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Characterization of Nicotinic Receptors in Chick Retina Using a
Snake Venom Neurotoxin That Blocks Neuronal Nicotinic

Recentor Function
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Nicotinic receptor function has been described in the retinas
of a varuniv of vertebrate species. Neuronal bungarotoxin

(NBT, also known as bungarotoxm 3.1, toxin F, or x-bunga-
rotoxin) blocks nicotinic receptors in several neuronal prep-
arations, while the neuromuscular antagonist a-bungarotox-
in (BGT) fails to block most of these receptors. NBT (100
nm), but not BGT (10 um), substantially blocks nicotinic func-
tion on ganglion cells in intact chick retina. '|-NBT binds to
2 sites in homogenates of chick retina; one site thatis shared
with BGT (K, = 5-7 nm, B, ~ 500 fmol/retina) and one which
is not (K, = 2-3 nm, B, ~ 100 fmol/retina). '*|-NBT binding
to the NBT-specific site (binding in the presence of 1 um
unlabeled BGT) is localized to 2 bands in the inner plexiform
layer, corresponding to regions richly innervated by neurons
containing immunoreactivity for choline acetyltransferase.
Furthermore, this binding is blocked by competitive nicotinic
agonists and antagonists, but nicotine or other nicotinic ag-
onists do not displace '#5I-NBT binding with very high affinity
relative to the displacement of *H-nicotine reported by others
in brain. Thus, of the 2 NBT binding sites, the site not rec-
ognized by BGT most likely represents functional nicotinic
receptors in the chick retina, but these receptors have rel-
atively low affinity for nicotinic agonists, similar to nicotinic
receptors found in autonomic ganglia.

Nicotinic transmission is known to be important in sensory
processing in the retinas of the rabbit (Masland and Ames, 1976;
Ariel and Daw, 1982a, b) and cat (Ikeda and Sheardown, 1982).
In addition, nicotinic function is believed to play an important
physiological role in retinas of other species (reviewed by Neal,
1983; Puro, 1985). Recently, we have demonstrated that iso-
lated ganglion cells from rat retina possess functional nicotinic
receptors (Lipton et al., 1987), suggesting that the nicotinic ef-
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fects of ACh in the retina occur, in part, directly on ganglion
cells. Nicotinically driven ganglion cells are thought to be in-
volved in the detection of stimulus motion (Ariel and Daw,
1982a, b). In addition, nicotinic receptors may mediate trophic
functions affecting process outgrowth in the retina (Lipton et
al., 1988).

Snake venom neurotoxins, such as a-bungarotoxin (BGT),
have proven invaluable in characterizing nicotinic receptors from
muscle. Although BGT has been used as a marker for neuronal
nicotinic receptors (e.g., Vogel and Nirenberg, 1976; Wang and
Schmidt, 1976), in most cases, BGT fails to block nicotinic
receptors on neurons (reviewed by Chiappinelli, 1985). For ex-
ample, we have found that 10 um BGT has no effect on nicotinic
receptor function found on isolated ganglion cells from rat retina
(Lipton et al., 1987).

Experiments by Chiappinelli and Zigmond (1978) were the
first to suggest that Bungarus multicinctus venom contains neu-
rotoxins other than BGT that block neuronal nicotinic receptors.
Ravdin and Berg (1979) subsequently purified such a toxin,
which they referred to as bungarotoxin 3.1. Bungarotoxin 3.1
has an apparent molecular weight on SDS-PAGE of 6.5 kDa
and blocks nicotinic function in cultures of chick ciliary neurons.
Similar neurotoxins, referred to as toxin F (Loring et al., 1984)
and «-bungarotoxin (Chiappinelli, 1983) have also been purified.
Recently, we established by amino acid sequence data and other
biochemical properties that bungarotoxin 3.1, toxin F, and
k-bungarotoxin are, in fact, the same neurotoxin (Loring et al.,
1986). Therefore, the term “neuronal bungarotoxin™ has re-
cently been suggested as a common name to describe this neu-
rotoxin (Lindstrom et al., 1987). In the present study, we have
examined the effect of neuronal bungarotoxin (NBT) on nico-
tinic receptors in the chick retina and have examined the binding
properties of '2I-NBT to this CNS preparation.

