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Molecular Cloning, Functional Properties, and Distribution of Rat
Brain CU,:A Nicotinic Cation Channel Highly Permeable to Calcium
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A full-length
clone coding for the rat (Ye nicotinic
receptor
subunit was isolated from an adult brain cDNA library and
expressed
in Xenopus
oocytes. A significant
proportion
of
the current through q-channels
is carried by Ca2+. This Ca*+
influx then activates
a Ca =+-dependent
Cl- conductance,
which is blocked by the chloride channel blockers niflumic
and fluflenamic
acid. Increasing
the external NaCl concentration caused the reversal potentials
for the a,-chahnels
and the Ca*+-dependent
Cl- channels
to be shifted in opposite directions.
Under these conditions,
agonist application activates a biphasic current with an initial inward current
through ar,-channels
followed
by a niflumic acid- and fluflenamic acid-blockable
outward current through Ca*+-dependent Cl- channels.
A relative measure of the Ca*+ permeability was made by measuring
the shift in the reversal
potential caused by adding 10 mM Ca2+ to the external solution. Measurements
made in the absence of Cl-, to avoid
artifactual
current through Ca*+-activated
Cl- channels,
indicate that a,-homooligomeric
channels
have a greater relative Ca*+ permeability
than the other nicotinic ACh receptors. Furthermore,
a,-channels
have an even greater relative
Ca2+ permeability
than the NMDA subtype of glutamate
receptors. High levels of q-transcripts
were localized
by in
situ hybridization
in the olfactory areas, the hippocampus,
the hypothalamus,
the amygdala,
and the cerebral
cortex.
These results imply that q-containing
receptors
may play a
role in activating calcium-dependent
mechanisms
in specific
neuronal populations
of the adult rat limbic system.
[Key words: cholinergic
receptor, wbungarotoxin,
ligandgating, hippocampus,
limbic system, calcium]

or-Bungarotoxin (or-BTX) hasbeen extensively usedasa quasiirreversible ligand for the agonist-binding subunit of the nicotinic receptor at the neuromuscularjunction (Changeux et al.,
1970). cu-BTX also binds with high affinity to several central
and peripheral neuronal preparations known to contain nicotinic ACh receptorsbut fails to block nicotinic agonist-mediated
responsesin thesepreparations (Patrick and Stallcup, 1977a,b;
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ever, the purification of chicken brain cr-BTX-binding proteins
by affinity chromatography and the N-terminal sequencingof a
48 kDa protein confirmed the homology of this subunit with
functional nicotinic receptor subunits (Conti-Tronconi et al.,
1985).
Transcripts of genesencoding rat and chick neuronal ACh
receptor subunits were discovered by screeningvarious brain
and PC12 cDNA libraries with muscle and neuronal subunit
probes at low stringency (seereview in Deneris et al., 1991).
Many of the transcripts thus identified were shownto participate
in the formation of nicotinic ACh-gated ion channelswhen expressedin the Xenopus oocyte. The biophysical and pharmacologicalpropertiesof the receptorsformed in the oocyte depend
upon which of the various LY-and P-subunitscontribute to the
formation of the receptor (Luetje and Patrick, 1991). The neuronal nicotinic ACh receptors differ from the musclereceptors
in two important respects:they are more permeableto calcium
ions (Decker and Dani, 1990; Sandsand Barish, 1991; Vernino
et al., 1992), and they are modulated by calcium ions acting
externally (Vernino et al., 1992).
The neuroanatomicaldistribution of transcripts encodingthe
o(- and @-subunitswas revealed by in situ hybridization (Wada
et al., 1989) and found to correspond qualitatively with the
regionalpattern of high-affinity 3H-nicotine-bindingsites(Clarke
et al., 1985), but not with the pattern of high-affinity lZ51-o(BTX-binding sites in the rodent brain (Clarke et al., 1985;
HBrfstrand et al., 1988). This lack of correlation is consistent
with the fact that functional rat nicotinic receptorsexpressedin
Xenopus oocytes showed no sensitivity to o(-BTX (Boulter et
al., 1987),strongly suggestingthe presenceofadditional a-BTXsensitive membersof the nicotinic receptor genefamily.
Clones encoding avian a, and o(~oc-BTX-binding proteins
componentswere isolated by Schoepfer et al. (1990) and Couturier et al. (1990). Chick (Y, was shown to form an ol-BTXsensitive homooligomeric ACh-gated ion channel when expressedin Xenopus oocytes. We report here the isolation and
functional expressionof a clone encodingthe rat oc,-subunitand
showthat the homooligomeric receptor formed with this subunit
hasan unusually high permeability to calcium ions, an unusual
pharmacology, and a specific pattern of expressionin the adult
rat brain.
Materials and Methods
Molecular cloning of rat LY,. Two degenerate

