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Summary

cDNA and genomic clones encoding o7, a novel neu-
ronal nicotinic acetylcholine receptor (nAChR) a sub-
unit, were isolated and sequenced. The mature o7 pro-
tein (479 residues) has moderate homology with all
other @ and non-a nAChR subunits and probably as-
sumes the same transmembrane topology. a7 transcripts
transiently accumulate in the developing optic tectum
between E5 and E16. They are present in both the deep
and the superficial layers of E12 tectum. In Xenopus oo-
cytes, the o7 protein assembles into a homo-oligomeric
channel responding to acetylcholine and nicotine. The
o7 channel desensitizes very rapidly, rectifies strongly
above -20 mV, and is blocked by a-bungarotoxin. A bac-
terial fusion protein encompassing residues 124-239 of
a7 binds labeled a-bungarotoxin, We conclude that
a-bungarotoxin binding proteins in the vertebrate ner-
vous system can function as nAChRs.

Introduction

The snake venom protein a-bungarotoxin (a-BTX) is a
potent competitive blocker of the nicotinic acetylcho-

line receptor (nAChR) at the neuromuscular junction

of most vertebrates, and it has played an essential role
in the characterization of this neurotransmitter-gated
ion channel (Raftery et al., 1980). There is a great deal
of controversy, however, as to the nature and function
of its widespread and lower affinity binding sites in
the central and peripheral vertebrate nervous systems
(reviewed in Lindstrom et al., 1987; Schmidt, 1988).
Recent work in our laboratory has led to the molec-
ular cloning of 8 different genes and cDNAs encoding
neuronal nAChR subunits from the chicken (a2-u6
and nal-na3; Nef et al., 1988; Couturier et al., 1990;
Hernandez et al., unpublished data). Most of the cor-
responding rat subunits (a2-a5 and p2-f4) have also
been isolated (Boulter et al., 1986, 1990; Goldman et
al., 1987; Wada et al., 1988; Deneris et al., 1988, 1989;
Duvoisin et al., 1989). Reconstitution studies in the
Xenopus oocyte system have shown that a2, a3, and

a4 can each lead to assembly of a functional nAChR
in concert with either nal (B2) or na3 (B4). These vari-
ous receptor subtypes have different electrophysio-
logical and pharmacological properties (Wada et al.,
1988; Papke et al., 1989; Couturier et al., 1990), but all
of them are totally insensitive to concentrations of
a-BTX that completely and irreversibly block the clas-
sic nAChR at the neuromuscular junction.

In this paper, we describe the molecular cloning of
the chicken neuronal nAChR protein aZ. We show that
the o7 protein has rather weak but definite homology
with all other muscle and neuronal nAChR subunits
and that the structure of its gene differs markedly
from those of all known genes in the nAChR family.

We find that a7 mRNA accumulates transiently in
the developing optic tectum at the time when tectal
neurons form their connections with the retina and
other regions of the brain. In situ hybridization re-
veals the presence of a7 transcripts in all layers of the
developing tectum, including those of the deep
layers, whose neurons make no connections with reti-
nal axons.

Using an improved Xenopus oocyte system (Ballivet
et al., 1988; Bertrand et al., 1990a, 1990b), we show that
a7 alone, in the absence of any coinjected non-a sub-
unit cDNA, leads to the assembly of a functional neu-
ronal nAChR with unusual properties: it is more sensi-
tive and responds with greater currents to nicotine
than to ACh, it desensitizes very rapidly, and the volt-
age dependence of its ACh currents is pronounced at
elevated membrane potentials. In addition, the o7
channel is totally blocked by low concentrations of
a-BTX, a most interesting finding reinforced by the
demonstration that the extracellular domain of a7 ex-
pressed as a bacterial fusion protein binds labeled
a-BTX.

We conclude that a7 is a developmentally regulated
protein capable of forming a functional homo-oligo-
meric nAChR in oocytes. Since it binds to and is inacti-
vated by a-BTX, we argue that at least some and per-
haps all of the abundant a-BTX binding activity of the
vertebrate nervous system (Wang and Schmidt, 1976;
Wang et al., 1978; Conti-Tronconi et al., 1985) consists
of hitherto unrecognized ACh- and nicotine-gated ion
channels.

