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SUMMARY

a8 subunits of a-bungarotoxin-sensitive chick neuronal nicotinic
acetyicholine receptors expressed in Xenopus oocytes from
CcRNA are shown to form homomeric, acetyicholine-gated, rapidly
desensitizing, inwardly rectifying, Ca®*-permeable cation chan-
nels similar to those of a7 homomers. a8 forms oligomers of
several sizes, of which <14% are expressed on the oocyte

surface, which is less efficient than for «7 homomers. a8 ho-
momers are more sensitive to agonists but less sensitive to
antagonists than are a7 homomers, and some agonists for a8
homomers are partial agonists or antagonists for 7 homomers.

The pharmacological properties of homomers of o8 and a7
subunits generally reflect those of native o8 and a7 receptors.

Two cDNAS for subunits of neuronal nicotinic AChRs that
bind aBgt were initially isolated from a chick brain library by
Schoepfer et al. (1) and termed aBgt-binding protein subunits
al and a2. These are now termed «7 and a8. These subunits
share 62% sequence identity but exhibit <560% identity with
other AChR « subunits. Couturier et al. (2) showed that a7
formed ACh-gated homomeric cation channels when cRNA for
the subunit was injected into Xenopus oocytes, but until now
expression of a8 cDNA has not been reported.

Three subtypes of neuronal aBgt-binding AChRs have been
identified in extracts of brain and retina, 1) a7 AChRs, which
contain a7 subunits and are the predominant subtype found in
chick brain, 2) a8 AChRs, which contain a8 subunits and are
the predominant subtype found in chick retina, and 3) a7a8
AChRs, which contain both «7 and a8 subunits and are a minor
subtype in both brain and retina (1, 3). All three subtypes may
contain structural subunits that have not been characterized
and they do not include characterized structural subunits pres-
ent in other neuronal AChRs. Purified preparations of «Bgt-
binding neuronal AChRs have been observed to contain more
than a single protein component, but the complete subunit
composition of any subtype of aBgt-binding AChR remains
unknown (4-7). a8 AChRs have lower affinity for aBgt than
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do a7 AChRs (3), whereas a8 AChRs have higher affinity for
small cholinergic ligands than do a7 AChRs (8, 9). a7 and a8
subunits have been immunohistochemically localized in both
chick brain and retina (3, 10-12).

The unique ability of a7 subunits to form functional homo-
meric channels stimulated intensive studies involving site-
directed mutagenesis, which revealed amino acid residues im-
portant for ligand binding, activation, desensitization, and ion
selectivity of the channel (13-18). The a7 homomer response
to agonists in oocytes is characterized by 1) rapid desensitiza-
tion, 2) high permeability to Ca?*, 3) activation of a Ca®*-
dependent C]~ current, 4) strong rectification, and 5) inhibition
by nanomolar aBgt (2, 19, 20).

Here we show that a8 homomers can be studied electrophys-
iologically, even though they are expressed on the oocyte sur-
face less efficiently than are a7 homomers. The low efficiency
of a8 homomer expression on the surface probably reflects a
greater dependence on structural subunits of the kind that are
indispensable for efficient surface expression of AChR subunits
other than a7. a8 homomers, like a7 homomers, desensitize
rapidly, exhibit inward rectification, and are highly permeable
to Ca?* ions, which trigger Ca?*-activated Cl~ channels. How-
ever, unlike a7 homomers, a8 homomers exhibit lower affinity
for aBgt but higher affinity for nicotinic agonists. Although the
electrophysiological properties of native a7 and «8 AChRs
remain to be determined, both the affinities and the efficacies
of ligands for a7 and «8 homomers reflect the ligand-binding
properties of native a7 and «8 AChRs.

ABBREVIATIONS: AChR, acetyicholine receptor; aBgt, a-bungarotoxin; BAPTA, 1,2-bis(O-aminophenoxy)ethane-N,N,N’ N'-tetraacetic acid; DMPP,
1,1-dimethyl-4-phenyipiperazinium; mAb, monocional antibody; TMA, tetramethylammonium; AM, acetoxymethyl ester; NMDA, N-methyl-o-aspartate;
SDS, sodium dodecy! sulfate; HEPES, 42-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(-aminoethyl ether)}:N NN’ N'-

tetraacetic acid.
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Materials and Methods

mAbs. mAbs to a7 (318) and to a8 (305) have been described
previously (1). The epitope for mAb 318 was mapped to within a7
residues 380-400, using synthetic peptides, whereas mAb 305 binding
was found to depend on the native conformation of a8 (21). The mAbs
were affinity purified using Protein G-agarose.

Expression of a7 and a8 subunits in oocytes. The chicken a7
and o8 cDNAs were cloned into a modified SP64T expression vector
(22), using standard DNA cloning procedures. cRNA was synthesized
in vitro using a standard protocol (22) and more recently using the
Megascript kit (Ambion, Austin, TX). Oocytes were prepared for
injections as described by Colman (23) and were injected with either
~15 ng or 100 ng of cRNA per oocyte. The oocytes were incubated
under semisterile conditions at 18°, in saline solution (96 mM NaCl, 2
mM KCl, 1 mm MgCl;, 1.8 mM CaCl;, 5 mM HEPES, pH 7.6) containing
5% heat-inactivated horse serum, for 3—4 days before use. Metabolic
labeling of expressed a8 subunits was achieved by incubating injected
oocytes for 3-4 days in saline solution containing 0.5 mCi/ml [*S]
methionine (~1000 Ci/mmol; Amersham).

