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SUMMARY

Through a study of cloned nicotinic receptors expressed in
Xenopus oocytes, we provide evidence that a-conotoxin Imi, a
peptide marine snail toxin that induces seizures in rodents,
selectively blocks subtypes of nicotinic acetyicholine receptors.
a-Conotoxin Imi blocks homomeric a7 nicotinic receptors with
the highest apparent affinity and homomeric a9 receptors with
8-fold lower affinity. This toxin has no effect on receptors
composed of a2B2, a382, a4B2, a2B4, a3B4, or a4p4 subunit

combinations. In contrast to a-bungarotoxin, which has high
affinity for a7, a9, and a1B1+y8 receptors, a-conotoxin Imi has
low affinity for the muscle nAChR. Related Conus peptides,
a-conotoxins Mi and Gi, exhibit a distinct specificity, strictly
targeting the muscle subtype receptor but not a7 or o9 recep-
tors. a-Conotoxins thus represent selective tools for the study
of neuronal nicotinic acetyicholine receptors.

Multiple subtypes of nicotinic ACh receptors are present in
the central and peripheral nervous systems (1). Nicotinic
receptors have been demonstrated to play a role in normal
cognition (2, 3) and have been implicated in neuropsychiatric
disorders such as Alzheimer’s disease (4, 5), schizophrenia
(6—8), Tourette’s syndrome (9, 10), and Parkinson’s disease
(11, 12). Progress in the functional study of these receptors,
however, has been hampered by a lack of subtype-specific
ligands.

A family of structurally related peptides known as a-cono-
toxins has been isolated from the venom of fish-hunting cone
snails (13-17). The a-conotoxins are disulfide-rich peptides
that are considerably smaller than the nAChR-targeted
snake toxins a-bungarotoxin and a-cobratoxin (12-20 amino
acids versus approximately 60—80 amino acids). The small
size of the a-conotoxins has allowed chemical synthesis and
structural modification (18). a-Conotoxins isolated from sev-
eral fish-hunting cone snails target the muscle subtype of
nicotinic receptor (19). Recent research has indicated that
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one of these toxins, a-conotoxin Mi, is able to distinguish
between two ACh-binding sites present on the mammalian
muscle receptor by more than 4 orders of magnitude (20).
ACh-binding site selectivity for a-conotoxins M1 and GI has
also been demonstrated in Torpedo (21). Thus, previously
characterized a-conotoxins from fish-hunting snails appear
to be highly selective probes for the muscle nAChR.

There are approximately 500 species of cone snails (22). In
an attempt to isolate ligands with selectivity for neuronal
nAChRs, we have studied venoms from a number of Conus
species. We recently described the isolation and biochemical
characterization of a-conotoxin Imi isolated from the ver-
mivorous C. imperialis (23). This 12-amino acid peptide
shares the conserved cysteine framework of previously iso-
lated a-conotoxins. The intercysteine residues, however, are
quite distinct, suggesting that the specificity of a-conotoxin
Imi may be unique. Hypervariability in the noncysteine res-
idues of w-conotoxins, for example, confers specificity for
different calcium channel subtypes (24). a-CTx-ImI is a po-
tent inhibitor of the muscle nAChR in frog, whereas intra-
peritoneal injection of a-CTx-ImI into mice has no effect. In
contrast, ICV injections of a-CTx-Imi into mice or rats pro-
duce complex seizures, suggesting that this toxin may be

ABBREVIATIONS: ACh, acsetyicholine; a-BTX, a-bungarotoxin; a-CTx-Imi, a-conotoxin Imi; a-CTx-Gi, a-conotoxin Gi; a-CTx-M, a-conotoxin Mi;
nAChR, nicotinic acetyicholine receptor; ICV, intracerebroventricular; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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selectively targeting neuronal nAChRs in mammalian sys-
tems (23).

In the present study, we used cloned neuronal and muscle
nAChR subunits heterologously expressed in Xenopus oo-
cytes to test the effect of a-CTx-Imi. We present evidence that
this toxin preferentially blocks certain nonmuscle nAChR
subtypes. In addition, we show that a-conotoxins M1 and G1
selectively block only al-containing muscle nAChRs.