Results

Molecular Cloning of the a7 cDNA and Gene

Independent recombinant clones (10%) of an adult
chicken brain cDNA library in the vector Agt10 were
screened under conditions of low hybridization strin-
gency with a 32P-labeled probe of 333 bp encoding
residues 85-196 of the chicken a3 subunit. Several
faint positives were purified, and their insert cDNAs
were analyzed by restriction mapping and DNA se-
quencing. Of these, phage 45 was found to contain a
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R Figure 1. Structure of the Chicken o7

3 cDNA and Gene
After the a7 cDNA had been isolated and
E sequenced, the indicated 5’ and 3’ restric-
J tion fragments were radioactively labeled

and used to probe a chicken genomic li-
brary. A set of five overlapping genomic

S’ probe

=N
F probe clones was isolated, and the splice junc-

tions (arrowheads) were determined after

subcloning into plasmid vectors (exons 2 and 5-10) or by direct sequencing on phage DNA. Hatched segments represent signal peptide

and transmembrane regions TM1-4. Restriction sites: E, EcoRl; S, Sacll, D, Dral; R, EcoRV; Bg, Bglil;

cDNA insert of 2500 bp (Figure 1) whose open reading
frame encodes the nAChR-related mature o7 protein
(479 residues) and its signal peptide (23 residues).
To isolate the o7 gene and its promoter sequences,
5 coding and 3’ untranslated probes were prepared by
radioactive labeling of the appropriate o7 cDNA re-
striction fragments (Figure 1). These were used under
conditions of high hybridization stringency to screen
10¢ plaque-forming units of an amplified chicken
genomic library constructed in the vector AL47. A set
of five different but overlapping genomic inserts was
obtained; two of them hybridized only with the 5
probe and three hybridized with both probes. Appro-
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X, Xmnl; Ba, BamHI.

priate restriction fragments were subcloned and se-
quenced from their ends or with a set of seven ad hoc
oligonucleotide primers to determine intron loca-
tions and splice sites. In some instances exon bound-
ary sequences were obtained directly from purified
recombinant phage DNA. In the course of this work,
most of the a7 open reading frame was resequenced:
there were no differences between gene and cDNA.

The o7 gene is split into ten exons (Figure 1; Figure
2a), of which the first four exactly match the corre-
sponding exons in all known nAChR subunit genes
from vertebrates. To our surprise, however, we found
that none of the remaining six exons in the o7 gene
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Figure 2. Primary Structure of the a7 Protein

(a) Nucleotide and deduced protein sequences of the chicken
o7 cDNA. The open reading frame in a7 encodes a mature pro-
tein of 479 residues with a calculated, nonglycosylated molecu-
lar mass of 54500 daltons. There are three potential N-linked
glycosylation sites in the extracellular domain of the protein
(asterisks). Potential phosphorylation sites in the cytoplasmic
domain are found at positions 342, 344, 390, 392, 404, 419, and
442, Arrowheads indicate splice sites; transmembrane regions
TM1-4 and 5 cysteines in the extracellular domain are under-
lined.
(b) Alignment of the mature avian a7 and a1 proteins. Of the
aligned residues, 38% are identical (vertical bars) and an addi-
tional 16% have similar chemical properties. Homology is
highest in the extracellular and transmembrane TM1-3 domains.
There is nearly perfect identity between the N-terminal se-
quence of a7 and the N-terminal sequence XEFETKLYKELL-
KNYNPLEXPVAXD of an a-BTX binding protein purified from
chick optic tectum (Conti-Tronconi et al., 1985).

Percent identity between a7 and other neuronal and muscle
nAChR subunits (Nef et al., 1988; Bossy et al., 1988; Couturier
et al., 1990) is as follows:

al a2 a3 a4 a5 a6 nal na2 na3 y ALS
a7 384 39.7 388 41.3 384 382 351 34.8 381 32.2 397
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Figure 3. Northern Blot Analysis of a7 Transcripts in the Chick
Optic Tectum

(a) poly(A)* RNA (500 ng per lane) isolated from optic tectum on
E12 was fractionated by gel electrophoresis, blotted, and hybrid-
ized with different ¥P-labeled probes: lane 1, 5’ a7 cDNA; lane
2, 5" a7 and nal cDNAs; lane 3, 5 nal cDNA; lane 4, 3' a7 cDNA.
Exposure times for lanes 1-4 were 18, 10, 3, and 48 hr, respec-
tively.

(b) Total RNA (2 ug per lane) isolated from the optic tectum of
“eyeless” (lane 1) and normal (lane 2) embryos at E10 was hybrid-
ized with ¥P-labeled 5' a7 cDNA and autoradiographed for 7
days.

(c) Total RNA (5 pg per lane) isolated from the optic tectum at
five embryonic stages (E5, E10, E12, E13, and E16) and at two stages
after hatching (P2 and adulthood) was hybridized with the 5 a7
probe and autoradiographed for 3 days. After autoradiography,
membranes were stained with methylene blue and analyzed by
scanning densitometry to check that rRNA loads were similar in
all lanes.

match any of the exons in muscle (Noda et al., 1983;
Nef et al., 1984; Buonanno et al., 1989) or in neuronal
nAChR genes (Nef et al., 1988), whereas all exon-
intron boundaries in a2-a5 and nal-na3 are exactly
conserved.