Surface expression was determined by incubating oocytes with 100
nM *[-aBgt for 2 hr in normal saline solution containing 10% horse
serum, followed by five 1-ml washes with normal saline solution. Total
expression was determined in the presence of 50 nM '*I-aBgt, using
Triton X-100 extracts of oocytes in solid-phase radioimmunoassays on
Immulon 4 wells coated with mAb 305.

Solubilization and sucrose gradient analysis of AChRs from
oocytes. Oocytes expressing a8 subunits were homogenized in lysis
buffer (2% Triton X-100, 50 mM NaCl, 50 mM sodium phosphate, pH
7.5, 5 mM EDTA, 5 mM EGTA, 2 mM phenylmethylsulfonyl fluoride,
5 mM benzamidine, 5§ mM iodoacetamide, 1 mg/ml heat-denatured
bovine serum albumin), incubated at 4° for 30 min, and centrifuged for
10 min in a microfuge to clear the cellular debris. The cleared lysate
was then used for all assays. Aliquots (~500 ml) of extracts from 10
oocytes were layered onto 11-ml sucrose gradients (5-20%), as described
previously (24), and the sedimentation of AChRs was analyzed by '*I-
aBgt binding (at 50 nM) to the protein complexes immunoimmobilized
on Immulon 4 microwells coated with mAb 305. Immunoimmobilized
[®*S]methionine-labeled expressed a8 subunits from the sucrose gra-
dient fractions were eluted from the microwells with sample buffer and
electrophoresed on 10% SDS-polyacrylamide gels. The gels were then
treated for fluorography, dried, and exposed to X-ray film at —70° for
1-3 days. The gels were aligned with the X-ray films, the gel slices
containing the a8 subunits were excised, and the amount of radioactiv-
ity in each gel slice was determined by liquid scintillation counting.

Electrophysiological procedures and drug application. Exper-
iments were performed on Xenopus laevis oocytes that had been isolated
and incubated using conventional methods. Currents were measured
using a standard two-microelectrode voltage-clamp amplifier (oocyte
clamp OC-725; Warner Instrument Corp.). Electrodes were filled with
3 M KCI and had resistances of 0.5-1.0 MQ for the voltage electrode
and 0.4-0.6 MQ for the current electrode. All records were digitized
and stored on a Gateway PC 486 computer and were analyzed using
pCLAMP and AXOGRAPH software (Axon Instruments).

The recording chamber was continually perfused, at a flow rate of
10 ml/min, with saline solution (96 mM NaCl, 2 mM KCl, 1.8 mM
CaCl,, 1 mM MgCl,, 5 mmM HEPES, pH 7.6). Application of drugs was
performed using a set of eight glass tubes (internal diameter, 2 mm)
ending in the bath 3 mm from the oocyte and connected to 10-ml
syringes that were placed 10 cm above the recording chamber and that
contained control and test solutions. Manual unclamping of the flexible
tube connecting the syringe with the agonist solution to the perfusion
glass tube directed at the oocyte resulted in appearance of current. The
delay between the beginning of application (detected as a short inward
deflection on some traces, due to a mechanical artifact of unclamping
the connecting tube) and the appearance of current was typically 250
300 msec and apparently depended on the time needed for agonist to
reach the oocyte. The application was terminated (typically after 2-5
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sec) by clamping the connecting flow tube, and then the perfusion
solution was effectively changed back to control due to the continuous
flow through the recording chamber. The same response was observed
when an oocyte was exposed to an agonist by manual lateral movement
of the flow tubes, with continuously flowing solutions, from the position
in which the mouth of the tube with control solution was directed onto
the oocyte to the position in which the oocyte was superfused with
solution containing an agonist. The application was terminated by
moving the tubes back to the first position. Because of their very slow
off rates (tens of minutes), all antagonists except for curare were applied
only by perfusion of the recording chamber. Because of its extremely
fast off rate, curare was applied by both bath application and addition
to solutions containing agonist. Solutions used to test the effects of
aBgt also contained bovine serum albumin (100 ug/ml), to minimize
adsorption of aBgt to the plastic surfaces. BAPTA/AM ester (Molec-
ular Probes, Inc.) was stored desiccated at —20° as aliquots of a 100
mM solution in dimethylsulfoxide (Sigma). Aliquots were thawed and
diluted 1000-fold into saline solution shortly before incubation of the
oocytes.

a8 Homomers

Results

Biochemical characterization of a8 and a7 homomers
expressed in oocytes. The fraction of a8 subunits that were
expressed on the surface of the oocyte increased with increasing
doses of cRNA. Injection of ~15 ng of a7 cRNA typically
yielded ~15 fmol of aBgt binding sites/oocyte, of which 40%
were on the surface. This is equal to or greater than the 38%
of Torpedo («1).81v5 AChRs or 33% of chick («4)2(82)s AChRs
expressed on the surface of oocytes injected with 15-ng doses
of each subunit cRNA (25).! However, 15 ng of a8 cRNA
resulted in even more total aBgt binding sites (28 fmol/oocyte)
but only 3.6% were on the surface. Increasing the amounts of
subunit cRNAs to 100 ng/oocyte did not increase the surface
expression of a7 homomers but increased the surface expression
of a8 homomers to 14%.