Materials and Methods

Electrophysiological measurements. Depolarizations in whole chick re-
tinas due to exogenously applied dimethylphenylpiperazinium (DMPP)
were recorded using a modification of a recording technique developed
for autonomic ganglia (Loring, 1985). Eyecups were prepared from 2—
7-d-old chicks and constantly perfused with Tyrode’s solution (130 mm
NaCl, 3 mM KCl, 20 mm NaHCO,, 17 mm dextrose, bubbled with 95%
0,/5% CO,, 0.01% wt/vol phenol red) containing 10 mm MgCl, and
0.1 mm Ca(l, to inhibit synaptic interactions. The eyecup was supported
in a plastic chamber. A unipolar suction electrode (Ag+/AgCl) was at-
tached to the cut optic nerve through a slit in the perfusion chamber.
Excess medium was removed via vacuum suction. The perfusion rate
was approximately 4 ml/min, and the volume in the eyecup was about
100 pl. Antagonists were perfused into the eyecup, but agonists were
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added as a 50 ul drop directly into the eyecup solution. The DC potential
between the suction electrode on the optic nerve stump and a unipolar
Ag*/AgCl electrode placed within the eyecup solution was amplified
and continually monitored on an oscilloscope. An additional Ag*/AgCl
electrode placed in the eyecup solution and connected to ground served
to reduce electrical noise. Both electrodes placed in the eyecup solution
were enclosed in Tyrode-filled glass capillaries to isolate the electrodes
from the effects of changes in the fluid level, and all electrode ieads were
shielded. Experiments were performed at ambient temperature under
normal room lighting.

Binding assays. '*1-NBT and »’I-BGT were iodinated as previously
described (Loring and Zigmond, 1987). NBT was purified by the method
of Loring et al. (1986) and BGT was obtained from Biotoxins Inc.
Retinas from embryos and from 1-4-d-old posthatch chicks were dis-
sected in Eagle’s minimum essential medium (GIBCO) and then frozen
in liquid N, and stored at —70°C prior to use. Embryonic retinas were
derived from pathogen-free eggs (SPAFAS), while those from hatched
chicks were from white leghorn cockerels obtained from local hatcheries.

Retinas were homogenized in PBS (10 mm NaPO,, pH 7.5, 155 mm
NaCl) containing 5 mmM phenylmethylsulfonyl fluoride, 1 mm EGTA, 1
mm EDTA and | mg/ml BSA, unless otherwise noted. Typically, retinal
homogenate was incubated with radioactively labeled toxin and any
competing ligands in a final volume of 100 ul at room temperature and
then layered over 0.9 ml of centrifugation buffer (0.1 m NaCl, 10 mm
NaPO,, pH 7.5, 0.32 M sucrose, 1 mm MgCl,, 1% BSA)at4°Cina 1.5
ml Eppendorf centrifuge tube. After centrifugation for 3 min at 4°C, the
supernatant was aspirated and the pellet washed twice and centrifuged
for 3 min each time with 0.6 ml centrifugation buffer. After removing
the supernatant, the radioactivity bound to the pellet was determined
in a gamma counter.

Because of the possibility that the centrifugation assay may under-
estimate the portion of rapidly dissociating '*I-NBT due to the lengthy
centrifugation steps, one experiment to determine the dissociation rate
of 'I-NBT was performed using a filtration assay. Retinal homogenate
was incubated with radioactively labeled toxin at room temperature.
Aliquots (100 ul) were then filtered through a Whatman GT/C fiberglass
filter using 3 rinses (3 ml each) of 150 mm NaCl, 10 mm NaPO,, pH
7.5, and 0.1 mg/ml BSA at 4°C. The total filtration time for each sample
was less than 1 min. The filters were preequilibrated with the rinse
solution for 3 hr at 4°C and, after filtration, counted in a gamma counter.

The ability of cholinergic drugs to inhibit '2*I-NBT binding to chick
retina homogenates was determined by including various concentrations
of the ligands in binding assays that also included 1 um BGT. Chlori-
sondamine was obtained from Ciba-Geigy, d-tubocurarine from
CalBiochem, benzoquinonium from Sterling Winthrop, cytisine from
ICN Pharmaceuticals, and trimethaphan camsylate from Hoffman-La
Roche. Dihydro-8-erythroidine was a generous gift from Merck, Sharp
and Dohme. All other drugs were obtained from Sigma. IC,, values
were calculated as the concentration of drug necessary to block 50% of
the specific '»*I-NBT binding. K, values were calculated as IC,,/(1 +
['»I-NBTJ/K,), assuming a K, of 2 nm for NBT.

Autoradiographic and immunohistochemical procedures. Eyecup
preparations from 7-d-old chicks were incubated in oxygenated Tyrode’s
solution containing 2 mm CaCl,, | mm MgCl,, 1 mg/ml BSA, and 2 nm
125]-NBT, together with any competing ligands. The eyecups were kept
at 37°C in the dark in a humidified and oxygenated chamber for 45
min. Each eyecup was then washed 3 times for 10 min each with 3 ml
oxygenated Tyrode’s containing BSA at room temperature and fixed in
2.8% glutaraldehyde in 0.12 M NaPO, buffer, pH 7.4. The retina, to-
gether with the choroid and pigmented epithelium layers, was removed
from each eyecup and the bound radioactivity determined in a gamma
counter. After 4 hr in glutaraldehyde at room temperature, the retinas
were then washed twice for 10 min each in 0.12 m NaPO, buffer at 4°C
and then postfixed overnight in 1% OsO, in phosphate buffer at 4°C.
The tissues were then washed in buffer, dehydrated in increasing ethanol
solutions, and then embedded in Epon. Half-micrometer cross-sections
of retina were cut on a microtome and mounted on glass slides for
autoradiography using Ilford L-4 emulsion. After exposure for 1-2
months, the autoradiograms were developed in Kodak D19 (4 min at
room temperature). For the immunochemical localization of choline
acetyltransferase activity, a retina from an 8 d posthatched chick was
fixed by immersion in Zamboni’s fixative (Zamboni and Demartino,
1967) overnight. The retina was immersed in 20% sucrose in PBS (50
mm NaPO,, pH 7.2; 137 mm NaCl) before freezing, and then 10 um
cryostat sections were collected on chrome alum-coated slides. The