primers,
based on conserved
and characteristic
regions of two chick brain a-BTX-binding
protein
subunits (Shoepfer
et al., 1990) [Pl: TGG TT(T,C) CC(A,G,C,T)
TT(T,C)
GA(T,C)
GT(G,A,T,C)
CA(A,G)
AA(A,G)
TG; P2: A(A,G)(A,G)
AAC
CA(G,A,T,C)
GC(A,G)
CAC CA(A,G)
TT], were synthesized.
Rat cDNAs
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(0.5 mg) from whole rat brain, hippocampus, and PC12 cDNA libraries
were used as templates for PCR in the presence of 1 mM forward and
reverse primers and 2.5 U of Ampli-Taq (Perkin Elmer-Cetus) in 100
~1 reactions. Amplification products were analyzed after 45 cycles of
the following thermal steps: 1 min of denaturation at 94°C 1 min of
annealing at 52°C 1 min of extension at 72°C with slopes of l”C/sec.
Modified versions of the primers including restriction sites for EcoRI
in Pl primer and BamHI in P2 primer were used to reamplify the PCR
product for subcloning purposes. The expected 582 base pair (bp) fragment was isolated from low-melt agarose, double digested, and subcloned in pBluescript II SK-. After sequencing and identification, the
random-prime labeled PCR product was used to screen 500,000 plaqueforming units of a whole rat brain size-selected directional cDNA library
in AzAp [average insert size, 2.4 kilobases (kb); base = 2 x 106] obtained
from R. Joho (Frech and Joho, 1989). Duplicate lifts were hybridized
at 42°C in 6 x salinesodium citrate (SSC), 50% formamide, 0.5% SDS,
0.1 mg/ml denatured salmon sperm DNA, and then washed under
conditions of high stringency at 65°C in 0.1 x SSC, 0.5% SDS, without
formamide. The complete coding sequence of rat 01~was deduced by
sequencing rescued pBluescript, pLA7-3 1, from isolated positive clones
on both strands by automated sequencing and by the Sanger dideoxy
chain termination method with Sequenase (U.S. Biochemicals).
Functional expression in Xenopus oocytei. For in vitro transcription,
the plasmid pLA7-3 1 containing the complete coding region of the 01,subunit surrounded by 50 bp of 5’ untranslated region and 1.4 kb of 3’
untranslated region, including an artificial A,, tail, was linearized at the
3’ end with NotI, and then transcribed in vitro with T7 RNA polymerase
in the presence of 32P-UTP. For nuclear injection, the EcoRI or,-fragment
from pLA7-3 1 was subcloned in the unique EcoRV site of the eukaryotic
expression vector pCDNAI/NEO
(InVitrogen). Oocytes surgically removed from mature Xenopus laevis frogs were treated 2 hr at room
temperature with 1 mg/ml type II collagenase (Sigma). The oocytes were
defolliculated manually and were microinjected with 10 ng of ol,-cRNA
in the cytoplasm or 10 ng cDNA in the nucleus (Ballivet et al., 1990).
The (Y, RNA or cDNA was injected alone or coinjected with other
nicotinic receptor subunits. For comparisons of voltag=urrent
relationships, the same procedure was applied for expression of other types
of nicotinic receptors with 10 ng of OIL-and /3,-cDNA in pcDNAI/NEO
(1:l ratio) and 10 ng ofol,, p,, y, and 6 in pSM vector (2:l:l:l ratio).
After 2-7 d of expression at 19°C in Barth’s solution containing 10 pLg/
ml gentamycin, oocytes were recorded in a two-electrode voltage-clamp
configuration. Oocytes were placed in a 300 ml chamber perfused by
gravity (0.5-l ml/set) with Ringer’s (115 mM NaCl, 2.5 mM KCl, 1.8
mM CaCl,. 10 mM HEPES. nH 7.2) containing 1 mM atropine to block
endogenous muscarinic receptors. ‘Drugs were applied by addition to
the perfusion solution at room temperature. In reversal potential shift
experiments, a chloride-free Ringer’s containing 90 mM Na+ methanesulfonate, 2.5 mM K+ methanesulfonate, and 10 mM HEPES adjusted
at pH 7.2 was used for 24 hr incubation of oocytes (+2 mM Ca*+
methanesulfonate) and for recording solution (+ 1 mM Ca*+ or 10 mM
Ca2+ methanesulfonate). To apply the constant field theory equations
(Lewis and Stevens, 1979), the following intracellular concentrations
were used: K+, 92 mM; Na+, 6 mM; Ca*+, 100 nM. Concentrations, not
activities, of ions were used for the calculations. During challenge with
nicotinic agonists or antagonists, currents were recorded in real time on
an Apple Macintosh II using a Labview II data acquisition virtual instrument (National Instruments) sampling at 1 kHz with a 10 point
moving average.
In situ hybridization in adult rat brain. The 600 bp PCR fragment in
the coding region of 017and a 500 bp PvuI fragment in the 3’ untranslated
region of plasmid pLA7-3 1, both subcloned in pBluescript II SK-, were
used as templates for riboprobe synthesis. After linearization of the
plasmids with unique downstream restriction sites, T7 or T3 RNA
polymerases were used to transcribe in vitro antisense or sense riboprobes in the presence of YS-UTP. In situ hybridization experiments
were performed according to Simmons et al. (1989) with minor modifications. Briefly, adult Sprague-Dawley rats (250-300 gm) were deeply
anesthetized with an intraperitoneal injection of pentobarbital(O.1 mg/
kg), and perfused transcardially first with ice-cold fixative solutions
containing 4% paraformaldehyde in 0.1 M sodium acetate buffer (pH
6.5) and then with 4% paraformaldehyde, 0.05% glutaraldehyde in 0.1
M sodium borate buffer (pH 9.5). Blocks ofdissected brain were postfixed
in 4% paraformaldehyde, 10% sucrose in borate buffer overnight at 4°C.
Coronal 25 pm brain sections from the olfactory bulb to the spinal
cord were cut frozen on a sliding microtome and mounted on poly-Llysine-coated slides. Tissue sections were treated with proteinase K (10
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pg/ml, 37°C 30 min), acetylated, dehydrated through graded ethanols,
and then vacuum dried. 35S-radiolabeled-RNA probes were applied on
mounted sections at a concentration of 5-10 x lo6 cpm/ml at 60°C
overnight in an hybridization buffer containing 50% formamide, 0.3 M
NaCl, 1 mM Tris (pH 8.0) 1 mM EDTA, 100 pg/rnl tRNA, and 1 x
Denhardt’s solution. Sections were rinsed in 4x SSC, digested with
RNase A (20 &ml, 37°C 30 min), and finally washed for 30 min
under high-stringency conditions, that is, 80°C in 0.1 x SSC and 1 mM
dithiothreitol, to prevent cross-hybridization of the probe located in the
coding region with unknown members of this gene family. To check
signal specificity, adjacent sections were incubated with the corresponding sense riboprobe. A light and homogeneous pattern of distribution
resulted from these control experiments. Anatomical localization was
determined using the stereotaxic atlas of Paxinos and Watson (1986).
Sections on slides were then dehydrated in graded ethanols, air dried,
and exposed by contact to Betamax films (Amersham) at room temperature for 5-10 d.