Sucrose gradient sedimentation of a8 subunits expressed in
oocytes revealed '**I-aBgt-labeled complexes starting at the
size of monomers of Torpedo AChRs and extending to larger
aggregates (Fig. 1). This contrasts with a7 subunits, where only
a single component, of the size of native a7 AChRs and slightly
larger than monomers of Torpedo AChRs, binds '*I-aBgt (8).
Native a7 and a8 AChRs are probably composed of five sub-
units, as are the (al1),81v5 AChRs of electric organ or the
(a4)2(82)3 AChRs of brain (24). The sedimentation rates of a8
subunit oligomers observed here suggest that most are com-
posed of four a8 subunits or five o8 subunits, with smaller
amounts of larger aggregates. It may be that only homomers
composed of five subunits properly arranged around a central
cation channel as in native AChRs (26) are actually expressed
on the surface. We have no direct evidence for this but did
observe that, although dose-response curves for surface a8
homomers exhibited the shape expected for a homogeneous
population, '*I-aBgt binding to immunoisolated total a8 ho-
momers and ligand inhibition of this binding exhibited broad
curves over larger concentration ranges, as might be expected
for a heterogeneous population of binding sites (consequently,
data not shown). This contrasts with «7 homomers, which
exhibit a single aBgt-binding component on sucrose gradients
and exhibit both dose-response curves for surface o7 homomers
and ligand-binding curves for immunoisolated total «7 homo-
mers with the shape typical of a homogeneous population (8).

'Y. Li, V. Gerzanich, and J. Lindstrom, unpublished observations.
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Fig. 1. Sizes of a8 homo-oligomers expressed in Xenopus oocytes. This
shows the sedimentation profile on a 5-20% sucrose gradient in Triton
X-100 of a8 subunits expressed in oocytes injected with 100 ng of
CRNA. Binding to the immunoimmobilized protein was measured using
50 nm '*|-aBgt. Arrows, position of Torpedo AChR monomers (M) and
dimers (D). The [*S]methionine-labeled protein immobiized from the
extracts on mAb-coated microwells was then eluted off in sample buffer

and subjected to SDS-polyacrylamide gel electrophoresis followed by
fluorography. The a8 subunit bands thus identified were excised and the

amount of [*°S]methionine per fraction was determined by liquid scintil-
lation counting. /nset, fluorogram of the [¥*S]methionine-labeled protein
in the lane corresponding to the peak '2*I-aBgt binding fraction.

Metabolic labeling of a8 subunits expressed in oocytes with
[**S)methionine, followed by solubilization with Triton X-100,
sucrose gradient sedimentation, and immunoisolation, revealed
an array of a8 oligomers that closely paralleled the distribution
of '*I-aBgt binding (Fig. 1). This contrasts with a7, where
there was an even broader distribution of [**S]methionine-
labeled oligomers but only the major component (~10 S) bound
13].aBgt (8). The immunoisolated [**S]methionine-labeled ol-
igomers consisted of only a single subunit, with an apparent
molecular weight of ~60,000, as demonstrated by electropho-
resis on polyacrylamide gels in SDS and autoradiography. Thus,
unless a comigrating endogenous subunit is supplied by the
oocyte, it appears that a8 subunits expressed in oocytes form
true homomers rather than associating with a Xenopus subunit,
a possibility for which there is some precedent (27).

Functional characterization of a8 homomers. After 36-
48 hr, >90% of oocytes injected with a8 cRNA responded to
nicotinic agonists. When 15 ng of cRNA were injected per
oocyte, the maximum current amplitude induced by 1 uM
nicotine was 200 nA. Increasing the amount of cRNA to 100
ng/oocyte increased currents to a maximum of 10 pA. As
illustrated in Fig. 2A, nicotine induces an inward current, which
peaks within 100-200 msec and then decays almost to a basal
level within <1 sec. The responses were very repeatable upon
successive applications and in fact could be repeated within 90
sec if 1 uM nicotine was applied for only 1 sec. In some oocytes
a8 homomer responses could be evoked for up to 5 hr without
significant run-down.