slides were treated for 10 min in 2.7% H,O, in PBS to reduce endo-
peroxidase activity, washed, and then incubated overnight in a 1:3000
dilution of rabbit anti-chicken choline acetyltransferase serum (Johnson
and Epstein, 1986) in PBS containing 10% goat serum, 0.3% Triton
X-100, and 0.1% sodium azide. Controls consisted of sections incubated
with a similar dilution of normal rabbit serum. The sections were then
stained by the peroxidase—antiperoxidase method of Sternberger (1979).

Results

NBT antagonism of nicotinic agonist-induced retinal
depolarization

NBT substantially blocks a depolarization activated by the nic-
otinic agonist DMPP in intact chick retina (Fig. 1). Both 10-*
M Kkainic acid, an excitatory amino acid analog, and 104 M
DMPP induce depolarizations in intact retina under control
conditions (Fig. 14). Hexamethonium (10-* m; Fig. 1B), d-tu-
bocurarine, dihydro-g-erythroidine, or trimethaphan (104 m
each; data not shown) substantially blocks the DMPP-induced
depolarizations while having little effect on the kainic acid-
induced depolarizations. Ten micromolar 6-cyano-7-nitroqui-
noxaline-2,3-dione (CNQ X), an antagonist primarily for non-
NMDA excitatory amino acid receptors (Honoré et al., 1988),
completely blocked the kainic acid response but had no effect
on the DMPP-induced depolarization (data not shown). The
depolarization induced by DMPP involves a receptor that is
sensitive to reduction. Treatment by 103 M dithiothreitol com-
pletely abolishes the DMPP response but not the kainic acid
response (Fig. 1D), and the DMPP response is completely re-
stored by reoxidation by 103 M dithiobisnitrobenzoic acid (Fig.
1E). BGT (10~ m) applied for 1 hr had no effect on the DMPP
response (Fig. 1F) but 10-7 m NBT substantially blocked the
DMPP response (>70% blockade, Fig. 1G). Unlike the quickly
reversible effects of hexamethonium, d-tubocurarine, dihydro-
B-erythroidine, or trimethaphan, the NBT blockade persisted
for up to 17 hr after an initial partial recovery (Fig. 1 H, addi-
tional data not shown). Similar results were obtained in other
experiments. In 3 preparations, 100 nm NBT blocked the DMPP
response by 50-90% with no effect on the kainic acid responses.
Thus, these data suggest that NBT antagonizes nicotinic recep-
tors found in chick retina. Furthermore, since synaptic inter-
actions in the retina were substantially blocked by the high-
Mg?+, low-Ca?+ conditions used in the recording medium, these
receptors are presumably located on retinal ganglion cells, whose
axons constitute the optic nerve. Interestingly, not all of the
nicotinic response in the chick retina is blocked by concentra-
tions of up to 750 nm NBT (data not shown).

125]-NBT binding to retinal homogenates

Previous evidence demonstrated that '»I-NBT binds to 2 dis-
tinct sites in chick ciliary ganglia: one that is recognized by BGT
and another site that is not (Chiappinelli, 1983; Loring et al.,
1984; Halvorsen and Berg, 1986; Loring and Zigmond, 1987).
To determine if this is also the case in the CNS and specifically
in chick retina, the concentration dependence of '25I-NBT bind-
ing to retinal homogenates was determined in the absence of
competing toxins or in the presence of either unlabeled 1 um
BGT or | um NBT (Fig. 2). BGT blocked a substantial portion
of the binding at all concentrations of '*I-NBT tested. NBT
blocked not only this binding site but also an additional site.
Scatchard transformations of the data (e.g., Fig. 2, inset) indi-
cated that the site shared with BGT (binding in the absence of
toxins minus binding in the presence of BGT), had, in 3 ex-
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Figure 1. Selective blockade of a hexamethonium-sensitive depolarization induced by DMPP in intact chick retina. Recordings from a single
eyecup preparation were performed as described in Materials and Methods. 4, Control responses to DM‘PP and to the excitatory amino acid analog,
kainic acid. Upper trace (KA) represents the response to application of 50 ul of 100 um kainic acid, which served as a control response thr.oqghogn
the experiment. Lower trace (DMPP) represents the depolarization after application of 50 ul of 100 um DMPP applied 4 min before the kainic qc1.d
response. A 4 min recovery period between the application of DMPP and kainic acid was used throughout the experiment. B, Responses to kaln}c
acid and DMPP 10 min after continual perfusion with 100 um hexamethonium. The DMPP response is blocked by at least 90%. C, A 15 min
washout of hexamethonium led to a substantial recovery of the DMPP response. D, Reduction by 1 mm dithiothreitol (DTT) for 20 min completely
blocked the DMPP response but had little effect on the kainic acid response. E, Oxidation by 1 mm dithiobisnitrobenzoic (DTNB) acid for 5 min
followed by a 5 min washout restored the DMPP response. F, A 1 hr treatment with 10 uMm BGT had little, if any, effect. Five ml of 10 um BGT
had been recirculated 1 hr. The recording shown was taken 8 min after washing out the toxin. G, One hr in 100 nm NBT substantially blocked the
DMPP response (75% decrease in amplitude). Five ml of 100 nM NBT in oxygenated Tyrode’s had been recirculated through the eyecup and then
washed out for 1 min prior to making the above recordings. H, After 1 hr washout, partial recovery (to only a 50% decrease from the control
amplitude) was observed for the DMPP response. No further recovery in the DMPP response was observed for up to 17 hr (not shown).