Experimental Procedures

Materials. a-Conotoxin Im1 was synthesized as previously de-
scribed (23). Synthetic a-conotoxin GI was a gift from W. R. Gray
(Department of Biology, University of Utah, Salt Lake City, UT).
Synthetic a-conotoxin M1 was a gift from R. A. Myers. ACh was
obtained from Sigma Chemical Co. (St. Louis, MO), and «-BTX was
obtained from Research Biochemicals, Inc. (Natick, MA).

Bioassay. ICV injections into adult Sprague-Dawley rats were
performed as previously described (23). Briefly, toxins were dissolved
in 150 mM NaCl, and 3 ul of toxin or control solution was injected via
a stereotaxically placed cannula into the lateral ventricle. Cannula
position was confirmed histologically. If no behavioral effects of the
injected toxin were observed, a subsequent injection was made with
a higher dose of toxin.

Oocyte expression. cRNA was transcribed in vitro as previously
described (25) with SP6, T3, and T7 polymerases (Stratagene, La
Jolla, CA). Plasmid constructs of mouse and rat nAChR subunits
were as previously described: al, B1, v, 8 (26); a2 (27); a3 (28); a4
(29); a7 *; a9 (30); B2 (31); and B4 (32).

Oocytes were injected after harvesting, and recordings
were made 1-7 days after injection. Fifty nanoliters containing §
ng cRNA of each subunit were injected into oocytes, except for muscle
subunits, when 0.5-0.05 ng of each subunit was used. The physio-
logical recording was carried out in the two-electrode voltage-clamp
configuration with an Axoclamp 2A amplifier (Axon Instruments,
Foster City, CA). Electrodes were fabricated from Dagan FLG 15
glass capillary tubes. Both the voltage and current electrode con-
tained 3 M KCl. The resistance of voltage electrodes was 4-10 MQ
and of current electrodes was 0.5-1.5 MQ. Oocytes were perfused
within a 0.5-ml Lucite chamber with frog Ringer’s solution (116 mm
NaCl, 10 mm HEPES, 2.5 mm KCl, and 1.8 mMm CaCl,, pH 7.4)
without atropine; atropine has been demonstrated to act as an an-
tagonist at a7 and «9 homomeric receptors (30, 33). Noninjected
oocytes did not respond to ACh test applications. ACh (control) or
ACh plus toxin was applied in 1.8-ml aliquots at a flow rate of 5.5
ml/min, generating an agonist “pulse” of approximately 20 sec. The
concentrations of ACh that were used were 300 uM for oocytes
expressing a282, a3B2, a4B2, a2p4, a3p4, or a4p4; 500 uM for aT;
100 uM for a9; and 500 nM for the muscle subtype. The ACh applied
was approximately the lowest concentration required to elicit maxi-
mal current responses at each receptor subtype. For the muscle
receptor, however, a submaximal concentration was chosen to allow
the typically large current responses to be voltage clamped. Toxins
were perfused into the chamber, and flow was stopped over the
oocyte for a 5- or 20-min toxin preincubation period before ACh-plus-
toxin application. For the a-conotoxins, a preincubation period of 5
min was sufficient for maximal blockade; for a-BTX, a 20-min period
was required for maximal blockade. Control preincubation periods
with frog Ringer’s did not attenuate ACh-induced currents. Current
responses were recorded with a Gould (Cleveland, OH) chart re-
corder. Peak current responses were also recorded directly from the
amplifier digital display. Recordings were made at a holding poten-
tial of —60 mV. Current responses were in the range of 0—2.0 uA.
Data represent the mean *+ standard error of three to five oocytes for
each experimental condition. Data were normalized to the initial

1 J. Boulter, unpublished observations.
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responses of each oocyte to a control application of ACh. Curve fits
were performed with SigmaPlot software using the following equa-
tion:

% Response = [100/(1 + concentration/ICs)"]

where ny; is the Hill coefficient.

Results

Bioassay. We previously reported that ICV injections of
a-CTx-Imi produce seizures similar to those seen with a-BTX
(23). We have more quantitatively compared the relative
potencies of the two toxins in vivo. ICV injections of varying
doses of the two toxins were administered to Sprague-Dawley
rats, and behavioral effects were monitored for 90 min.
Symptoms elicited by a-CTx-Imi and a-BTX were similar and
included ataxic gait, outstretched hindlimbs, eye blinking,
head weaving, and clonic limb movements. These seizures,
which were produced by both a-CTx-Imi and a-BTX, were
complex, repetitive, and, at higher doses, lethal. Results are
summarized in Table 1.