Voltage dependence of the a8 homomer response. The
current-voltage relationship was measured by applying a con-
stant dose of nicotine at different holding potentials (Fig. 2).
Depolarization substantially attenuated the peak amplitude. In
the range between —20 and +30 mV, strong rectification of the
current-voltage curve impaired precise estimation of the rever-
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Fig. 2. Inward rectification of «8 homomer-mediated responses. A, This
shows the family of currents obtained by appiication of 0.3 um nicotine
to an oocyte held at different potentials in the range from —90 mV to
+70 mV. The difference in holding potential between each trace shown
is 20 mV. B, The averaged current-voitage relationships of peak currents
induced in normal medium (O) (n = 5) and in Ca**-free medium (@) (n =
3) are plotted. of the current at +70 mV was less than that at
~70 mV, by 5.2- and 5.3-fold in normal and Ca®*-free medium, respec-
tively. Currents were normalized to the current induced in normal medium
in oocytes heid at —50 mV.

sal potential, which averaged —13.6 £ 3 mV (n = 6). This is
close to the reversal potential (—15.3 + 2.7 mV) of the current
through chick a7 homomers expressed in Xenopus oocytes in
our experiments and to that obtained previously under similar
conditions by Galzi et al. (16) but is significantly more positive
than the reversal potential (—29 mV) observed for rat a7
homomers (20).

Besides clear rectification at potentials around 0 mV, the o8
homomer-mediated response showed unusually strong inward
rectification at more negative potentials. The rectification coef-
ficient calculated as the ratio of chord conductances (G-g mv/
G-s0mv) averaged 2.2 + 0.2 (n = 5).

Desensitization of the «8 homomer response. Increasing
concentrations of agonists increased the rates of both the rise
and the desensitization of the response (Fig. 3). The time course
of recovery from desensitization was estimated using a paired
application protocol in experiments where the agonist was
applied again at intervals after a control application. Increasing
the agonist concentration or duration of application delayed
recovery from desensitization. Thus, for saturating concentra-
tions of agonists the interval between applications was in-
creased to 10 min.

High Ca?** permeability of «8 homomers, resulting in
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Fig. 3. Desensitization of the «8 homomer-mediated response. A, In-
creasing nicotine concentrations resuited in acceleration of both the rise
and the desensitization of the response. Nicotine was applied at four
different concentrations and the currents were normalized
and superimposed. The time constant (r) for the monoexponential fit of
decay of the current induced by 1 um nicotine was 0.11 sec (average,
0.13 £ 0.02 sec, n = 5). B, Primary data for recovery from desensitization
are shown. Each of five superimposed traces starts with a 2-sec appii-
cation of 1 um nicotine, followed by a second application at a later time.
The holding potential in A and B is —20 mV, to prevent contamination
by the Ca** Ci~ current. C, The time course of recovery from
desensitization is plotted. The graph represents averaged data from
three experiments, one of which is illustrated in B. Data points are fitted
by a single-exponential curve with a time constant of 67 + 0.5 sec.

triggering of a Ca**-dependent C1~ channel. 7 homomers
expressed in oocytes are highly permeable to Ca?* ions (16, 20).
The M2 sequence, which is generally accepted as forming part
of the channel and contributing to regulation of ion permeabil-
ity in AChR subunits, is identical in a7 and a8 subunits (1).
Thus, it was expected that the ion selectivity of the a8 and a7
homomers should be similar or identical.

A substantial fraction of the total current through o8 ho-
momers is carried by Ca?*, and this Ca®* is responsible for
triggering Ca®*-sensitive C1~ channels that account for much
of the total current through oocyte membranes in response to
activation of a8 homomers. An endogenous Ca**-dependent C1~
channel is known to be present in oocytes (28, 29). Activation
of this channel has been previously described for some other
AChR subtypes (16, 20, 30), as well as for NMDA receptors
(31, 32), which are also highly permeable to Ca®*. The role of
the Ca’*-sensitive C1~ channel in the responses obtained with
a7 homomers was not recognized in the early publications
regarding a7 but is now being realized (16, 19). Fig. 4A shows
that the current induced by application of nicotine to an oocyte
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Fig. 4. Evidence that Ca** through a8 homomers triggers a

large endogenous Ca** .
appﬁcationoﬂmdcothennonnalsaﬁnesoluﬂonandhsdhesokmon
depleted of Ca** ions (5 mm EGTA was added to avoid possible Ca®*
contamination) at a holding potential of —70 mV are shown. Triggering
of a secondary endogenous Ca®* CiI~ current was prevented
in Ca®*-free solution. B, Current obtained in normal saline solution is
with current induced when Na* was substituted by Ca?*.
Traces shown in A and B were obtained in the same experiment. Ca?*

permeated through a8 homomers and triggered a large endogenous
Ca**-dependent Ci~ current. C, Currents induced in normal saline solution
before and after a 30-min incubation of the oocyte with 100 um BAPTA/
AM are compared. BAPTA/AM permeated into the cytoplasm and, after
hydrolysis, chelated Ca?* ions that entered through o8 homomers. This
eliminated the secondary Ca?*-dependent CI~ current. D, Currents in-
dueedhCa’*-depbtedexmmbefan\daﬁermmﬁon
of the oocyte with BAPTA/AM are compared. incubation in BAPTA/AM
did not influence the function of the a8 homomer itself. All currents
shown in A, B, C, and D were induced by application of 0.3 um nicotine
for 2 sec to oocytes voltage-clamped at —70 mV.

expressing a8 homomers was dramatically reduced if the solu-
tion lacked Ca®* ions. This revealed that the actual cationic
current through o8 homomers was only 18 + 2% (n = 8) of the
current in a control solution containing 1.8 mM Ca?*. The
reversal potential of the o8 homomer-mediated current induced
in Ca**-free extracellular solution was —1 + 0.6 mV (n = 5).
The presence of a secondary Cl~ conductance triggered in the
presence of Ca?* in the normal saline solution shifted the
reversal potential of the a8 homomer-mediated response to
—13.6 mV. The reversal potential for the Ca**-dependent Cl-
channel in Xenopus oocytes under similar conditions is about
—20 mV (28).