Concentration dependence of 125_NBT binding

Figure 2. Concentration dependence
of '23]-NBT binding to homogenates of
chick retina. Forty retinas dissected and
frozen from chicks 1 d after hatching
were homogenized as outlined in Ma-
terials and Methods. Binding of '*I-
NBT was assessed under 3 conditions:
addition of no competing ligands (total,
0), addition of 1 um BGT (+ BGT, @),
or addition of 1 um NBT (+ NBT, 4).
Varying concentrations of '*I-NBT
were added to samples of chick retina
(approximately ¥ retina per sample).
+ + + After a 4 hr incubation at room tem-
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Figure 3. Association rate of 'I-NBT
to homogenates of chick retina. Retinas
from 2-d-old chicks were homogenized
as outlined in Materials and Methods.
Two sets of binding conditions were
used: One set of tubes was preincubated
30 min in 1 uM BGT, and the other set
was preincubated in 1 um NBT. At time
0, '»I-NBT was added to a final con-
centration of 10 nm, and aliquots of ho-
mogenates in quadruplicate were as-
sayed at the indicated time. The specific
binding was determined as (binding g+
— bindingugr) = (SD3gr + SDisr)” and
is shown as the open circles. Inset, A
linearized transformation of the data
and the solid line is a best-fit estimate
that corresponds to a K, of 0.0311
min~'. B, represents the amount of
binding at equilibrium (3 hr) and B is
the binding at other times. Two repe-
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periments, a K, with a range of 5.0-7.0 nm and a B,,,, of 250~
650 fmol bound/retina in 1- to 7-d-old chicks. The NBT-specific
site (binding in the presence of BGT minus binding in the pres-
ence of unlabeled NBT) had a K, with a range of 1.9-3.0 nm
and a B,,, of 80-120 fmol/retina.

Since BGT does not block nicotinic function in the chick
retina (as measured by the electrophysiological recording scheme
used in this paper) or in patch-clamp recordings of isolated
ganglion cells from rat retina (Lipton et al., 1987), we concen-
trated our efforts on the NBT-specific binding site as the site
most likely to represent binding to functional nicotinic recep-
tors. 'I-NBT binds to this site with a single apparent on-rate
(K., of 0.0311 min~! (Fig. 3). The dissociation of '»I-NBT
from this site is more complex (Fig. 4), consisting of an initial
rapidly dissociating component and a slower component with
an estimated #,, of dissociation of 10.5-25 hr (n = 4). The ex-
periment shown in Figure 4 using a filtration assay suggests that
the rapidly dissociating component may represent 60% of the
total binding and that the centrifugation assay may underesti-
mate the portion of 2[-NBT binding that rapidly dissociates
by 30%.

125]_NBT binding to chick retina homogenates in the presence
of 1 um BGT is displaceable by a variety of nicotinic agents
(Fig. 5, Table 1). The most potent inhibitor of 12I-NBT binding
was unlabeled NBT (IC,, = 3 x 10-° m), followed by agonists
such as lobeline (IC,, = 3.6 x 10-8 M), L-nicotine (IC,, = 6.3
x 10-7 M), and cytisine (IC;, = 7.9 x 10-7 m). The 1C,,’s and
calculated K; values for these and several other drugs are found
in Table 1. Certain nicotinic antagonists thought to be, in part,
channel blockers (Ascher et al., 1979), such as mecamylamine,
hexamethonium, and pempidine, failed to block 50% of the
specific NBT binding at concentrations as high as 10-2 M. In
addition, BGT fails to block '**I-NBT binding further at 10-3

HOURS

m. Furthermore, it should be noted that none of the ligands
tested besides unlabeled NBT block '>’I-NBT binding by more
than 80-90%. For instance, no greater blocking effect of lobeline
is observed at concentrations greater than 10-¢ M (Fig. 5), even
though a significant amount of NBT binding, approximately
20%, remains. These data suggest that a fraction (10-20%) of
the NBT-specific site may not represent nicotinic receptors.