Physiology. We have previously shown using intracellu-
lar recordings from Rana pipiens that a-CTx-Imi1 blocks the
postsynaptic nAChR in frog neuromuscular junction (23). In
the present study, we directly examined the effects of this
toxin on mammalian nAChRs. Nicotinic receptors composed
of various functional receptor subunit combinations were
expressed in Xenopus oocytes so we could assess the subtype
specificity of this toxin. A summary of the data is presented
in Table 2. a-CTx-Imi was found to block a7 homomeric
receptors (Fig. 1), and it did so with 230-fold higher apparent
affinity than blockade of a181y8 muscle-type receptors (Fig.
2). a-CTx-Im1 had no detectable activity on a282, a382, a4B2,
a2B4, a3p4, or a4p4 receptor subunit combinations at con-
centrations as high as 5 um. As shown in Fig. 3, homomeric
a7 nAChRs were antagonized by both a-CTx-Imi (IC;, = 0.22
uM, ny = 0.89) and a-BTX (IC, = 0.52 nM, ny = 1.9). The
effect of a-CTx-ImiI on a7 homomeric receptors was reversible
within 5 min (Fig. 1), whereas the «-BTX antagonism re-
mained nearly complete after a 10-min wash. The difference
in Hill coefficients for the two toxins at a7 nAChR raises an
interesting but speculative possibility that two a-BTX mole-
cules are required to block the receptor, whereas one a-CTx-
Imi molecule is sufficient. However, because a-BTX essen-
tially acts irreversibly, it is also possible that a slower
apparent rate of association at low a-BTX concentrations has

TABLE 1

Behavioral activity of a-CTx-lmi and a-BTX

Toxins were injected ICV into the lateral ventricle of Sprague-Dawley rats, and the
animals were observed for 90 min for seizures. a-BTX was approximately 4-fold
more potent than a-CTx-Imi in producing similar behavioral effects. The number

of rats affected indicates the number of rats exhibiting seizures divided by the
total number of rats injected at that toxin dose.

No. of rats
Toxin Amount affectsd
nmol
a-BTX 4 2/3
a-BTX 2 0/3
a-BTX 1 0/3
a-CTx-Imi 20 4/5
a-CTx-Imi 16 3/3
a-CTx-Imi 10 0/6
a-CTx-Imi 8 0/5
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TABLE 2

Summary of a-conotoxin and a-BTX antagonism of cloned mammalian nicotinic receptors heterologously expressed in Xenopus

oocytes

Toxins were assayed on oocytes expressing the indicated nAChR subunits for ability to block ACh-induced current. Numbers represent ICs, values in nm. NE indicates

no effect at toxin concentrations to 5 uM (to 10 uM for a7 and o8); NT, not tested.

a2p2 a3p2 adp2 a2p4 a3p4 adpd al alplyd a9
a-CTx-Gi NE NE NE NE NE NE NE 20 NE
a-CTx-Mi NE NE NE NE NE NE NE 12 NE
a-CTx-Imi NE NE NE NE NE NE 220 51,000 1800
a-BTX NT NT NT NT NT NT 0.52 4.9 4.0
’/ ’/‘ 100 e o-BTX
JR— /____+__7//L_—_\/_%L__ r___ o a-CTx-imi
80 -
[0}
7]
S el
Q
7]
[
o
0.1 pamp ' °\° 40 b
1.0min
Fig. 1. a-CTx-lmi blocks a7 homo-oligomers expressed in Xenopus
oocytes. Bath application of 2.5 um a-CTx-Imi for 5 min to an oocyte 20 -
expressing homomeric a7 nAChRs resulted in 94% inhibition of the
current response elicited with 500 um ACh. The ACh-induced current
recovered almost completely after a 5-min washout of toxin. \ \ , , )
0
10-1 10-10 109 108 107 106 10
[ a a7 in
100 [Toxin]
Fig. 3. Comparison of a-CTx-Imi and a-BTX on homomeric a7
nAChRs. Oocytes were preincubated with toxin for 5 (a-CTx-Imi) or 20
sk min (a-BTX) and then exposed to ACh plus toxin. For a-CTx-Imi, the
ICsy is 220 nM (n,, = 0.89). For a-BTX, the ICs, is 0.52 nm (n,, = 1.9).
] Error bars, mean * standard error for three to five oocytes for each
2 toxin concentration.
R wf
é potently blocked by a-BTX (IC;, = 4.9 nM, ng = 1.1), a-CTx-
2 M1 (IC;, = 12 nM, ny = 1.3), and a-CTx-G1 (IC5, = 20 nM,
40 |- ny = 1.0). a-CTx-Imi blocked muscle receptors with an ap-
parent affinity more than 3 orders of magnitude lower
(ICso = 51 uM, ny = 0.91). Again, the a-BTX blockade re-
20 - mained nearly complete after a 10-min wash, and the «-CTx-
Imi block was reversed fully with a 5-min wash. Receptors
composed of a282, a3B2, a4B2, a2p4, a3p4, and a4p4 recep-
0 ] 1 ] 1 L 1 ) tor subunit combinations were not detectably blocked by
105 10s 107 106 105 10« 103 102 any of the conotoxins at concentrations as high as 5 uM (Table