Results
Cloning and primary structure of rat q-subunit
Sequenceanalysisofa 2.9-kb-long clone, lZAP-LA7-3 1, showed
a unique 1506bp open readingframe encoding502 amino acids
(Fig. I), assuminginitiation by the 5’ proximal Met codon, as
proposed by Couturier et al. (1990). A polyadenylation signal
sequencewas found in the 3’ region of the clone. According to
the method of von Heijne (1986) and by analogy with N-terminal sequencingdata from Conti-Tronconi et al. (1985), we
predict that the mature protein is precededby a typical signal
peptide of 22 amino acids that is cleaved betweenQzZand G,,.
Three potential sites of N-linked glycosylation (N,,, N,,, and
N,,,) in the N-terminal extracellular domain of the protein are
conserved between the rat and the chicken homologs.The cysteine loop conserved in most ligand-gated ion channels(Galzi
et al., 1991) is present in cy,, as well as the pair of adjacent
cysteine residuescharacteristic of both muscle and neuronal
agonist-binding subunits. An extracellular cysteine residue in
.
position aalx8is also conserved between chick and rat ol-BTXbinding protein subunits. In addition to the leader sequence,
four putative a-helix transmembrane domains corresponding
to four stretchesof 19-24 amino acids (TMD I-IV) showeda
significantly higher hydropathy index according to Kyte-Doolitle algorithm (Kyte and Doolitle, 1982). Multiple putative
phosphorylation sites were identified in the large cytoplasmic
domain of the protein deduced to lie between TMD III and
TMD IV. Consensussitesexist for the phosphorylation of S,,,
by CAMP-dependant protein kinase, of T,,, and S,,, by casein
kinase II, and of Y,,, by tyrosine kinase (Kemp and Pearson,
1990) (Fig. 1). No site for protein kinase C was found in the
predicted intracellular domains of the protein. The homology
of rat cy,with other rat nicotinic receptor subunits, in the extracellular domain (aa,-aa,,,) containing the agonist-bindingsite,
was found to be 38% with a!,, 43% with a3, 39% with (Ye,and
40% with pz at the amino acid level. Thus, the weak homology
of rat a1,with other nicotinic subunits placesthis protein, with
chick a), and a1*,in a subgroup of phylogenetically related but
neverthelessdistant membersof the ACh-gated cation channel
genefamily.
Functional expressionin Xenopus oocytes
oc,-Subunitsexpressedin oocytes after RNA or cDNA injection
form functional cation channelsgatedby nicotinic agonists.This
homooligomeric ACh-gated channel desensitizesmore rapidly
than other nicotinic receptors(Revah et al., 1991) and recovers
completely in a short period of time in the presenceof nonde-
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TTG~TGAT~~TGGTTG~ATGAAGATT~AG~TTT~GTGGTT~GGGT~~~TGGAGT~ATT~~T~TGC~CTGAGAGGAAGATGAAAGATTCTTCTTCATTCTT~TT~AT~~T