The o7 Protein

Although its overall identity score with other nAChR
subunits from chicken or with the Drosophila ALS
protein is rather low (Figure 2), the o7 protein has all
the features expected of a nAChR subunit: it has a typ-
ical signal peptide, which we suppose is cleaved as
shown (Figure 2a) to yield a mature protein of 479
residues containing four hydrophobic stretches of
sufficient length to span the membrane as a-helices.
Three of these are closely spaced in the middle of the
sequence, and the fourth is near the C-terminus. This
structure is a hallmark of all known ligand-gated ion
channel subunits and suggests a common transmem-

brane topology for all of them (Grenningloh et al.,
1987; Schofield et al., 1987; Holimann et al., 1989).

The putative extracellular domain of the o7 protein
(residues 1-206) has three potential N-linked glycosy-
lation sites (at N23, N67, and N110), the first and sec-
ond of which are conserved in many neuronal nAChR
subunits. It also has a cysteine residue at position 115
in addition to the 4 conserved cysteines (at positions
128, 142, 192, and 193, al subunit numbering) that
operationally define all previously isolated nAChR «
subunits. Transmembrane regions TM1, TM2, and TM3
of a7 are the most highly conserved, as expected of
anAChR subunit in view of the critical role this region
plays in channel formation and ion permeation (Gir-
audat et al., 1986; Imoto et al., 1988). The cytoplasmic
domain (residues 295-446) and TM4 are poorly con-
served, except for patches of high homology distal to
TM4. The cytoplasmic domain contains several poten-
tial sites for serine, threonine, and tyrosine phospho-
rylation (Figure 2a), whose significance is currently
unknown.

a7 mRNA in the Developing Optic Tectum

Total and polyadenylated RNA was isolated from the
optic tectum and retina of chick embryos at intervals
between E5 and hatching and at two stages after
hatching (P2 and adulthood). Poly(A)* RNA was also
isolated from the adult telencephalon and cerebel-
lum. RNA was fractionated by gel electrophoresis,
transferred to nylon membranes, and hybridized with
32p.Jabeled probes from the o7 cDNA.

Very low levels of a7 mRNA were detected in the tel-
encephalon, cerebellum, and retina (data not shown).
In contrast, we observed relatively high levels of a7
mRNA during embryonic development of the optic
tectum. Two a7 mRNAs of about 7 and 3 kb were de-
tected in the poly(A)* RNA fraction of E12 tectum
(Figure 3a). The largest of these was by far the most
abundant and hybridized with probes from both the
5" and the 3’ ends of a7 cDNA; the smaller transcript
was sparse and could be detected only with the 5’
probe (Figure 3a). The 7 kb a7 mRNA was hardly de-
tectable at ES, but its level increased sharply over the
next several days to reach a maximum sometime
around E12, when retinal axons are invading the tec-
tum. a7 mRNA levels decreased abruptly between E12
and E16 and then slightly between E16 and adulthood
(Figure 3c). In a previous study (Matter et al., 1990), we
have shown that a marked increase in nal mRNA lev-
els takes place at the same stages of development (Fig-
ure 3a, lane 2) and can be prevented by bilateral eye
removal of E2. In contrast, we found that the levels of
a7 mRNA remained quite similar in the tectum of
“eyeless” and normal embryos (Figure 3b). Thus, the
developmentally regulated modulation of a7 mRNA
levels appears not to be dependent upon innervation
of the tectum by retinal axons.

Topographic Distribution of a7 Transcripts in the
Optic Tectum
Tectum sections prepared from E12 embryos were hy-
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Table 1. Localization of a7 and na1 nAChR Transcripts
in the Optic Tectum at E12

nAChR Transcripts

Layers a7 nat

X!I-V (SGFS) 12+4 @) 92 3 26 (4)
IV (SGO) 1B127 @ 4+1 @
1l (SAC) 6+3 (4 5+2 4
t1-1 (SGP, SFP) 2+1 4 0 4)
NE 0 4) 0 4
XI-1 321124 106 + 25 (4)
Xi-1 [0 (%)] (] )

Tissue sections through E12 optic tectum were hybridized with
3S-labeled antisense a7 and na1l probes, and in situ hybridiza-
tions were quantified by counting radioactively labeled cells in
sectors of about 1.5 mm?. Values represent the mean 1 stan-
dard deviation; the number of sections analyzed is indicated in
parentheses. Values in square brackets represent the number
of labeled cells in adjacent sections hybridized with the sense
probes. Designation of the layers of the developing optic tec-
tum conforms to that described by LaVail and Cowan (1971).
SGFS, stratum griseum et fibrosum superficiale; SGC, stratum
griseum centrale; SAC, stratum album centrale; SGP, stratum
griseum periventriculare; SFP, stratum fibrosum periventriculare;
NE, neuroepithelium.

bridized with an 35S-labeled antisense probe from
the 3’ untranslated end of a7 cDNA. Although labeled
cells were observed throughout the different layers of
the optic tectum (Table 1), about 41% of them were
localized in layer 1V, the future stratum griseum cen-
trale. In this layer, o7 transcripts were mainly detected
in large, horizontally disposed cells (Figures 4c and