[a-CTx-Iml]

Fig. 2. a-CTx-Imi discriminates between a7 and al1B1vy8 receptors.
Oocytes expressing homomeric a7 and a1p1y5 muscle nAChRs were
preincubated with a-CTx-Imi and then exposed to ACh plus toxin. The
ICg, for a-CTx-Imi antagonism of homomeric a7receptors was 220 nm
(ny = 0.89) versus 51 uM (n, = 1.3) for the a1B1y5 muscle receptor
subtype. Error bars, mean * standard error for three to five oocytes for
each toxin concentration.

artificially produced the apparent difference. a-Conotoxins
Mi and G1 had no detectable effect on this receptor subtype at
concentrations as high as 10 uM.

As shown in Fig. 4, a1B1y5 muscle subtype receptors were

2) and have been reported to be insensitive to a-BTX (25, 27,
34).

We also tested the effects of a-CTx-Imi and a-BTX on
homomeric channels of the recently isolated «9 nAChR (30).
Table 2 and Fig. 5 show that homomeric a9 receptors were
blocked much less potently by a-CTx-Imi (IC;, = 1.8 uM,
ngy = 0.98) than by a-BTX (ICs, = 4.0 nM, ny = 1.1). The
blockade induced by either toxin was reversed after a 5-min
wash. Therefore, both toxins exhibit approximately 1 order of
magnitude higher apparent affinity for a7 homomeric recep-
tors than for 9 homomeric receptors. a-CTx-G1 and a-CTx-
M1 had no detectable effect on homomeric a9 receptors at
concentrations as high as 10 uM.
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Fig. 4. «-CTx-Imi has little activity on muscle nAChRs. a-CTx-Imi and
a-BTX were tested on oocytes expressing a1B1y5 muscle subtype
nAChRs. In contrast to a-BTX (ICs, = 4.9 nm, n,,= 1.1) and two
previously isolated a-conotoxins, Mi and Gi (ICsq = 12 nM, ny = 1.3;
and IC5, = 20 nM™, n,, = 1.0, respectively), a-CTx-Imi has weak activity
at the muscle receptor subtype (ICs, = 51 um, ny = 0.91). Error bars,
mean * standard error for three to five oocytes for each toxin concen-
tration.

100 - o a-BTX
O aCTx-Iml
80 |-
c
% w i
1
3
> ok
20 |
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101 1010 109 108 107 10 105 104 103
[Toxin]

Fig. 5. Activity of a-CTx-Imi and a-BTX on homomeric a9 nAChRs.
Both a-CTx-Imi and a-BTX are able to block homomeric «9 nAChRs
(ICso = 1.8 um, n, = 0.98; and ICs, = 4.0 M, Ny = 1.1, respectively).
The potency of both toxins is approximately 8-fold less on homomeric
a9 receptors than their respective potencies on a7 nAChRs. Error bars,
mean * standard error for three to five oocytes for each toxin concen-
tration.