Developmental changes in '>I-NBT and '>I-BGT binding in
chick retina

Developmental changes in levels of both '2I-NBT and '»I-BGT
binding in the chick retina were also investigated by examining
binding in retinas from embryonic day 8 through day 4 post-
hatch chicks (Table 2). The '2’I-NBT site displaced by NBT but
not by BGT was undetectable at 8 d of embryological devel-
opment and increased to about 10 fmol/mg protein at 4 d after
hatching. A similar developmental time course was seen for '21-
BGT binding.

Interestingly, these experiments revealed that the '’I-NBT
binding displaced by BGT represents less than 10% of the total
BGT site determined using '2I-BGT at all ages tested. These
data suggest that there are at least 3 toxin binding sites in the
chick retina: The NBT-specific binding site, the site NBT shares
with BGT, and a site recognized only by BGT. An alternative
explanation of the data is that 1 uM NBT is not a sufficient
concentration to occupy all of the BGT sites, but this seems
unlikely since the K, of 12’I-NBT binding to the site shared with
BGT is 5-7 nmM (Fig. 2). The nature and function of both the
BGT selective binding site and the shared site remain to be
determined. Recently, Wolfet al. (1988) have reported that NBT
binds with variable affinities to multiple subtypes of BGT bind-
ing sites found in chick optic tectum. However, in the optic
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Figure 4. Dissociation of '#1-NBT from homogenates of chick retina.
Retinas from 2-d-old chicks, homogenized as outlined in Materials and
Methods, were preincubated with 10 nm '>I-NBT at room temperature
under 1 of 2 conditions: One group (4) was incubated with 1 um BGT,
the other (B) with 1 um NBT. After preincubating for 2 hr, the exper-
iment was begun by adding sufficient NBT to group A to equalize the
final NBT concentration in both groups. Aliquots (100 ul) in quadru-
plicate from each sample were removed at the indicated times and the
remaining '2I-NBT bound was determined by the filtration assay. Spe-
cific NBT binding was determined as (binding, — binding;) + (SEM%
+ SEM2)". The graph plots the specific binding as a percentage of the
binding observed at time O as a function of elapsed time. The straight
portion of the line is a best-fit through the data starting at time 1.5 hr
and corresponds to a time 0 intercept of 36%. In 3 experiments using
the centrifugation assay, the percentage of binding sites that were slowly
dissociating was 68 + 21%. Thus, the centrifugation assay may under-
estimate the portion of rapidly dissociating toxin by as much as 30%.

Table 1. IC,, and K, of ligands at the NBT site

1Cs, K,
Ligand (M) (M)
NBT 5.0 x 10~ 3.3 x 10
Lobeline 3.6 x 10 2.4 x 10°®
Nicotine 6.3 x 1077 4.2 x 1077
Cytisine 7.9 x 107 5.3 x 1077
DMPP 1.0 x 10-¢ 6.8 x 1077
Dihydro-g-erythroidine 1.6 x 10—® 1.1 x 10~
Trimethaphan camsylate 6.3 x 10 4.2 x 10
ACh® 1.6 x 10-3 1.0 x 103
d-Tubocurarine 2.0 x 103 1.3 x 10-%
Carbamylcholine 2.8 x 103 1.9 x 103
Atropine sulfate 1.4 x 10 9.3 x 103
Benzoquinonium 1.8 x 10— 1.2 x 10~
Decamethonium 1.8 x 10~ 1.2 x 10—
Eserine sulfate 2.6 x 10-* 1.7 x 10
Gallamine triethiodide 2.6 x 10~* 1.7 x 10
Chlorisondamine 2.8 x 10-¢ 1.9 x 10
Mecamylamine >10-? -
Hexamethonium >10-3 —
Pempidine >10-3 -
BGT >10-3 —

« Determined in the presence of 10-¢ M eserine sulfate.
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Figure 5. Displacement of '»I-NBT binding by representative nico-
tinic ligands. To determine the IC,, values of various drugs, homoge-
nates of chick retinas of various ages (1-7 d) were added to homoge-
nization buffer containing '»I-NBT and competing ligands to give a
final concentration of 2 nm *I-NBT, 1 uMm BGT, and the various ap-
propriate concentrations of drugs. Quadruplicate samples were incu-
bated for 2 hr at room temperature and then assayed using the centrif-
ugation assay. Specific binding was determined by subtracting nonspecific
binding observed in the presence of 1 um NBT. Maximum binding was
determined as binding in the presence of 1 um BGT minus nonspecific
binding. The graph plots the percentage of binding observed (binding
in presence of drug/maximum binding x 100%) as a function of drug
concentration. The drugs used in these experiments were as follows: O,
NBT; @, lobeline; A, nicotine; A, DHBE; OJ, carbamylcholine; B, chlo-
risondamine; V, hexamethonium.

tectum, no evidence was found for a 2I-NBT-selective binding
site.