4d). In the future stratum griseum et fibrosum super-
ficiale, labeled cells were detected in the densely
packed cell layers V and VL. Layer l1I, the future stra-
tum album centrale, is the broadest plexiform layer of
the tectum and only a few neurons are scattered be-
tween the large fascicles; we found that some of these
neurons were strongly labeled. Nonetheless, in each
of these layers the proportion of labeled cells was very
small, suggesting that a7 expression is stimulated in
individual cells only for brief periods. When adjacent
sections were hybridized with ¥S-labeled antisense
nal probe, about 87% of the labeled cells were local-
ized in the superficial layers (V=VII) of the optic tec-
tum (Figure 4a; Table 1; see also Matter et al., 1990). No
labeled cells were found in tissue sections hybridized
with o7 or nal sense probes (Table 1).

Electrophysiology of the o7 Channel

Two days after nuclear injection of 2 ng of expression
plasmid flip o7 (or its derivative flip a7A; see Ex-
perimental Procedures), voltageclamped Xenopus
oocytes responded to ACh and nicotine, in the pres-
ence of atropine, with inward currents of up to several
microamperes (of 89 cells clamped at -100 mV, 61
responded to 100 uM ACh with currents in the range
01-40 pA). In addition, when a cell was challenged
with increasing concentrations of ACh and nicotine
(Figure 5a), the sensitivity and amplitude of the re-
sponses were always greater with nicotine than with
ACh. As illustrated in Figure 5b, the ACh sensitivity of
a7 channels was much lower (ECsy = 115 pM, n = 14)
than that of the a4/nal neuronal channel (ECsy = 0.77

Fiéure 4. Topographic Distribution of a7 and na1 Transcripts in the Optic Tectum

Tissue sections across E12 optic tectum were hybridized with ¥S-labeled na1 (a) or 3’ a7 (b, ¢, and d) antisense probes. Bright-field
(c) and dark-field (d) photomicrographs of cells in layer IV. Autoradiography was for 3 weeks. Bars, 200 pm (a and b); 40 um (c and d).
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Figure 5. Responses of aZ-Injected Oo-
cytes to ACh and to Nicotine

100 uM (a) An oocyte injected 2 days earlier with 2

ng of a7 expression plasmid was voltage-
clamped at -100 mV and challenged with
increasing concentrations of ACh and
nicotine. Time between applications was 1
min or longer, and full recovery had been
determined to take less than 1 min for
short (3 s) agonist applications.

(b) Mean dose-response curves to ACh of
the reference neuronal a4/nat (squares, 20
cells; Bertrand et al., 1990a) and a7 chan-
nels (triangles, 3 cells from one ovary; cir-
cles, 9 cells from two ovaries). Responses
from each cell were normalized to its maxi-
mum evoked current. Mean data points
were fitted to Hill’s equation (solid lines) to
yield a4/nal, ECs; = 0.77 uM, n = 1.5, and
a7, ECp = 115 uM, n = 14.

800 nA

Figure 6. Voltage Dependence of ACh-
Induced Currents in o7 Channels

(a) Current-voltage values (4 cells, mean of

| o 8 mv

=120 -8 -40 [] 40
o

ol

o 100 1 §|

1M, n = 1.5). The nicotine sensitivity of the a7 channel
has not been fully documented, but it is certainly 5
times greater than the sensitivity for ACh, whereas
the a4/nal channel is equally sensitive to ACh and to
nicotine (Figure 5a; Bertrand et al., 1990a). Another
obvious feature of the a7 responses shown in Figure
5a is their very fast and thorough desensitization at
high agonist concentrations. In all cells we recorded
from (n = 61), the time course of desensitization was
similar and could be fitted by the sum of two expo-
nentials (an adequate fit for 1 cell yielded T; = 0.26 s
and T; = 13 s). In o7 receptors, the time constant of
the fast component is much shorter than that in any
other receptors we have analyzed (Couturier et al.,
1990), and the ratio between peak and plateau (about
25 to 1) is the largest of all reconstituted nAChRs.
Coinjections of expression plasmids for a7 and for
either nal, na2, na3, or a mixture of the three muscle
nAChR subunits B, v, and 3 all resulted in the assem-
bly of functional ACh-gated channels. These chan-
nels, however, did not differ in their sensitivity to

—— currents normalized at ~140 mV) were ob-
tained by consecutive 30 puM ACh applica-
= tions at increasingly depolarized voltages.

(b) Individual a7 currents in a single oocyte
challenged with 30 uM ACh between -140
~140 and +20 mV.

ligands or to toxins from those assembled from a7
alone. Thus, we have no reason to believe at present
that a7 and any of the above non-a subunits can coas-
semble into functional hetero-oligomeric structures.