Discussion

a-Conotoxins, although structurally related by their cys-
teine frameworks, are hypervariable in their intercysteine
residues (Table 3). a-CTx-Imi differs from a-conotoxins Gi1
and M1 in 7 of 12 residues. The present study demonstrates
that these differences in primary structure have significant
functional consequences in conferring nicotinic receptor sub-
type specificity to each toxin.

a-CTx Imi Blocks Homomeric a7 and o® NnAChRs 197

Examination of the behavioral effects of centrally versus
peripherally injected a-conotoxins aids in predicting their
subtype specificity. Peripheral injection of a-BTX in rodents
produces paralysis, and ICV injection produces complex sei-
zures. ICV injection of a-CTx-ImI produces seizures that are
strikingly similar to those produced by injections of a-BTX.
This observation led us to speculate that a-CTx-Im1 might be
acting with analogous specificity to a-BTX in the central
nervous system. These seizures, which were originally de-
scribed in the initial purification and characterization of
a-CTx-Imi (23), have not been previously described in rela-
tion to an a-BTX-induced behavior. Because a-BTX has been
demonstrated to block a7-containing nAChRs with high af-
finity (33, 35), cloned nicotinic receptors were expressed in
Xenopus oocytes to evaluate subtype specificity of a-conotox-
ins. In this heterologous expression system, a-CTx-Imi blocks
homomeric a7 receptors with higher apparent affinity
(ICgo = 0.22 uM) than alB1yd muscle-type receptors. Based
on IC;, ratios, a-CTx-Imi1 distinguishes between a7 receptors
and muscle-type receptors by approximately 230-fold (Table
2). Thus, a-CTx-Imi exhibits greater selectivity for a7 recep-
tors than that exhibited by a-BTX (ICg, ratio of only 10). This
greater selectivity is consistent with the observation that
a-CTx-Imi does not produce paralysis when injected periph-
erally in rodents. Because both a-CTx-Imi and «-BTX elicit
very similar behaviors after ICV injection and because both
preferentially target a7 receptors, it is probable that block-
ade of this receptor subtype is responsible for the generation
of the toxin-induced seizures. Although both toxins also block
homomeric a9 receptors, the limited anatomic expression of
this receptor in the CNS (30) makes it a less likely candidate
for direct involvement in the induced seizures. Based on the
present study, we cannot exclude the possibility that a-CTx-
ImI acts at other receptors to produce the observed seizure
activity.

If blockade of a7 receptors by a-CTx-Imi is responsible for
the seizures, then the in vivo behavioral data are not consis-
tent with the oocyte expression data for the relative amounts
of a-BTX and a-CTx-ImI needed to elicit in vivo symptoms
versus a7 receptor blockade, respectively. As shown in Table
1, a-BTX is approximately 4-fold more potent in the behav-
ioral assay than a-CTx-Imi1. However, a-BTX is 420-fold more
potent than a-CTx-Imi in the oocyte assay (Table 2). Because
a-BTX is a larger protein (molecular mass, ~8000 Da) than
a-CTx-ImI (molecular mass, 1352 Da), the discrepancy in the
assays could be due to pharmacokinetic differences between
the toxins. Also, a-BTX in the oocyte experiments essentially
acts irreversibly. Thus, the relative potencies of the toxins in
the oocytes and bioassays may not be strictly comparable. A
more intriguing possibility is that the pharmacology of the in
vivo a7 receptors differs from that of the a7 homo-oligomers
expressed in oocytes with respect to affinity of a-CTx-ImI.
Several lines of evidence suggest that at least some native
a7-containing receptors are not homomeric (36-39). It is
therefore possible that the native receptor subtype whose
blockade by a-CTx-Imi produces seizures is an a7-containing
heteromer. If this hypothesis is correct, then this a7-contain-
ing heteromer would be more equally blocked by a-CTx-Imi
and a-BTX than a7 homomeric receptors expressed in Xeno-
pus oocytes. It will be of significant interest to physiologically
measure the affinity of a-CTx-ImiI on in vivo a7-containing
receptors.
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TABLE 3
a-Conotoxin primary structure and disulfide bonding pattern

Johnson et al.