The rectification coefficient (G-go mv/G-50 mv) for a8 homo-
mer-mediated currents in Ca?*-free medium was 2.0 + 0.3 (n =
6), close to the value obtained in normal saline solution. Thus,
the strong inward rectification and steepness of the I-V curve
at negative potentials observed for a8 homomer-mediated cur-
rents induced in normal and Ca’*-free media (Fig. 2B) are
intrinsic properties of a8 and are not due to the secondary
involvement of the Ca’*-dependent Cl~ conductance.
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Currents induced in Ca**-free medium decayed faster than
those in normal saline solution. The fast component of current
induced by application of 1 uM nicotine in normal saline
solution decayed with a 7, of 0.18 = 0.02 sec (n = 5), and in
Ca?*-free saline solution the 7, was 0.10 £ 0.02 sec (n = 4). The
possibility that the acceleration of the current decay in Ca®*-
free medium was due to the absence of positive modulation by
extracellular Ca’* ions in normal saline solution was ruled out,
because the same acceleration of current was observed when
the response was induced in normal saline solution at —20 mV
(Fig. 3A). This potential is close to the reversal potential of Cl~
current in oocytes, which minimizes the input of Ca’*-depend-
ent Cl™ current to the response. Thus, the secondary Ca®*-
dependent ClI- current induced by Ca®* influx through the a8
homomers not only dramatically increased the current ampli-
tude but also significantly increased the duration of the re-
sponse.

When extracellular monovalent cations were replaced with
Ca?*, nicotine application resulted in an inward current 570 +
90% (n = 8) larger than that recorded in normal saline solution,
due to increased activation of the Ca**-dependent Cl- current
(Fig. 4B). The reversal potential of the current induced under
this condition (=21 £ 2.5 mV, n = 6) was close to the —20-mV
reversal potential of the Cl™ current.

To further establish the mechanism of dependence of the a8
homomer-mediated response on extracellular Ca®*, we chelated
intracellular Ca?* using BAPTA. To deliver BAPTA inside the
cell we used its permeable ester, BAPTA/AM, which is hydro-
lyzed to the active Ca?* chelator BAPTA by cytoplasmic en-
zymes (33). The effectiveness of BAPTA/AM in chelating
intracellular Ca®* ions was verified by its ability to block the
Ca**-dependent Cl~ current triggered by Ca®* release from
intracellular stores. Miledi and Parker (34) showed that release
from intracellular stores can be stimulated through activation
of inositol trisphosphate by incubation of oocytes in solutions
containing horse serum. In our experiments also, bath appli-
cation of 5% horse serum induced large (up to 2 uA) chloride
currents that reversed around —20 mV, and these were com-
pletely blocked by incubation with 100 uM BAPTA/AM.

Incubation in BAPTA/AM resulted in dramatic attenuation
of the currents induced by 1 uM nicotine (to only 23 + 3% of
control, n = 5) (Fig. 4C) and the reversal potential was shifted
to =2 £ 1.6 mV. These values approximate those measured in
Ca**-free medium. Thus, BAPTA/AM appeared to be very
effective in chelating intracellular Ca®* ions.

In the absence of external Ca**, BAPTA/AM had no effect
on the response, indicating that the presence of BAPTA inside
the cell did not affect the function of the a8 homomer itself
(Fig. 4D). However, in the absence of external Ca?* chelation
of intracellular Ca®* ions by BAPTA showed the kinetics by
increasing the fast component (7,) of current decay from 0.10
%+ 0.02 sec to 0.19 + 0.04 sec (n = 4), suggesting that desensi-
tization of a8 might be modulated by intracellular Ca?* (35).
This change in the current kinetics reflects properties of the
a8 channel itself. No secondary current is triggered in Ca®*-
free medium.

Pharmacological comparison of a8 and a7 homomers.
a8 homomers were much more sensitive to agonists than were
a7 homomers (Fig. 5; Table 1). Agonist dose-response curves
were fitted using a nonlinear Hill equation. Hill coefficients for
a8 homomers were >1, except for cytisine, for which the value

A ACh Nicotine Cytisine DMPP
1,310 uM 03,13uM 03,1,3,uM

-8 -7 -6 -5 4 -3 2
logM

Fig. 5. Comparison of the effectiveness of agonists on a8 and a7

homomers. A, Typical responses induced by ACh, nicotine, cytisine, and
DMPP in oocytes expressing a8 homomers are shown. Concentrations
of agonists are shown above the traces. Data are from different oocytes
and currents were normalized to indicate that all tested

compounds
behaved as full agonists. Oocytes were voitage-clamped at —70 mV. Al
vertical bars in the calibrations are 1 uA. B, Agonist dose-response
curves from oocytes expressing «8 homomers are shown. Experimental
data were fitted by the Hill equation. C, Agonist dose-response curves
from oocytes expressing a7 homomers are shown. The maximum re-
sponse induced by DMPP was normalized to the maximum response
induced by nicotine in the same oocyte. Each point in B and C was
averaged from three to seven experiments (mean + standard error).