TTGTCATCACAGAGATTTTGCCGTTGCTGCAGTCAGTGTTACCGCTGCGTGTGTCCCGTCCCACTATGGCCCGCTCTCTGACCCTCTGTGCACTGCTGC
TTGCTGGAGAAGACTGGACTCCAGCCGTTGCTGCCCCCTTCATTCCCTGGTGACTCTTGCTGCCTTAACTGGTCATTTTACAGACTGTAGCTTCACAGG
AATGCCACCTGCGTAAAGCTGCTGTGGACTGGGG~TTCTGCCCTGGTTGTACAGATCTCAGAAATGGTTCCATTGTCTGCTGGTTGTTCCAGAGAAAA
ATGACTGATCCTGAACTGTCCTGGACTTGACACTTTCGCTGCTATTGTAGCAGCCATTACTGCTGCAGACATTGTGTCTGCAGTGTCTGGAGTTATCCT
CCCCCAATCTATTGTTAGACAAACACAGTGGGTAAACTTTCTGGAGTAGTTACTAACAATTGGGAATTCTRAATTCTATTATAGGAGCGGCTTGACTAC
GGCCCTTGGTGGTAACAGCTGAGGTGAACCAGATGAGGTGCCCGCTATTTATCGGGAGTGGCTCTGTTTGGTGCAGCCCTATGCTGTGGATTAGTGTTC
ATGCTGTGGTTGGTTTGCAAACTCAGATCTCAACAGAAACTGACAAGGCCGTTATCACTCAAGCACTTGTGGTCATTGTACAAGGGGCCTCCCCTGGA
ATTTGGTTATCTATGCTCAGGAATTAGTTAGTTGGTATCTGAGTTCTCTGCTCTTGCACCCCATGGATCTGTGGATCCATTGCACTGGGATGAGAGAGACTCA
ATGATCCTTTGATCAGCCCTTCCACATCGCTGAGGTTTCCTCATTGCACGCGATAGGGTGATCATGATTTGTTATAAAATAAATGATTTGTTT
ATAAATRAATAGGGGGAGATGTAGAGGGCCGCTTTAACATTCGCCACCACAAGATGGCGCTGGCTTCCACTGTGCCCCACGGGGAAGGCCAGGATAGCT
TCTGCCATTACAAGATGGCGCTGGCCTCCGCCGCCGAGCCGACTTCCTTTCAGGAAGTTAACTGTGTGCGCATGTGCAAGAGTGCCTTCGTGCCAGGTC
TTTGCCCACTCTGGGGCGTGCCTAATGAGATCATGAGATCATGGGTAAGCGACCAATCAGGTGTGGATGTGCCGCACTAGGGTGTATATGAGCCGCGCCATGCAGGC
GCGCGGGGCTCTCTTTAAGATTTAATAAARGTTTTTGGCTGCTGTAAGGAAAAAA~AAA~AAAAAAA~~~~A
AAAGCCG

Figure 1. Nucleotide and deduced sequences of the clone X,, -LA7-3 1 encoding rat or,-subunit. Numbering of amino acids begins with the first
Met codon of the longest open reading frame. Predicted membrane spanning domains (TMD Z-ZV) and signal peptide (SP) are underlined. Postulated
N-glycosylated asparagine residues are indicated in boldface. Residues found in consensus sites of phosphorylation in the large intracellular domain
of the protein between TMD ZZZand TMD IV are underlined.
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Figure 2. Profile of sensitivity of homooligomeric
rat or,-receptors to
nicotinic agonists. Agonist-induced
current responses of oocytes expressing rat Lu,-receptors were recorded under two-electrode voltage clamp
it a hoiding potential of -60 mV. Currents were elicited by application
of l-100 UM nicotine (solid sauares). cvtisine (solid diamonds). DMPP
(open squares), and Adh (ope~diam&&).
Peal; currents are re&esented
after normalization to the response of the oocyte to 10 /LM nicotine
(100%). Each point corresponds to the mean f SD of the responses of
three to five different oocytes.