Localization of '*I-NBT binding compared to cholinergic
innervation in the chick retina

All of the above binding experiments were done on homoge-
nized chick retinas. In order to localize !#3I-NBT binding at the
light microscopic level, intact retina from 7 d chicks were in-
cubated in 2 nM I-NBT in the presence of various competing
ligands. The retinas were sectioned and used for the autoradio-

Table 2. Developmental regulation of toxin binding to chick retina

Shared

125-.NBT 125[.NBT 1[-BGT

binding” binding? binding®

(fmol/mg (fmol/mg (fmol/mg
Age (d) protein) protein) protein)
Embryonic 8 N.D.“ N.D. N.D.
Embryonic 12 22 1.0 74+29 819
Embryonic 14 26+ 26 10.3 + 3.8 142 £ 6
Embryonic 18 6.1 +3.7 17.01 = 4.6 205 = 27
Posthatch 1 9.2 +45 75.3 £ 5.6 673 = 39
Posthatch 4 10.8 = 3.6 429 + 4.0 511 = 38

Quadruplicate samples consisting of approximately % of a retina were incubated
in the presence of either 10 nm '>I-NBT or '*I-BGT plus any competing ligands
(see below) for 2 hr at room temperature. Unbound toxin was removed using the
centrifugation assay. Protein concentrations were determined using the bicinchoninic
acid protein assay (Pierce Chemical).

« Specific 'I-NBT binding displaced by 1 uM NBT in the presence of 1 uM BGT.
& Specific '»I-NBT binding displaced by 1 uM BGT.

< Specific '»I-BGT binding displaced by 1 uM BGT.

4N.D., no detectable specific binding was observed.
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Figure 6. Localization of '**I-NBT binding in chick retina compared with the localization of choline acetyltransferase-like immunoreactivity. 4
(BGT), A light microscopic autoradiogram in dark-field mode from a retina incubated in 1 um BGT. The pigmented epithelium appears as the
white band at the top, while the silver grains appear as white dots. Exposure time, 2 months. B (Anti-ChAT), The histochemical localization of
choline acetyltransferase-like immunoreactivity in a 10 um section of chick retina. Staining is observed in cell bodies in both the ganglion cell layer
and the inner side of the inner nuclear layer. Staining in neural processes is also observed in 2 layers of the inner plexiform layer that correspond
closely with the 2 layers of bound '*I-NBT observed in the top-left panel. C (DHBE), A dark-field autoradiogram from a retina incubated in 1 um
BGT plus 100 um dihydro-g-erythroidine. Dihydro-s-erythroidine blocks the specific '**I-NBT binding in the inner plexiform layer. Exposure time,
2 months. D (NRS), No immunohistochemical staining is observed if normal rabbit serum is substituted for the rabbit antiserum to chicken choline
acetyltransferase. Abbreviations: pe, pigmented epithelium; onl, outer nuclear layer; op/, outer plexiform layer; in/, inner nuclear layer; ip/, inner

plexiform layer; gcl, ganglion cell layer.

graphic study shown in Figure 6 (4, C). In the absence of com-
peting ligands, grains were observed over the same regions de-
scribed for 'I-BGT binding in chick retina (Vogel and Nirenberg,
1976); that is, in a narrow band in the outer plexiform layer
and as a broad, diffuse band over the inner plexiform layer (data
not shown). In the presence of 1 um BGT to prevent binding to
the shared site, the specific NBT binding is restricted to 2 bands
in the inner plexiform layer (Fig. 64). These bands correspond
very closely to 2 bands of choline acetyltransferase immuno-
reactivity (Fig. 6B8). The binding of '>[-NBT is eliminated in
the inner plexiform layer by 1 uM unlabeled NBT (not shown)

or by 100 umM dihydro-g-erythroidine plus 1 um BGT (Fig. 6C).
These data suggest that nicotinic receptors recognized by '*I-
NBT are located in regions of the chick retina in which ACh is
synthesized and, perhaps, released as a neurotransmitter.

Discussion

Physiological effects of snake venom neurotoxins

Nicotinic ACh receptors are thought to play important roles in
processing retinal signals in a variety of organisms (reviewed by
Neal, 1983; Puro, 1985). Electrophysiological evidence impli-
cates nicotinic transmission onto retinal ganglion cells in the




rabbit (Masland and Ames, 1976; Ariel and Daw, 1982a, b) and
cat retina (Ikeda and Sheardown, 1982). Recently, we have dem-
onstrated that isolated ganglion cells from rat retina possess
nicotinic receptors and that these receptors are blocked by NBT
but not by BGT (Lipton et al., 1987).