was 1. The steepness of the dose-response curves was appar-
ently attenuated due to desensitization of the response at high
concentrations. A more accurate estimation of Hill coefficients
was possible from dose-response curves using only low concen-
trations of agonists (Table 1). Values greater than 1 indicate
that more than one molecule of agonist has to bind to an a8
homomer for the channel to open. a8 homomers showed ap-
proximately the same high sensitivity to the nicotinic agonists
nicotine, cytisine, and ACh, while exhibiting lower sensitivity
to DMPP or TMA. Unlike a8 homomers, a7 homomers were
much less sensitive to ACh than to nicotine. TMA was approx-
imately 80 times more potent with a8 homomers than with a7
homomers.

Some ligands differed not only in apparent affinity but also
in efficacy between a8 homomers and a7 homomers (Fig. 5).
All agonists tested with a8 homomers behaved as full agonists.
DMPP acts as a partial agonist at rat a7 homomers (20) and
chick a7 homomers (36). In our experiments DMPP produced
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TABLE 1
Comparison of the pharmacology of a8 and a7 homomers expressed in Xenopus oocytes and native o8 and a7 AChRs
a8 homomers mdmm&o‘ a7 homomers Native a7 AChRs,
Functional ECo iy Ste 1 Ste 2 Functional ECso o Binding ICec’ binding ICxo”
uM = uM [ M
Agonists
ACh 19+0.3 1.8 0.031 +£0.01 390 + 120 11227 1.7 55.5+ 10 160 + 26
Nicotine 1.0+ 0.1 1.5 0.012 £ 0.002 11+5 78+3 17 1.22 + 0.04 13+0.6
Cytisine 1.0+02 1.4 0.035 + 0.005 094 +0.14 18+2 14 0.17 £ 0.02 20+0.1
DMPP* 6.5+ 0.6 1.6 0.39 + 0.09 26 £ 15 30+3 14 ND? 83+6.0
TMA 10+03 15 80+1.0 700 + 360 800 + 200 16 223+42 400 +£ 110
Antagonists
aBgt 0.0014 + 0.0003 1.6 0.0224 + 0.0010 ND 0.00030 + 0.00020 1.3 0.00160 + 0.00008 0.0019 + 0.0002
Curare 06+0.2 09 0.79+0.24 65 + 28 0.14 + 0.02 1.6 11.1+£1.0 73+20
Atropine 0.4 £ 0.06 0.6 0.58 + 0.12 53 + 22 71+05 0.8 330 + 110 120 + 12
Strychnine 08+0.1 0.6 20+04 18 + 12 0.52 + 0.03 13 153+ 1.0 99+04
* From Ref. 9.
® From Ref. 8.
° Poor partial agonist for a7 homomers.

¢ ND, not determined.

a maximum response only about 3.5% of the maximum response
induced by ACh, whereas DMPP was a full agonist with a8
homomers.

Sensitivity of o8 and «7 homomers to the agonists was
studied on oocytes held at —70 mV. As shown above, at this
potential responses are highly contaminated by the secondary
Ca?*-dependent Cl~ current. Dose-response curves for nicotine
were also determined for a8 and a7 homomers with the oocytes
held at =20 mV, a potential at which contamination by second-
ary Ca?*-dependent Cl~ current was minimal. Importantly, at
this holding potential neither the ECs values nor the slopes
differed significantly from those obtained at =70 mV, which
indicated that the secondary Cl~ current is proportional to
activation of the a8 homomers.

a8 homomers were less sensitive to antagonists than were a7
homomers (Fig. 6; Table 1). aBgt exhibited lower apparent
affinity for a8 homomers than for a7 homomers, paralleling
the lower affinity of aBgt for native a8 AChRs, compared with
native a7 AChRs. Surprisingly, a8 homomers showed virtually
the same sensitivity to the classical nicotinic antagonist curare,
to the classical muscarinic antagonist atropine, and to strych-
nine, a classical blocker of central glycine receptors. a7 homo-
mers were also antagonized by all three ligands but were more
sensitive to curare.

Discussion

In the present study we have shown that the a8 subunit,
which belongs to a family of aBgt-binding proteins, forms
functional homomers in the absence of other subunits when
expressed in Xenopus oocytes. This ligand-activated cation
channel displays electrophysiological properties distinct from
those of other neuronal AChRs and similar to the electrophys-
iological properties of its close and better characterized relative,
the a7 homomeric channel. Similarity in the behavior of a8
and a7 subunits is expected due to the high overall homology
of these proteins (1) and due to the identical amino acid
sequences of their M2 transmembrane domains, which are
thought to be responsible for lining the cation channel. How-
ever, a8 homomers differ significantly from «7 homomers in
the lower efficiency with which the a8 subunits assemble and
are expressed on the oocyte surface and in the affinity and
efficacy of several ligands.