sensitizing concentrations
of agonists. The q-receptor
is moderately sensitive to ACh and displays the following
order of
potency: nicotine > cytisine > DMPP > ACh (Fig. 2). Atypically, DMPP was found to be more potent than cytisine when

applied below the 10 PM concentration range but lesspotent
at higher concentrations. It is possiblethat this result is a consequenceof somechannel-blockingactivity (Sineand Steinbach,
1984) (Fig. 2) or a consequenceof missingthe earliest peak of
the current becauseof desensitization and the relatively slow
solution changeswith the oocytes.
a,-Receptors expressedin the oocyte were found to be highly
sensitiveto o(-BTX and were completely blocked by nanomolar
concentrations of the neurotoxin. The alkaloid strychnine, classically used asa blocker of central glycine-gated chloride channels, was found to block activation of cu,-homooligomerswith
an IC,, of 0.35 PM, which is approximately the samepotency
as the antagonist d-tubocurarine (IC50 of 0.55 PM) in this expressionsystem (Fig. 3).
The oc,-geneis expressedin PC12 cells.Pairwisecoexpression
in oocytes of CY,with other nicotinic receptor subunits ((Ye,(Ye,
&, p,) that are known to also be expressedin PC12 cells did
not leadto the formation of receptorspharmacologicallydistinct
from (Y,alone, suggestingthat a), did not associatewith these
subunitsunder theseexperimental conditions. It is unlikely that
a heterooligomer with the samepharmacology as the a,-homooligomer was formed becausethe current recorded after coinjection of o(,and other nicotinic subunitswasproportional only
to the amount of (Y,RNA or cDNA injected and was not proportional to the total amount of messageinjected (data not
shown).
Caz+ permeability
of cY,-channels
As illustrated in Figure 4, the nicotine-induced current recorded
from homooligomeric a,-channelswasdramatically reducedafter addition of the chloride channel blockers niflumic acid, and
fluflenamic acid (White and Aylwin, 1990).On average,the total

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.1
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0.9

1

(PM)

Figure 3. The alkaloids strychnine and d-tubocurarine are antagonists
of rat q-receptors. At a holding potential of -60 mV, peak currents
were recorded from oocytes expressing q-receptors during challenge
with 20 PM nicotine coapplied with various concentrations of strychnine and d-tubocurarine. The reduction in current (blockade) was plotted in percentage of control versus the antagonist concentration. IC,,
values were determined to be 0.35 mM for strychnine and 0.55 PM for
d-tubocurarine. Each point corresponds to the mean f SD of the responses of three different oocytes.

current was reducedby 80% at a holding potential of -60 mV
in the presenceof 100 I.LM niflumic acid and fluflenamic acid
in normal Ringer’s. This blockade might have resulted from a
direct antagonistaction of thesecompoundson the a,-receptor
(Lerma and Del Rio, 1992).Alternatively, it might have resulted
from blockade of endogenousCa2+activated chloride channels
presentin the membraneof Xenopus oocytes(Miledi and Parker,
1984;Vernino et al., 1992)that were openedby the Ca2+flowing
through the nicotine-activated a,-channels.Becausethe reversal
potential of chloride current in the oocyte is about -25 mV,
currents through both the a,-channel and the Cl- channelwould
appearas inward cationic current at potentials below -25 mV
and the current through thesetwo channel types would add at
the holding potential of -60 mV usedin Figure 4.
To separateactivation of oc,-channelsfrom the subsequent
activation of the Ca2+-dependentCl- channels,we shifted the
reversalpotentials of chloride and sodium in oppositedirections
by transiently increasingthe external NaCl concentration to 350
mM. Then, agonist application produced an inward current
through a,-channels and a distinguishable outward current
through the Ca*+-dependent chloride channels. The consequence of activating the +-receptor under these conditions is
illustrated in Figure 5A, wherethe initial inward current (labeled
1) is quickly followed by a larger outward current (labeled 2).
Application of the chloride channel blockers doesnot block the
initial inward current (labeled 1 in Fig. 5B), but abolishesmost
of the subsequentoutward current (labeled2). This result shows
that the reduction in oc,-currentunder normal conditions is not
simply a result of a direct blockade of cu,-receptorsbut rather
is due to blockade of the secondary Ca2+-dependentchloride
current. Becausecu,-channelsactivate the Ca*+-dependentClchannelsbetter than other types of nicotinic receptors, the (Y,receptor seemsto be more permeableto Ca*+ than are muscle
and other neuronal nicotinic receptors(Decker and Dani, 1990;
Vemino et al., 1992).
We examined the relative CaZ+permeability ofthe oc,-receptor
by measuringchangesin the reversal potential of the nicotine-
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4. Nicotine-induced current in
the absence or presence of Ca2+-activated chloride channel blockers. Currents induced by 50 PM nicotine at a
holding potential of -60 mV are shown
from a single oocyte expressing 01,channels bathed in our normal Ringer’s
solution. Agonists with or without
blockers were delivered into the chamber, and, owing to mixing in the chamber, a low concentration of agonist was
present for a short time after washout
began. Therefore, there is a small current after washout that is seen during
the short (12 set) current traces. A, This
current was induced before the oocyte
was exposed to niflumic acid and fluflenamic acid, which are blockers of the
Ca2+-activated Cll channels. B, After
a 20 min bath preincubation with the
blockers and then coapplication of the
nicotine with 100 PM niflumic acid and
fluflenamic acid, there is a large reduction in the current. The results indicate
that Ca2+ influx through or,-channels is
inhibited, at least partially, in B by the
blockers. If the blockers are completely
washed out, the current recovers to
nearly the same amplitude seen in A.
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induced current while changing the external Ca2+ concentration
from 1 mM to 10 mM. To prevent contamination
of the measurement by activation of the endogenous Ca*+-activated
chloride channels, we first measured the reversal potential shift in
the presence of chloride channel blockers. Even at high concentrations of niflumic
and fluflenamic
acid (150 PM each), we
were unable to prevent always and completely the activation of
the chloride current in 10 mM external Ca2+ (data not shown).
Consequently,
we removed chloride ions from the recording
solution and from the oocytes by incubating them 24 hr or more
in chloride-free
methanesulfonate-based
Ringer’s. Only under
these conditions were we able always to avoid a significant activation of Ca*+-dependent
chloride current.