Figure 6a demonstrates that the ACh-induced cur-
rents (mean of 4 cells) through a7 channels are dra-
matically voltage sensitive at depolarized potentials:
above -20 mV, the current-voltage curve rectifies so
thoroughly that no reversal potential is detectable. In
Figure 6b, we show the individual responses recorded
from a single cell repeatedly challenged with the
same low, nondesensitizing ACh concentration (30
1M), at eight different imposed potentials from —140
to +20 mV.

Figure 7a illustrates the full block resulting from a
30 min application of 100 nM a-BTX in an oocyte ex-
pressing the a7 receptor (5 of 5 cells responded in the
same way). The same preparation of highly purified
a-BTX has been applied for 30 min at 700 nM in oo-
Cytes expressing a4/nal, e4/na3, a3/nal, and a3/na3
channels (Couturier et al., 1990); responses to a sub-
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100 uM ACh

100~ (]

30 min. 100 oM a-BTX

% of response
—

100 uM ACh

Figure 7. a7 Channels are Blocked by
a-BTX

(a) In a7-injected oocytes, the response to
100 uM ACh was abolished by 30 min incu-
bation in 100 nM a-BTX.

(b) Inhibition curve of a7 channels by
a-BTX. Responses.to 600 uM ACh in oo-
Cytes clamped at ~100 mV were measured
before and after 30 min incubation at the
indicated toxin concentration In the pres-
ence of 100 pg/ml bovine serum albumin.
Data points were fitted to Hill's inhibition
equation (solid line) to yield ICs, = 0.73
nM, n =6

10

2 sec a-BTX, nM

sequent application of ACh were totally unaffected. In
contrast, currents of up to 15 pA evoked by 1 uM ACh
in a chimeric muscle nAChR (chicken a, v, and @
cDNAs, mouse B cDNA) expressed in oocytes were
abolished by a 30 min incubation in 100 nM a-BTX
(data not shown). In Figure 7b, we demonstrate that
the a7 channel expressed in oocytes is exquisitely sen-
sitive to a-BTX (ICs; = 0.73 nM) and that the inhibi-
tion curve is extremely steep (Hill coefficient of 6 or
greater), an indication that the homo-oligomeric o7
channel may be blocked by only one or a very few
a-BTX molecules. Two different, highly purified prepa-
rations of the neuronal toxin k-BTX were also tested
on oocytes injected with aZ. ACh responses were fully
blocked after a 30 min incubation at 100 nM, but there
was no block at 10 or 1 nM.

To control for the possible interference of nAChR
a-like subunits that might be endogenously produced
in the oocytes (Buller and White, 1990; Hartman and
Claudio, 1990), we tested series of oocytes injected
with an equimolar mixture of the muscle subunit B,
Y, and @ cDNAs or with nal, na2, or na3 cDNAs. Of
57 such cells examined, none responded to 100 pM
ACh, although most or all a/p/y/3- or a4/nal-injected
oocytes from the same batches gave responses in the
microampere range when challenged with 1 uM ACh.

Labeled o-BTX Binding to Fusion Proteins

A restriction fragment encoding residues 124-239 of
the mature o7 protein was spliced in phase down-
stream from the constitutive lac promoter in plasmid
pUC18 to yield pCa7A. A culture of E. coli strain DH5
transformed with pCa7A was lysed, and the released
proteins were tested for labeled a-BTX binding in dot
(Figure 8a) or Western (Figure 8b) blots. Proteins
released from DHS5 cells transformed with pUC18
served as negative control. As positive control, we
used lysates of DH5 cells transformed with pTaX1Q
(Barkas et al., 1988), a pUC8 derivative expressing high

levels of a Torpedo nAChR a1 subunit fusion protein
(residues —2 to +200). A simple dot blot assay (Figure
8a) was used to show that lysates of cells transformed
with pCa7A and pTaX1Q do contain an a-BTX binding
activity absent from lysates of cells transformed with
the vector alone. As seen in Figure 8b, Western blots
of the caZA and TaX1Q lysates each contain a protein

a b

."'ﬁ;"ﬁk}‘.‘ o

<

S Nt
s oAty oyt

Figure 8. Autoradiographs of '|-labeled a-BTX Bound to
Chicken a7 and to Torpedo al Fusion Proteins

(a) Samples of cell lysates from E. coli DH5 transformed with
Torpedo al plasmid TaX1£, chicken o7 plasmid Ca7A, and con-
trol pUC18 were deposited on nitrocellulose and incubated with
labeled a-BTX: lanes 1 and 2, 1 and 5 pl of TaX1Q lysate; lanes
3-5, 1, 5, and 10 pl of pUC18 lysate; lanes 6-8, 1, 5, and 10 pl of
Ca7A lysate.

(b) Samples of cell lysates were separated by electrophoresis on
a 20% SDS-polyacrylamide gel, transferred to nitrocellulose,
and incubated with labeled a-BTX; lanes 1 and 2, 10 ul of pUC18
lysate; lanes 3 and 4, 10 ul of Ca7A lysate; lane 5, 1 ul of TaX1Q
lysate. Arrowheads point to 14 kd (lower) and 24 kd (upper) a-BTX
binding fusion proteins.
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of the expected molecular mass (14 and 24 kd, respec-
tively) that binds |-labeled a-BTX, whereas lysates
of the negative control do not.