a8 homomers assemble into complexes with sizes expected
of tetramers, pentamers, and larger aggregates, all of which can
bind aBgt (Fig. 1), whereas a7 homomers also assemble into
aggregates of various sizes but only those of the size of native
a7 AChRs, probably pentamers, bind aBgt (8). The heteroge-
neity of the a8 complexes that can bind a«Bgt precludes ligand
binding studies of total immunoisolated protein, in contrast to
a7 homomers (8). The low efficiency of expression of a8 ho-
momers on the surface of oocytes impairs detection of their
electrophysiological activity, but at high doses of a8 cRNA
substantial surface expression is detected. The oligomers ex-
pressed on the surface may be selectively pentamers, because
dose-response curves, unlike binding curves obtained using
total a8 oligomers, are not excessively broad. Whereas <14%
of a8 is expressed on the surface, 40% of a7 is expressed on the
surface, which is as efficient as the expression of the native
subunit combinations a181vé or 482 (25).2

The a8 homomer forms a functional cation channel that, like
most other neuronal AChRs, strongly rectifies at potentials
close to 0 mV. The reversal potential of the current mediated
through this channel is far from the equilibrium potentials of
the main cations present in solution, which indicates that the
a8 homomers, like other members of the family of nicotinic
AChRs, show poor selectivity to cations. However, like a7 (20,
25), the channel formed by a8 subunits exhibits much higher
permeability to Ca®* ions than do other nicotinic AChRs. Influx
of Ca?* ions through the o8 homomers in oocytes triggers a
Ca**-dependent Cl~ channel. We have distinguished the actual
a8 homomer-mediated cation current from the Cl- current by
using an extracellular solution depleted of Ca®* ions and by
chelation of intracellular Ca’* with BAPTA. The current
through the Cl- channel forms >80% of the a8 homomer-
mediated response in oocytes. The ratio between the a8-me-
diated cation current and the secondary Cl~ current allows an
indirect estimation of the Ca’* permeability of a8 homomers.
It appears to be much higher than that through other neuronal
AChRs (30), about the same as that of the highly homologous
rat and chick «7 homomers (20, 25), and comparable to that of
NMDA receptors (31). Strong inward rectification, at least at
negative holding potentials, is preserved in a8 homomer-me-

Y. Li, V. Gerzanich, and J. Lindstrom, unpublished observations.
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Fig. 6. Comparison of inhibition of «8 and a7 homomer responses by
antagonists. A, Inhibition of aBgt, curare, atropine, andstrychnineof
responses induced by 2-sec application of 0.3 um nicotine in oocytes
with expressed a8 homomers is shown. Oocytes were incubated for 25
min with each concentration of aBgt before application of test nicotine
solution. For other antagonists, the incubation time for each concentra-
tion was 4-6 min. R shown were obtained from different
oocytes at —70 mV. Control responses were normal-
ized. Concentrations of antagonists are shown below the traces. B,
Antagonist inhibition curves from oocytes expressing a8 homomers are
shown. Experimental data were averaged from three to five experiments.
C, Antagonist inhibition curves of responses induced by 2-sec applica-
tions of 1 um nicotine from oocytes expressing a7 homomers are shown.

diated responses evoked in Ca?*-free medium, which indicates
that the rectification is a genuine property of the «8 homomer
and not due to involvement of the secondary Ca’*-dependent
Cl™ channel. Interestingly, currents mediated through native
aBgt-sensitive AChRs (most likely a7-containing) in chick
cochlear hair cells (37, 38) and in rat cultured hippocampal
neurons (39, 40) do not show rectification. Because inward
rectification is preserved in chick, rat, and human a7 homomers
(2, 20, 25, 49),} it is possible that structural subunits might be
responsible for the absence of rectification in native aBgt-
sensitive AChRs.

Responses mediated through the o8 homomers, like those
mediated by a7 homomers (2), display unusually fast desensi-
tization. This feature is an intrinsic property of the homomers
and is not due to involvement of the secondary Ca?*-dependent
Cl- current, as is the case for responses mediated through
NMDA receptors expressed in oocytes (31, 32). Desensitization
of the a8 homomer-mediated response persists in Ca’*-free

medium and after incubation with the Ca’* chelator BAPTA,
AM. Furthermore, inactivation of the endogenous Ca’*-de-
pendent Cl~ current requires tens of seconds (29), which is
much slower than the decay of the a8 homomer-mediated
responses. Technical limitations (both perfusion of agonist and
the large dimensions of oocytes) do not allow simultaneous
activation of all homomers on the surface of oocytes. This
significantly restricts the resolution of the initial component of
desensitization, which is most likely much faster than observed
on oocytes under these conditions. On chick cochlear hair cells
(37, 38) and on cultured hippocampal neurons (39-41) the
native aBgt-sensitive a7-like AChRs undergo extremely fast
desensitization, with a current decay time constant in saturat-
ing agonist concentrations as fast as 8 msec (41). This strongly
suggests that fast desensitization is conserved in native a7- and
a8-containing AChRs.