The reversal potentials of the mouse muscle nicotinic receptor
(a,P,-$-type),
the rat oc,p,-neuronal receptor, and the rat 01, receptor were measured in 1 mM and 10 mM Ca2+ in chloridefree methanesulfonate-containing
Ringer’s. We measured reversal potential shifts of +3 f 2 mV for the muscle receptor,
+7 f 2 mV for the neuronal c@,-receptor,
and 29 f 3 mV for
the +-receptor
(Fig. 6). Additional
care was taken to be certain
the large shift in the CY,reversal potential was not influenced by
the Ca2+-dependent
Cl- conductance.
The reversal potential
shift observed was found to be insensitive either to the chloride
channel blockers niflumic
acid and fluflenamic
acid (50 PM
each) in the Cl--free bathing solution, or to the replacement of
3 M KC1 with 4 M cesium methanesulfonate
and 50 mM CsCl

A

B
+ Chloride channels blockers
50 pM Nicotine

50 pM Nicotine

50 nA
L

0.5 set
Figure 5. Nicotine-induced
currents show two components when the Na+ and Cl- reversal potentials are separated. A, After transient increase
in external NaCl(350 mM), 50 PM nicotine induced a small inward current (1) followed by a major outward current (2) at a holding potential of
-23 mV. Under these conditions, the inward current through the a,-channels subsequently activates the outward current through the Ca2+ activated
Cll channels. B, At the same holding potential, after 20 min preincubation of the oocyte in 100 PM niflumic acid and fluflenamic acid, 50 PM
nicotine elicited a predominately inward cationic current (I) while the outward chloride component (2) is greatly reduced. The visualization of
these two components indicates that in normal Ringer’s and at potentials below the reversal potential of chloride current, most of the observed
nicotine-induced current is due to the secondary activation of Ca 2+-activated chloride channels.
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in the voltage-clamp recording electrodes. Since the relative
permeability of these cation-selective channels to Ca*+ versus
Na+ is a function of the magnitude of the shift of the reversal
potential, these results indicate that the relative permeability of
the q-receptor to CaZ+ is greater than that of the other nicotinic
receptors (Sands and Barish, 199 1; Vemino et al., 1992) and of
the NMDA subtype of glutamate receptors (Mayer and Westbrook, 1987; Iino et al., 1990). According to the constant field
theory, the shift of reversal potential of +29 mV observed for
q-induced current would correspond to a permeability ratio
(Pc-:PNJ of about 20 (see Materials and Methods).