Discussion

The a7 protein belongs to the growing family of ver-
tebrate nAChR-related subunits that have been def-
initely proven to assemble into functional ACh-gated
channels. In addition to the five subunits of muscle
nAChR (Mishina et al., 1986), this family includes the
neuronal subunits a2, a3, o4, nal (B2), and na3 (B4).
Other subunits, o5 and na2 (B3), have been cloned,
but their function has not been determined because
they fail to form functional channels in the Xenopus
oocyte system (Boulter et al., 1990; Couturier et al.,
1990). Structural and functional findings reported
here indicate that a7 occupies a special place in the
ensemble of neuronal nAChR subunits.

The o7 Gene Has a Unique Structure among

nAChR Genes

The structure of the o7 gene departs from the invari-
ant structure of the 7 neuronal subunit genes so far
sequenced (Nef et al., 1988; Wada et al., 1988; Boulter
et al., 1990; Couturier et al., 1990), and it also differs
from the structures of the 5 muscle receptor subunit
genes. Of the ten exons encompassing the coding se-
quence of a7, the 3’ proximal six have unique splice
sites, whereas all other genes in the family use sub-
sets of the 11 splice sites identified in the muscle B,
v, @, and € genes (Nef et al., 1984; Buonanno et al,,
1989). This, taken together with the relative low ho-
mology between the o7 protein and all other mem-
bers of the family, suggests that the a7 gene diverged
early from the main phylogeny that led to the other
12 muscle and neuronal subunit genes whose struc-
tures have been established.

a-BTX Binds to the o7 Protein

Our results (Figures 7 and 8) strongly suggest that a7
is one of the proteins that bind @-BTX in the nervous
system of vertebrates (Wang et al., 1978; Meeker et al.,
1986). This suggestion is reinforced by the quasi-
identity between the N-terminus of a7 and that of the
protein Conti-Tronconi et al. (1985) purified from neo-
nate chick optic lobe by affinity chromatography on
a-BTX. The two sequences differ at only 2 of 22 identi-
fied residues (see Figure 2b) and resemble each other
much more than any other known nAChR subunit
N-terminus. In view of the heroic nature of membrane
protein microsequencing, it may perhaps be con-
cluded that the two proteins are identical. Alterna-
tively, 07 may correspond to another of the proteins
coeluted in the purification scheme and found to re-
act with bromo-acetylcholine, an affinity reagent spe-
cific for nAChR a subunits. The hetero-oligomeric
structure of the chick optic lobe a-BTX binding pro-
tein was confirmed by Whiting and Lindstrom (1987)
and extended by Gotti et al. (1989) to the a-BTX bind-

ing protein expressed in the human neuroblastoma
cell line IMR32. Thus, as is the case for the muscle
receptor and for the neuronal receptors incorporat-
ing a2, a3, and a4, it appears likely that the neuronal
a-BTX binding proteins consist of several distinct
subunits.

Regulation of a7 mRNA during Neural

Development

During development of the optic tectum, the level of
a7 mRNA transiently increased between E5 and E16
and reached a peak around E12. Among the neuronal
nAChHR genes already identified, only nal exhibits a
similar pattern of expression (Matter et al., 1990). The
nal transcripts are predominantly localized in the su-
perficial layers of the tectum at the time when cells
in these layers form their connections with retinal
axons. In contrast, a7 transcripts are more abundant
in the deeper layers of the optic tectum. Although
there is some overlap in the hybridization patterns of
nal and a7 probes, it appears that the corresponding
mRNAs are mostly expressed in distinct cell popula-
tions. Furthermore, early eye enucleation does not in-
fluence the transient accumulation of a7 transcripts,
but it prevents the 10-fold increase in nal mRNA tak-
ing place at the same stages of development (Matter
et al., 1990).

Whereas transcriptional regulation of the nal gene
possibly plays a role in the formation of retino-tectal
synapses, the a7 nAChR gene may instead participate
in neurogenesis of connections between tectal cells
and the several brainstem nuclei with which the tec-
tum is connected. The o7 gene is expressed in layer
IV, the future stratum griseum centrale, and this layer
contains axon terminals from the nucleus semilunaris
and nucleus spiriformis lateralis (Reiner et al., 1982;
Hunt and Brecha, 1984). Sorenson et al. (1989) have
shown that the majority of neurons in the nucleus
semilunaris are cholinergic. In agreement with our
findings, nAChR-like molecules and '»|-labeled a-BTX
binding sites have been detected in the stratum gris-
eum centrale and in the stratum griseum et fibrosum
superficiale of adult chicken (PolzTejera et al., 1975;
Swanson et al., 1983, 1987). Moreover, there is excel-
lent correlation between the levels of a7 mRNA and
of a-BTX binding protein in the developing optic tec-
tum: toxin binding activity has been shown (Wang
and Schmidt, 1976; Wang et al., 1978) to increase
sharply between E10 and hatching and then to de-
crease to a low plateau in the neonate and adult.
Wang and Schmidt (1976) have suggested that this de-
crease in toxin binding sites may coincide with the
maturation of cholinergic synapses.