Peptide sequences are represent
configuration for all a-conotoxins is indicated.

ed by standard one-letter abbreviations. * Indicates the a-carboxyl group is known to be amidated. Common disulfide bond

a-CTx Sequence Source Reference
Imi GCCSDPRC AWR C* C. imperialis 23
Gi ECC NPACGRHYSC* C. geographus 13
M GRCC HPACGKNYSC* C. magus 14
Disulfide bonding pattern: CC—C—C

Although a-CTx-Imi and «-BTX elicit seizures when in-
jected centrally, a-conotoxins M1 and Gi do not elicit behav-
ioral effects when injected ICV. These observations are again
consistent with the oocyte expression data. Both a-CTx-M1
and a-CTx-G1 block the muscle nicotinic receptor subtype
with high apparent affinity (Table 2 and Fig. 4) and are
without detectable effect on the other subunit combinations
assayed. Thus, a-conotoxins M1 and Gi are more selective for
the a1B1y3 muscle subtype receptor than a-BTX (which also
blocks homomeric a7 and a9 receptors).

In summary, we have shown that a-CTx-Imi blocks homo-
meric a7 nicotinic receptors expressed in Xenopus oocytes.
Although a-CTx-Imi blocks a7 receptors with lower apparent
affinity than «-BTX, it is more selective in its blockade of a7
receptors versus muscle subtype receptors. In contrast,
a-conotoxins M1 and Gi1 block only muscle subtype receptors.
Beause a-conotoxins are small, rigid peptides, two-dimen-
sional nuclear magnetic resonance imaging can be used to
assess their structure. The solution structure of a-CTx-GI
has previously been reported (40), and it will be of interest to
compare the structure of a7-targeting a-CTx-Im1 with those
of the al-targeting a-conotoxins. Such structure-function
studies may assist in the design of peptides of higher affinity
and even greater subtype specificity.

Acknowledgments

We thank Dr. Jim Boulter for careful reading of the manuscript
and helpful suggestions.

References

1. Sargent, P. B. The diversity of neuronal nicotinic acetylcholine receptors.

Annu. Rev. Neurosci. 16:403—443 (1993).

West, R. J., and M. J. Jarvis. Effects of nicotine on finger tapping rate in

non-smokers. Phar l. Biochem. Behav. 28:727-731 (1986).

Warburton, D. M. Nicotine as a cognitive enhancer. Prog. Neuropsycho-

pharmacol. Biol. Psychiatry 18:181-191 (1992).

Levin, E. D. Nicotinic systems and cognitive function. Psychopharmacol-

ogy 108:417-431 (1992).

. Nordberg, A. In vivo detection of neurotransmitter changes in Alzheimer’s

disease. Ann. N. Y. Acad. Sci. 695:27-33 (1993).

. Adler, L. E,, L. D. Hoffer, A. Wiser, and R. Freedman. Normalization of
auditory physiology by cigarette smoking in schizophrenic patients. Am. J.
Psychiatry 150:1856-1861 (1993).

7. Freedman, R., M. Hall, L. E. Alder, and S. Leonard. Evidence in postmor-

tem brain tissue for decreased numbers of hippocampal nicotinic r

® o s @ N

12.

13.

14.

15.

16.

17.

18.

19.

21.

22.

25.

27.

Parkinson’s disease, In Nicotine Pharmacology: Molecular, Cellular and
Behavioural Aspects (M. A. H. Russell and I. P. Stolerman, eds.). Oxford
University Press, Oxford, UK, 307-340 (1990).

Grandinetti, A., D. M. Morens, D. Reed, and D. MacEachem. Prospective
study of cigarette smoking and the risk of developing idiopathic Parkin-
son’s dis Am. J. Epidemiol. 139:1129-1138 (1994).

Gray, W. R,, A. Luque, B. M. Olivera, J. Barrett, and L. J. Cruz. Peptide
toxins from Conus geographus venom. J. Biol. Chem. 256:4734—4740
(1981).

McIntosh, M., L. J. Cruz, M. W. Hunkapiller, W. R. Gray, and B. M.
Olivera. Isolation and structure of a peptide toxin from the marine snail
Conus magus. Arch. Biochem. Biophys. 218:329-334 (1982).

Zafaralla, G. C., C. Ramilo, W. R. Gray, R. Karlstrom, B. M. Olivera, and
L. J. Cruz. Phylogenetic specificity of cholinergic ligands: a-conotoxin SI.
Biochemistry 27:7102-7105 (1988).

