mAbs bind to the 
same membrane component would corroborate previous evi- 
dence that the MIR-like antigen is part of the neuronal nicotinic 
AChR and would encourage use of both Bgt 3.1 and anti-MIR 
mAbs as neuronal AChR probes. 

The number of AChRs identified on ciliary ganglion neurons 
in culture using lz51-Bgt 3.1 is comparable to the number of anti- 
MIR mAb binding sites reported previously for the cells (Smith 
et al., 1986), but the exact stoichiometry of binding and whether 
the probes bind to the same membrane component have yet to 
be determined. Interestingly, in the one case where the number 
of anti-MIR binding sites on the neurons clearly fails to change 
in parallel with developmental changes in the levels of ACh 
response associated with the cells (Margiotta et al., 1985, and 
unpublished results; Smith et al., 1986), the number of AChRs 
as determined by lz51-Bgt 3.1 binding agrees with the number 
of mAb sites rather than the levels of ACh sensitivity (S. Hal- 
vorsen and D. Berg, unpublished observations). This apparent 
discrepancy between the number of total receptors inferred from 
the number of Bgt 3.1 or mAb binding sites versus the relative 
levels of functional receptors inferred from the physiological 
studies is likely to have significance for mechanisms regulating 
AChR function on neurons. 

Bgt 3.1 has a number of interesting properties. It binds to and 
reversibly blocks the function of AChRs on ciliary ganglion 
neurons (Ravdin and Berg, 1979). It can apparently modulate 
the number of AChRs on the cells, as reflected by changes in- 
duced in the number of anti-MIR mAb binding sites (Smith et 
al., 1986). Bgt 3.1 also recognizes the ol-Bgt binding sites on the 
neurons and can induce internalization of cr-Bgt bound to the 
cells when the cu-Bgt is present in subsaturating amounts on the 
sites (Ravdin et al., 198 1). In addition, Bgt 3.1 can bind to the 
nicotinic AChRs of muscle and electric organ (Chiappinelli, 
1983; Loring et al., 1984; S. Halvorsen and D. Berg, unpublished 
results). Some of these unusual properties, e.g., the modulation 
and internalization effects seen with ciliary ganglion neurons, 
may in part depend on the reported ability of Bgt 3.1 to dimerize 
in solution (Chiappinelli and Lee, 1985). The binding studies 

with lZsI-Bgt 3.1 reported here for neurons confirm previous 
physiological studies on the specificity of Bgt 3.1: It appears to 
interact with only 2 major classes of high-affinity binding sites, 
these being the nicotinic AChR and the a-Bgt binding com- 
ponent. As a result Bgt 3.1 is likely to be a useful probe for 
examining AChR regulation on neurons. 
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