Although relatively few electrophysiological studies have been
performed on chick retina, several lines of evidence suggest that
cholinergic function is important in this retina as well. The inner
plexiform layer of the chick retina contains high-affinity choline
uptake sites (Baughman and Bader, 1977) and stains for both
acetylcholinesterase activity and choline acetyltransferase-like
immunoreactivity (Millar et al., 1985; Spira et al., 1987). Mus-
carinic receptors are similarly localized to this region of the
chick retina (Sugiyama et al., 1977), as are some of the BGT
binding sites (Vogel and Nirenberg, 1976; Vogel et al., 1977).
Although BGT binding has been used as a marker for nicotinic
receptors in avian retina (Vogel and Nirenberg, 1976; Wang and
Schmidt, 1976; Vogel et al., 1977; Yazulla and Schmidt, 1977),
several lines of evidence suggest that BGT fails to recognize
most forms of neuronal nicotinic receptors. BGT fails to block
nicotinic function in most vertebrate autonomic ganglia (re-
viewed by Chiappinelli, 1985), and in addition, this toxin has
no effect on nicotinic receptors found on central neurons in the
spinal cord (Duggan et al., 1976), interpeduncular nucleus (Brown
et al., 1983), locus coeruleus (Egan and North, 1986), and iso-
lated ganglion cells from rat retina (Lipton et al., 1987). BGT
also does not recognize putative neuronal nicotinic receptors
that have been isolated from the brains of chickens (Whiting
and Lindstrom, 1986a, b) and rats (Whiting and Lindstrom,
1987) using monoclonal antibodies raised against nicotinic re-
ceptors. In the present study, 10 uMm BGT failed to block the
hexamethonium-sensitive depolarization in chick retina in-
duced by the application of DMPP.

Unlike BGT, NBT blocks nicotinic receptor function in a
variety of neuronal preparations including the chick ciliary gan-
glion (Ravdin and Berg, 1979; Chiappinelli, 1983; Loring et al.,
1984), rat superior cervical ganglion (Chiappinelli and Dryer,
1984; Sah et al., 1987), chick sympathetic ganglia (Chiappinelli
and Dryer, 1984), and isolated rat retinal ganglion cells (Lipton
et al., 1987). Recently, 2 “neuronal” type nicotinic receptors
have been expressed in frog oocytes, following injection of mRNA
derived from ¢cDNA clones encoding putative nicotinic receptor
subunits from rat brain and from a rat pheochromocytoma cell
line (Boulter et al., 1987). Both of these receptors are blocked
by NBT but not by BGT. Similar genes encoding putative sub-
units for chick neuronal nicotinic receptors have also been re-
ported recently (Nef et al., 1988; Schoepfer et al., 1988), but the
functional expression and pharmacological properties of these
chick receptors have not yet been published.

We find that 100 nm NBT substantially blocks nicotinic func-
tion on ganglion cells in the intact chick retina. However, since
NBT does not block all of the nicotinic function, the possibility
remains that NBT fails to recognize certain subtypes of nicotinic
receptors present in this tissue. Alternatively, diffusion barriers
may prevent NBT from reaching all nicotinic receptors in the

intact chick retina. Interestingly, a certain combination of sub-
unit mRNAs encoding neuronal nicotinic receptors from rat has
recently been described that, when injected into frog oocytes,
give rise to the only neuronal nicotinic receptor subtype yet
described that is both functional and insensitive to NBT (Wada
et al., 1988).

All known nicotinic receptors have a vicinal disulfide bond
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present on the ACh binding subunit that is extremely sensitive
to reduction (e.g., Kao et al., 1984). In fact, the presence or
absence of the 2 adjacent cysteine residues has been the main
strategy for distinguishing a-subunit DNA sequences from those
of other neuronal nicotinic receptor subunits (e.g., Nef et al.,
1988; Wada et al., 1988). Since all of the functional nicotinic
response measured in chick retina is blocked by dithiothreitol,
retinal receptors, whether or not they are blocked by NBT,
clearly have a similar susceptibility to reduction.

13[-NBT binding to chick retina

125]-NBT binds to the NBT-specific site with a single apparent
affinity (K, = 2-3 nM; Fig. 2) and a single on-rate (Fig. 3) but
dissociates in a biphasic manner (Fig. 4). These data are highly
reminiscent of the binding data of '>I-NBT to cultured neurons
from the chick ciliary ganglion (Halvorsen and Berg, 1986), in
which 2 dissociation rates were observed and the proportion of
123I-NBT binding that dissociates slowly was observed to in-
crease with incubation time or with higher concentrations of
125].NBT. A similar 2-phase dissociation of NBT, in which the
proportion of slowly dissociating toxin was dependent on in-
cubation time and toxin concentration, was demonstrated by
electrophysiological means in cultures of neurons from the rat
SCG (Sah et al., 1987). Thus, a biphasic dissociation appears
to be a common feature of NBT binding, although the slow
dissociation rate we observed in homogenates of chick retina
represents the slowest rate of dissociation of NBT yet observed
in a neuronal preparation. This fact, coupled with 30- to 100-
fold greater yield of binding sites per tissue compared with that
obtained from the chick ciliary ganglion (e.g., Loring and Zig-
mond, 1987) makes the retina an attractive source for the bio-
chemical characterization of neuronal nicotinic receptors.