Myers, R. A., G. C. Zafaralla, W. R. Gray, J. Abbott, L. J. Cruz, and B. M.
Olivera. a-Conotoxins, small peptide probes of nicotinic acetylcholine re-
ceptors. Biochemistry 30:9370-9377 (1991).

Ramilo, C. A., G. C. Zafaralla, L. Nadasdi, L. G. Hammerland, D. Yo-
shikami, W. R. Gray, J. Ramachandran, G. Miljanich, B. M. Olivera, and
L. J. Cruz. Novel a- and w-conotoxins from Conus striatus venom. Bio-
chemistry 31:9919-9926 (1992).

Myers, R. A,, L. J. Cruz, J. E. Rivier, and B. M. Olivera. Conus peptides as
chemical probes for receptors and ion channels. Chem. Rev. $3:1923-1936
(1993).

Luetje, C. W., K. Wada, S. Rogers, S. N. Abramson, K. Tsuji, S. Heine-
mann, and J. Patrick. Neurotoxins distinguish between different neuronal
nicotinic acetylcholine receptor subunit combinations. J. Neurochem. 58:
632-640 (1990).

. Kreienkamp, H.-J., S. M. Sine, R. K. Maeda, and P. Taylor. Glycosylation

sites selectively interfere with a-toxin binding to the nicotinic acetylcho-
line receptor. J. Biol. Chem. 269:8108-8114 (1994).

Hann, R. M., O. R. Pagon, and V. A. Eterovic. The a-conotoxins GI and MI
distinguish between the nicotinic acetylcholine receptor agonist sites while
SI does not. Biochemistry 33:14058-14063 (1994).

Walls, J. G. Cone Shells: A Synopsis of Living Conidae. T. F. H. Publica-
tions, Inc., Ltd., Hong Kong/Singapore (1979).

. McIntosh, J. M., D. Yoshikami, E. Mahe, D. B. Nielsen, J. E. Rivier, W. R.

Gray, and B. M. Olivera. A nicotinic acetylcholine receptor ligand of
unique specificity, a-conotoxin Iml. J. Biol. Chem. 269:16733-16739
(1994).

. Olivera, B. M., G. Miljanich, J. Ramachandran, and M. E. Adams. Calcium

channel diversity and neurotransmitter release: the w-conotoxins and
w-agatoxins. Ann. Rev. Biochem. 63:823—-867 (1994).

Boulter, J., J. Connolly, E. Deneris, D. Goldman, S. Heinemann, and J.
Patrick. Functional expression of two neuronal nicotinic acetylcholine
receptors from cDNA clones identifies a gene family. Proc. Natl. Acad. Sci.
USA 94:7763-7767 (1987).

. Patrick, J., J. Boulter, D. Goldman, P. Gardner, and S. Heinemann. Mo-

lecular biology of nicotinic receptors. Ann. N. Y. Acad. Sci. 505:194-207
(1988).

Wada, K., M. Ballivet, J. Boulter, J. Connolly, E. Wada, E. S. Deneris, L.
W. Swanson, S. Heinemann, and J. Patrick. Functional expression of a
new pharmacological subtype of brain nicotinic acetylcholine receptor.
Science 240:330-334 (1988).

. Boulter, J., K. Evans, D. Goldman, G. Martin, D. Treco, S. Heinemann,

in schizophrenia. Biol. Psychiatry, 38:22-33 (1995).

8. Freedman, R., L. E. Adler, P. Bickford, W. Byerley, H. Coon, C. M. Cullum,
J. M. Griffith, J. G. Harris, S. Leonard, C. Miller, M. Myles-Worsley, H. T.
Nagamoto, G. Rose, and M. Waldo. Schizophrenia and nicotinic receptors.
Harvard Rev. Psychiatry 2:179-192 (1994).

9. Sanberg, P. R., H. M. Fogelson, P. Z. Manderscheid, K. W. Parker, A. B.
Norman, and B. J. McConville. Nicotine gum and haloperidol in Tourette’s
syndrome. Lancet 1:592 (1988).

10. Sanberg, P. R., B. J. McConville, H. M. Fogelson, P. Z. Manderscheid, K.
W. Parker, M. M. Blythe, W. M. Klykylo, and A. B. Norman. Nicotine
potentiates the effects of haloperidol in animals and in patients with
Tourette syndrome. Biomed. Pharmacother. 43:19-23 (1989).