Discussion

Functional properties of oc,-homooligomers
Rat cy, is clearly a member of the nicotinic ACh receptor gene
family. The encoded protein has the general architectural features of the proteins encoded by this gene family and has the
two extracellular adjacent cysteine residues characteristic of ag-
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Anatomical distribution of q-transcripts
Transcripts encoding the q-subunit were found in discrete neuronal populations throughout the adult rat brain. An overview
of the distribution of a,-transcripts in coronal sections of adult
rat CNS is presented in Figure 7. This a-BTX-binding
subunit
is highly expressed in olfactory regions, mainly in the accessory
olfactory bulb, tania tecta, and anterior olfactory nucleus (Fig.
7A-D). High transcription levels are also observed in the primary olfactory cortex, in the endopiriform nucleus, and in the
claustrum. Moderate to high hybridization signal was localized
in superficial and deep layers of the isocortex from the,frontal
to the occipital areas. Intense hybridization was detected in the
hippocampal formation, where most of the staining corresponded to the granule cell layer in the dentate gyrus and the pyramidal
cell layers in fields CA4, CA3, CA2, and CAl. Nevertheless,
intensely labeled interneurons were identified in the stratum
oriens and stratum moleculare of fields CA4-CAl . As illustrated
in Figure 70, a significant difference in the degree of hybridization occurs in the pyramidal cell layer at the boundary between fields CA3 and CA 1. The same boundary is observed in
the input of mossy fibers terminals and in the transcription level
of the &subunit (Wada et al., 1989) and may simply reflect the
change from a multiple pyramidal cell layer in field CA3 to a
single pyramidal cell layer in field CAl. Weak to moderate
signals were observed in the subiculum and entorhinal cortex.
A strong hybridization signal for the oc,-subunit was found in
the amygdala, mainly in posteromedial cortical amygdaloid nucleus and amygdalohippocampal area. Most of the nuclei in
periventricular, medial, and lateral zones of the hypothalamus
contained oc,-mRNA, including the suprachiasmatic, arcuate,
supraoptic, dorso- and ventromedial nuclei, the mammillary
complex, and the medial preoptic area. Zona incerta, LGN,
subthalamic nucleus, medial habenula, and interpeduncular nuclei have also detectable levels of q-transcripts.
Moderate to
strong hybridization was observed in superior and inferior colliculi, respectively. In the brainstem, a,-subunits are expressed
in the central gray, in the dorsal and median raphe nuclei, in
the tegmental nuclei, and in the dorsal and ventral nuclei of the
lateral lemniscus. In cerebellum, weak hybridization was observed only in the Purkinje cell layer (Fig. 7E). A high level of
transcription was detected in the vestibular nuclei. In the spinal
cord, a moderate q-signal was localized throughout substantia
gelatinosa, central gray, and ventral horn (Fig. 7F).
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Figure 6. Reversal potential shift comparisons between muscle (A),
LY& (B), and 01~(C) cation channels expressed in Xenopus oocytes. Peak
currents elicited by 2 FM ACh (LY&‘~~I?),or 20 NM nicotine (q8, and
a),) were measured at different holding potentials and plotted as a function of membrane potential (voltage) in chloride-free Ringer’s containing 1 mM Ca2+ (solid circles) and 10 mM Ca2+ (open circles). To remove
internal Cl-, the oocytes were preincubated 24 hr in chloride- and
magnesium-free methanesulfonate-based recording buffer before measurements. Reversal potential shift values (A&) correspond to the
mean f SD of the number (n) of measurements made in different
oocytes. The current-voltage relationships illustrated are representative
ofthe experiments performed for each combination of nicotinic receptor
subunits. As expected from previous work, external Ca*+ decreases the
amplitude of the response of muscle nicotinic ACh receptors (see Decker
and Dani, 1990) but increases the response of neuronal nicotinic ACh
receptors (see Vemino et al., 1992) and of q-receptors.