a7 Forms a Nicotinic lon Channel Blocked

by a-BTX

The results in Figures 5-7 prove that a7 forms func-
tional nicotinic ion channels giving robust (up to 4 pA,
a current corresponding to millions of open channels)
and reproducible responses in the oocyte membrane.
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Whether such homo-oligomeric channels assemble in
neuronal membranes and what their function might
be remain to be determined. It is indeed likely that
hetero-oligomeric forms predominate, as is the case
for the related strychnine-sensitive glycine receptor,
whose a subunits do nevertheless efficiently assem-
ble into homo-oligomeric glycine-gated chloride
channels upon transformation into mammalian cells
(Sontheimer et al., 1989) or in the oocyte system
(Grenningloh et al., 1990). We note that a7 and all
known glycine receptor a subunits have an odd num-
ber of cysteine residues in their extracellular do-
mains, suggesting that efficient self-assembly of a
subunits may depend on dimer formation.

The finding that a7 forms an ACh-gated channel
(Figure 5) which is efficiently blocked by a-BTX (Figure
7) provides very strong evidence that the complete,
hetero-oligomeric in vivo species also function as
a-BTX-sensitive nAChRs. The close agreement between
the 1Cs we measure in oocytes (0.73 nM; Figure 7b)
and the ECs, of the complex formed between a-BTX
and toxin binding proteins in CNS membranes
(0.35-0.61 nM; Wang and Schmidt, 1976) suggests that
most or all of the high-affinity a-BTX binding proteins
in chicken brain may contain the o7 protein. At pres-
ent, we cannot say whether the related, neuron-
specific k-BTX also blocks a7 channels because this
toxin is not available in sufficiently pure form. Chro-
matographically pure x-BTX may contain as much as
2% a-BTX, a level that suffices to account for the full
block we observe at 100 nM x-BTX and for the ab-
sence of block at 10 nM «x-BTX.

ACh sensitivity of the homo-oligomeric o7 channel
is low compared with that of a4/nal, yet the complete,
hetero-oligomeric structure found in vivo may be
much more sensitive to ACh as a result of the in-
fluence of other subunits in the structure. Support for
this view comes from the observation that a4- and a3-
containing neuronal nAChRs have very different ACh
sensitivities, depending on whether they assemble
with the na1 or with the na3 structural subunit (Cou-
turier et al., 1990). Unlike a4/nal or muscle receptors,
a7 is more sensitive to nicotine than to ACh, and it
may be of interest to determine whether it has a role
in nicotine dependence.

The rectification properties of the a7 channels are
so pronounced that exact measurement of their rever-
sal potential will have to await single-channel analysis.
Although the nature of the permeant ions remains to
be determined, we note that significant currents are
detected at -30 mV and below, a value compatible
with cationic fluxes. The extremely fast desensitiza-
tion of a7 homo-oligomers suggests that neuronal
receptors containing this subunit may produce pha-
sic responses to acute ACh release, whereas other
neuronal nAChRs, such as the slowly desensitizing
a4/nal, may be implicated in tonic responses.

Experimental Procedures

Standard Molecular Biological Procedures
Construction of chicken brain cDNA and genomic libraries, ra-

dioactive probe synthesis, screening procedures, bacteriophage
purification, subcloning, and sequencing protocols were as de-
scribed by Nef et al. (1988) and by Couturier et al. (1990).

RNA Extraction and Northern Blot Analysis

Embryos, newborn chicks, and chickens of a White Leghorn
strain were used in this work. Embryos were staged according
to Hamburger and Hamilton (1951), and following dissection, op-
tic tecta were immediately frozen in liquid nitrogen and stored
at -70°C. Eyeless embryos were prepared as previously de-
scribed (Matter et al., 1990). Total RNA was isolated according to
Feramisco et al. (1982), and poly{A)* RNA was selected by
oligo(dT)-cellulose chromatography (Aviv and Leder, 1972). Total
RNA and poly(A)* RNA were fractionated by electrophoresis in
1% agarose gel containing formaldehyde and electrophoretically
transferred to Dupont GeneScreen membrane (Khandjian, 1986).
Ribosomal RNAs were visualized by staining the membrane with
methylene blue. Blots were prehybridized for 6 hr in 1 M NaCl,
2x Denhardt’s solution, 1% SDS, 50 ug/ml of salmon sperm DNA,
10% dextran sulphate, 50% formamide at 42°C. The hybridiza-
tion buffer was the same except that it contained 5 x 10°
cpm/ml heat-denatured probe. Blots were hybridized for 24 hr
at42°C and washed twice in2x SSC, 0.05% SDS at 21°C and twice
at 65°C. Blots were then exposed to X-ray film (Fuji RX) at =70°C
with an intensifying screen.