11. Reavill, C. Action of nicotine on dopamine pathways and implications for

29.

31

and J. Patrick. Isolation of a cDNA clone coding for a possible neural
nicotinic acetylcholine receptor a-subunit. Nature 319:368-374 (1986).
Goldman, D., E. Deneris, W. Luyten, A. Kochhar, J. Patrick, and S.
Heinemann. Members of a nicotinic acetylcholine receptor gene family are
expressed in different regions of the mammalian central nervous system.
Cell 48:965-973 (1987).

. Elgoyhen, A. B, D. S. Johnson, J. Boulter, D. E. Vetter, and S. Heinemann.

a9: an acetylcholine receptor with novel pharmacological properties ex-
pressed in rat cochlear hair cells. Cell 79:705-715 (1994).

Deneris, E. S., J. Connolly, J. Boulter, E. Wada, K. Wada, L. W. Swanson,
J. Patrick, and S. Heinemann. Primary structure and expression of 82: a
novel subunit of neuronal nicotinic acetylcholine receptors. Neuron
1:45-54 (1988).

2102 ‘2 Jaqwiadaq uo Alisianiun pesewwey ] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet

35.

36.

. Duvoisin, R. M., E. S. Deneris, J. Patrick, and S. Heinemann. The func-

tional diversity of the neuronal nicotinic acetylcholine receptors is in-
creased by a novel subunit: 4. Neuron 3:487-496 (1989).

. Gerzanich, V., R. Anand, and J. Lindstrom. Homomers of a8 and a7

subunits of nicotinic receptors exhibit similar channel but contrasting
binding site properties. Mol. Pharmacol. 45:212-220 (1994).

. Heinemann, S., J. Boulter, J. Connolly, E. Deneris, R. Duvoisin, M. Hart-

ley, I. Hermans-Borgmeyer, M. Hollmann, A. O’Shea-Greenfield, R. Papke,
S. Rogers, and J. Patrick. The nicotinic receptor genes. Clin. Neurophar-
macol. 14 (Suppl. 1):S45-S61 (1991).

Couturier, S., D. Bertrand, J.-M. Matter, M.-C. Hernandez, S. Bertrand,
N. Millar, S. Valerak, T. Barkas, and M. Ballivet. A neuronal nicotinic
acetylcholine receptor subunit (a7) is developmentally regulated and
forms a homo-oligomeric channel blocked by a-BTX. Neuron 5:947-956
(1990).

Schoepfer, R., W. G. Conroy, P. Whiting, M. Gore, and J. Lindstrom. Brain
a-bungarotoxin binding protein cDNAs and MAbs reveal subtypes of this
branch of the ligand-gated ion channel gene family. Neuron 5:35-48
(1990).

37.

39.

199

Listerud, M., A. B. Brussaard, P. Devay, D. R. Colman, and L. W. Role.
Functional contribution of neuronal AChR subunits revealed by antisense
oligonucleotides. Science 254:1518-1521 (1991).

a-CTx Imi Blocks Homomeric a7 and «® nAChRs

. Anand, R., X. Peng, and J. Lindstrom. Homomeric and native a7 acetyl-

choline receptors exhibit remarkably similar but non-identical pharmaco-
logical properties, suggesting that the native receptor is a heteromeric
protein complex. FEBS Lett. 327:241-246 (1993).

Keyser, K. T., L. R. G. Britto, R. Schoepfer, P. Whiting, J. Cooper, W.
Conroy, A. Brozozowska-Prechtl, H. J. Karten, and J. Lindstrom. Three
subtypes of a-bungarotoxin-sensitive nicotinic acetylcholine receptors are
expressed in chick retina. J. Neurosci. 13:442—454 (1993).

. Pardi, A., A. Goldes, J. Florance, and D. Maniconte. Solution structures of

a-conotoxins determined by two-dimensional NMR spectroscopy. Bioch
istry 28:5494-5501 (1989).

Send reprint requests to: Dr. J. Michael McIntosh, University of Utah, 201
S. Biology, Salt Lake City, UT 84112.

2102 ‘2 Jaqwadag uo Asianiun pesewwey ye Bio'sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/