onist-binding subunits (Galzi et al., 1991). It differs from the
other membersof the family in that it hasan additional cysteine
residuein the extracellular domain and it forms functional receptors in the absenceof other subunits. In the caseof the
chicken q-gene, the intron-exon structure further distinguishes
the q-gene from the other membersof the gene family (Couturier et al., 1990).
The ol,-homooligomeric receptor differs pharmacologically
from other nicotinic receptors. The q-receptor is blocked by
a-BTX. This property is only sharedby the musclereceptor in
the rat nicotinic receptor family. In addition, the q-receptor is
inhibited by strychnine, which is a high-affinity antagonist of
central glycine-gated Cl- channels (Grenningloh et al., 1987).
Affinities of strychnine for cr-BTX-binding sitesin the micromolar range have been previously reported in preparations of
Aplysia gangliaand rat brain membranes(Ono and Salvaterra,
1981). However, the most important characteristic of the (Y,cation channel remains its marked permeability to Ca2+ions.
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We have demonstrated here that the major portion of the current
observed upon activation of this receptor in the oocyte results
from secondary activation of endogenous Ca*+-dependent Cll
channels and that the characteristics of this Cl- current dominate the apparent nicotinic a,-response. We have separated the
oc,-response from the Cll channel response by using specific
blockers of this chloride current. Furthermore, we have demonstrated an oc,-current under conditions in which there is minimal contribution from Cll channels and have shown that Ca2+
ions play a major role in determining the reversal potential of
cation-selective a,-channels.
We have tried to place the apparent relative Ca*+ permeability
of the cY,-homooligomer within the context of the permeabilities
of other known ligand-gated ion channels. A Ca:Na permeability
ratio (P,,:P,,) of 0.2 was reported for the muscle nicotinic receptor (Adams et al., 1980; Vemino et al., 1992) and P,--:PN, is
about 1.5 for the neuronal nicotinic receptors present in chromaffin cells (Vemino et al., 1992) or in PC12 cells (Sands and
Barish, 1990). We can infer from the shift of reversal potential
observed in our experimental conditions that the P,=:P,= ratio
for the rat Lu,-channel is around 20, higher than the Pc,:PN, ratio
of 5 reported for the NMDA subtype of glutamate receptors
(Mayer and Westbrook, 1987; Iino et al., 1988). Application of
nicotine to chick ciliary ganglion neurons results in an a-BTXsensitive increase in cytoplasmic calcium (Vijayaraghavan et
al., 1992). Our data suggest that at least a portion of this increase
could result from the calcium flux through an a,-type receptor.
(Y, is a major component of cu-BTX-binding proteins in the rat
brain
As illustrated in Figure 7, the distribution of a,-transcripts in
the adult rat brain does not correlate with the distribution of
high-affinity 3H-nicotine-binding sites in the rat brain but overlaps the pattern of ‘251-a-BTX-binding sites observed by ligandbinding autoradiography (Clarke et al., 1985). This, plus the
observation that cu-BTX blocks activation of the a,-receptor in
the oocyte suggests that cy, is a component of rat brain a-BTXbinding proteins.
Despite the marked difference with the distribution of highaffinity nicotine-binding sites, the distribution of a,-mRNA in
the rat brain remains compatible with the immunohistochemically defined cholinergic pathways (for review, see Wainer and
Mesulam, 1990). Interestingly, most of the structures with the
highest abundance of a,-transcripts and high-affinity a-BTX in
binding sites, that is, the olfactory regions, the hippocampus,
the amygdala, and the hypothalamus, are main components of
the limbic system and thus correspond to functionally related
neuronal populations. It is also noteworthy that strains of mice
with high sensitivity to nicotine-induced seizures displayed higher
densities of Lu-BTX-binding sites in the hippocampus (Miner et
al., 1986) and that cu-BTX and nicotine have been shown to
compete for a population of low-affinity nicotine-binding sites
in the rat brain (Wonnacott, 1986).
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Compositionof native cu-BTX-binding proteins
a), is not consistently coexpressedwith other known agonistbinding subunits, suggestingthat associationof 01,with other
subunits in functional receptor subtypesis not the generalrule
in the adult brain. The most likely alternatives are that a1,subunits form homooligomers in vivo or that a,-subunits are
combined with unknown subunits in uncharacterized receptor
subtypes.Vertebrate cu-BTX-binding proteinshave beenaffinity
purified from chick optic lobe (Conti-Tronconi et al., 1985)
mouse(Seto et al., 198l), or rat brain (Kemp et al., 1985; Whiting and Lindstrom, 1987) and from PC12 cells (Kemp et al.,
1988) and IMR32 cells (Gotti et al., 1990). Thesepurifications
generatedpreparationscontaining multiple componentsranging
in sizefrom 46 kDa to 72 kDa. Theseresultsare consistentwith
the existenceof heterooligomericcl-BTX-binding proteins. The
calculated molecular weight of the nonglycosylated, mature (Y,
is 54,200 Da. We suggestthat the cu,-subunitcorrespondsto the
major 55-60 kDa protein in a-BTX-binding protein preparations. This protein contains a binding site for cu-BTX and is
labeled by the alkylating agent MBTA. Experiments usingsubunit-specific antisenseoligonucleotides (Listerud et al., 1991)
suggestthat heterooligomericreceptors containing both 01~and
oc,-subunitsare found in chick ciliary ganglion neurons.In view
of the pharmacology of a,-receptors and their membershipin
the nicotinic receptor gene family, the absenceof an a-BTXsensitive nicotine-induced current in PC 12 cells and in other
neuronal preparationsknown to expressthis subunit (seereview
in Schmidt, 1988) suggestseither that the blockade by ol-BTX
is sensitive to heterooligomeric associationor that the experimental conditions usedto detect the activation of a,-containing
receptorsare inadequate.In any case,the high Caz+permeability
of the cl,-channelmay confer to the nicotinic receptorscontaining this subunit the ability to increaseintracellular CaZ+and
thus to trigger Caz+-dependentcytoplasmic events in cholinoceptive neurons, even in conditions where the voltage-gated
Caz+ channelsare not operational. This hypothesis would be
consistent with the reports of a marked developmental regulation of Ly,at the transcription level (Couturier et al., 1990) correlated with an increasein the density of cu-BTX-binding sites
(Fiedler et al., 1987; Fuchs, 1989) during critical stagesof synaptogenesisin the vertebrate brain.
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