In Situ Hybridization

Optic tecta dissected on E12 were fixed in 4% paraformaldehyde,
dehydrated in ethanol, cleared in xylene, and embedded in par-
affin. Tissue sections (10 pm) mounted on glass slides were
pretreated and hybridized with ¥S-labeled single-stranded
(sense or antisense) probes (Matter et al., 1990). Hybridization
was for 8 hr at 42°C in a buffer containing 50% formamide, 5x
SSC, 2x Denhardt’s solution, 0.2% sodium pyrophosphate, 600
pg/ml salmon sperm DNA, and 5 x 10° cpm/ml probe. Sections
were then washed for 10 min in 4x SSC at 21°C, for 30 min in
2x SSC at 40°C, and for 30 min in 0.1x SSC at 50°C. Sections were
dipped in Kodak NTB-2 photo emulsion (diluted 1:1 in water), ex-
posed for 3 weeks, developed (Kodak D-19), and fixed.

Expression Plasmids for Nuclear Injection

The full-length a7 cDNA and a subclone from which 700 bp of
3’ untranslated sequence had been deleted (3' BamHI-EcoRlI
fragment; see Figure 1) were spliced into the Xenopus cocyte ex-
pression plasmid flip cat (Bertrand et al., 1990a) to yield plasmids
flip o7 and flip a7A, respectively. Full-length chicken a1, y, and
@ and mouse B cDNAs were spliced in the flip configuration to
reconstitute a chimeric muscle nAChR. In flip vectors, the cDNA
of interest is cloned in the proper orientation downstream from
the SV40 early promoter and upstream from the bidirectional
SV40 polyadenylation sequence (Gorman et al., 1982).

Nuclear Injection and Electrophysiological Procedures

A detailed technical paper on oocyte preparation, nuclear injec-
tion, and electrophysiological procedures will appear elsewhere
(Bertrand et al., 1990b). Adequate descriptions of protocols have
been provided by Ballivet et al. (1988) and by Bertrand et al.
(1990a). All recordings were in the presence of 0.5 uM atropine
to block endogenous muscarinic ACh responses.

Bacterial Fusion Protein Expression Vectors

A 348 bp Dral-Bglll restriction fragment of plasmid flip a7 was
ligated into Smal- and BamH|-restricted plasmid vector pUC18
to give a plasmid designated pCaZA, The N- and C-terminal
regions of pCa7A were sequenced to ascertain that the correct
translation frames had been obtained. pCa7A encodes a fusion
protein containing 116 amino acids of the a7 protein (residues
124-239) preceded by the first 11 amino acids of the modified
B-galactosidase a-peptide (MTMITNSSSVP) and followed by a
single L residue. The construction of plasmid pTaX1Q has been
published (Barkas et al., 1988).

125].{abeled a-BTX Binding
Isolates of E. coli strain DH5 transformed with pCa7A, pTaXiQ,
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or pUC18 were grown overnight in 1.5 ml of medium with antibi-
otic selection, pelleted by brief centrifugation, resuspended in
150 pl of SDS sample buffer, and boiled for 5 min. Samples of
the lysates were transferred to nitrocellulose either directly, by
means of a Bio-Rad Bio-Dot apparatus, or following electropho-
resis on a 20% SDS-polyacrylamide gel. Nitrocellulose mem-
branes were washed for 10 min in TBST (50 mM Tris-Cl [pH 79],
150 mM NacCl, 0.05% Tween-20), incubated for 2 hr at room tem-
perature in TBST containing 5 mM "®l-labeled a-BTX (Barkas
and Fulpius, 1984), and washed twice for 10 min in TBST. Mem-
branes were air-dried, covered in Saran Wrap, and exposed to
Kodak X-OMAT film with intensifying screens at -70°C.

Neuronal Bungarotoxins

Highly purified x-BTX (Chiappinelli, 1983) and bungarotoxin 31

(Ravdin and Berg, 1979) were shipped and stored freeze-dried

and reconstituted in oocyte buffer containing 100 ug/ml bovine

serum albumin (Sigma B-2518). x-BTX and bungarotoxin 31 are
. the same protein and are also known as toxin F (Loring and Zig-

mund, 1988).

DNA and Protein Sequence Analysis

All sequence data were stored and analyzed using the PC/Gene
program package, courtesy of Amos Bairoch, University of
Geneva.
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Note Added in Proof

After submission of this paper, Schoepfer and co-workers de-
scribed a cDNA from chicken brain (termed aBgtBp a1) whose
sequence is identical to the a7 cDNA reported here (Schoepfer,
R., Conroy, W. G., Whiting, P., Gore, M., and Lindstrom, J. 1990.
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).
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