The pharmacological profile of '12I-NBT binding to chick ret-
ina appears to be closer to that of the chick ciliary ganglion
(Halvorsen and Berg, 1986) than to that of *H-nicotine binding
to immunopurified sites from chick brain (Whiting and Lind-
strom, 1986b). In fact, the only major difference between the
NBT binding site in the chick retina as opposed to that in the
ciliary ganglion is that ACh is a 40-fold less potent inhibitor of
NBT binding in the retina (Table 1; Halvorsen and Berg, 1986).
Like the *H-nicotine binding in chick brain, '>[-NBT binding
in chick retina is not displaced by certain nicotinic antagonists
such as mecamylamine and hexamethonium, which are believed
to function as channel blockers (Ascher et al., 1979). (Likewise,
neither mecamylamine nor hexamethonium displace '»I-NBT
from chick ciliary ganglion; R. Loring, unpublished observa-
tions). Another antagonist, d-tubocurarine, is approximately
equipotent at displacing *H-nicotine binding in chick brain or
123]-NBT binding to either chick ciliary ganglion or retina. How-
ever, agonists are generally 2 orders of magnitude more potent
in displacing *H-nicotine binding (Whiting and Lindstrom,
1986b) than in displacing '>’I-NBT binding from either the chick
ciliary ganglion or retina. One explanation put forward for this
difference is that the high-affinity *H-nicotine binding to brain
sites represents binding to a desensitized receptor (Whiting and
Lindstrom, 1986b).

It should be noted that the portion of '2I-NBT binding dis-
placed by nicotinic ligands has been treated as a homogeneous
receptor population in the present study. In fact, as already
noted, heterogeneity in putative nicotinic receptors has been
uncovered in the CNS by both molecular biology (Boulter et
al., 1987; Wada et al., 1988) and immunological techniques
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(Whiting et al., 1987). However, *H-nicotine binding to 2 im-
munologically purified subtypes of putative receptors from chick
brain has virtually identical pharmacological profiles, suggesting
that the binding of nicotinic ligands may not differ much in
receptor subtypes with high affinity for nicotine (Whiting et al.,
1987). In contrast, NBT blocks functional nicotinic receptors
in both the chick ciliary ganglion (e.g., Ravdin and Berg, 1979)
and the chick retina (present paper), and in both of these prep-
arations, relatively high concentrations of nicotine are required
to displace '»*I-NBT (Halvorsen and Berg, 1986, this paper).
This difference in nicotine displacement of 12*I-NBT binding in
ciliary ganglion versus *H-nicotine binding in chick brain has
prompted the suggestion that brain and ganglionic receptors are
pharmacologically distinct receptor subtypes with demonstrable
differences in agonist affinity (Whiting and Lindstrom, 1986b).
Thus, the ciliary ganglionic receptors are proposed to have low
affinity for agonists. In fact, electrophysiological studies of nic-
otinic receptors on cultured chick ciliary neurons suggest that
these receptors indeed have a relatively low afhnity for ACh
(Ogden et al., 1984). High-affinity nicotine and ACh binding in
the brains of several species have now been extensively studied
(reviewed by Lindstrom et al., 1987), but little electrophysio-
logical evidence is yet available to indicate whether functional
nicotinic receptors from CNS have high affinities for agonists.
In at least one part of the CNS, the chick retina, our data suggest
that the class of functional nicotinic receptors blocked by NBT
has low affinity for agonists. However, our data also indicate
that NBT may not block all types of functional nicotinic recep-
tors present in chick retina. It is of interest to establish whether
the nicotinic receptors present in chick retina that are not blocked
by NBT have high affinity for *H-nicotine.

The localization of specific '2I-NBT binding in the chick
retina is very similar to that of the muscarinic antagonist *H-
quinuclidinyl benzilate (Sugiyama et al., 1977) and to the dis-
tribution of nerve terminals containing choline acetyltransfer-
ase-like immunoreactivity (Millar et al., 1985; Spira et al., 1987).
In addition, the monoclonal antibodies used to immunopurify
putative neuronal nicotinic receptors from chick brain have
recently been used to label putative cholinoceptive neurons in
the chick retina (Keyser et al., 1988). These antibodies label 2
subtypes of ganglion cells in the retina as well as one amacrine
cell subtype. These putative cholinoceptive cells project to the
same laminae of the inner plexiform layer as those innervated
by choline acetyltransferase-like immunoreactive amacrine cells.
In addition, double-labeling experiments indicate that few, if
any, of the cholinoceptive neurons in chick retina also stain for
choline acetyltransferase-like activity. The pattern of binding
by '»I-NBT observed in this study is indistinguishable from the
antibody staining patterns within the inner plexiform layer ob-
served by Keyser et al. Further work is necessary to establish
whether the antibodies recognize the same macromolecular en-
tity as does NBT in the chick retina.

In summary, our data suggests that NBT blocks at least some
types of nicotinic receptors found on ganglion cells in the chick
retina, that the pharmacology of 12I-NBT binding to chick retina
1s nicotinic in nature, and that '>I-NBT binding is localized to
those regions of the chick retina where nicotinic synaptic trans-
mission would be expected.
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