The ability to undergo extremely fast desensitization, to-
gether with high Ca®* permeability, makes o8 homomers and
a7 homomers, and therefore probably native «8 AChRs and «7
AChRs, unique within the ligand-gated channels family. The
response mediated through these AChRs somewhat resembles
“Ca®* spikes” mediated through voltage-dependent Ca’* chan-
nels. However, unlike voltage-dependent Ca?* channels, these
AChRs can provide Ca®* influx at potentials more negative
than —50 mV, membrane potentials at which Ca’* channels are
inactivated. At these potentials another source of Ca?* influx,
NMDA receptors, is also inactivated due to Mg>* block. Fast
desensitization and slow recovery from desensitization limit
repetitive activation of a8 AChRs and might be involved in
regulation of Ca®* entry. AChRs with extremely fast desensi-
tization and high permeability to Ca?* might carry out unique
functions under physiological conditions. Ca®* flux through
these AChRs might be efficient in triggering secondary cur-
rents, for example one mediated through Ca’*-activated K*
channels. This mechanism is most likely to be responsible for
the inhibition mediated through aBgt-sensitive AChRs on
chick cochlear hair cells (37, 38) and possibly through aBgt-
insensitive AChRs in rat dorsolateral septal neurons (42, 43).
a7 AChRs and o8 AChRs may be involved in regulating neu-
ronal process outgrowth through the influx of Ca®*. Lipton et
al. (44, 45) have described such effects with AChRs on retinal
ganglion cells, and «Bgt has been shown to similarly regulate
process outgrowth in PC12 cells (46).

Pharmacological properties of chick «8 homomers differ sig-
nificantly from pharmacological properties of chick a7 homo-
mers. Data on a7 homomers obtained in this study confirm
results described previously (2, 36). Generally, all the agonists
tested appeared to be much more effective in gating a8 homo-
mers, compared with «7 homomers. Surprisingly, ACh, a very
low potency agonist for a7 homomers (ECs = 112 uM), dis-
played high potency for a8 homomers (ECs = 1.9 uM), ie.,
close to the potency of nicotine and cytisine. DMPP, a potent
full agonist for a8 homomers, appeared to be only an extremely
weak partial agonist for chick a7 homomers, although, as shown
by Séguéla et al. (20), DMPP is more potent in gating rat a7
homomers. However, at concentrations of DMPP higher than
10 uM, Séguéla et al. (20) suggested that activation of rat a7
homomers might be combined with open-channel block. The
cation channel of AChRs is formed at least in part by the M2
segment of the amino acid sequence of AChR subunits (for
review, see Refs. 17 and 47). The M2 segments of chick a8,



chick a7, and rat a7 subunits are completely identical (1, 20).
Because DMPP can induce responses with chick «8 homomers
at concentrations as high as 300 uM, without any signs of
channel block, this mechanism is most likely not responsible
for the action of DMPP on chick and rat a7 homomers, where
DMPP is a true partial agonist. Striking differences in the
action of the nicotinic agonists ACh and DMPP on a8 and a7
homomers are of substantial interest because a8 and a7 sub-
units share very high (77%) homology in their amino-terminal
(putatively extracellular) amino acid sequences (1), which lim-
its the number of amino acids that may be responsible for these
differences in affinity and efficacy.

Curare, strychnine, and atropine have similar apparent affin-
ities for a8 homomers; nevertheless, the kinetics of the inter-
action of these compounds are different. Unlike with curare,
which binds and unbinds very fast, beyond the resolution of
these experiments, it takes tens of minutes to restore the
original response after incubation with strychnine or atropine.
Binding experiments with a7 homomers and native a7 AChRs
and a8 AChRs show that atropine, curare, and strychnine bind
competitively with aBgt (8, 9); however, the differences in the
durations of their effects suggest that they may also have
noncompetitive antagonistic effects at additional sites.

Interestingly, these pharmacological differences between a8
and a7 homomers are conserved in native a8 and a7 AChRs
immunoisolated from chick retina (9). Apparent affinities of
compounds tested in the present study for native a8 and a7
AChRs are listed in Table 1 for ease of comparison. Pharma-
cological properties of native a8 and a7 AChRs were estimated
using competitive binding with *I-aBgt, which complicates
direct comparison with ECs values determined electrophysio-
logically. However, the order of potencies of agonists for a8
and a7 homomers measured electrophysiologically is paralleled
by affinities measured using competitive binding assays for a8
and a7 AChRs.

Native a8 AChRs exhibit two classes of binding sites, the
high affinity class of which have significantly higher affinity
for most ligands than do a7 AChRs. Pharmacological differ-
ences between the high affinity binding site of «8 AChRs and
the binding site of native a7 AChRs correlate with differences
in the pharmacological properties of the a8 and a7 homomers
described in the present study. Thus, ACh, nicotine, and cyti-
sine have roughly the same apparent affinities for a8 homo-
mers, and this pattern is conserved with the native a8 AChRs.
However, absolute values of the apparent affinities of these
agonists for the native a8 AChRs are 30-100 times higher than
those for a8 homomers. a7 homomers are substantially less
sensitive to ACh, compared with nicotine and cytisine, and this
pattern is conserved not only in the affinities of the a7 homo-
mers estimated by competitive binding but also in the affinities
of the native a7 AChRs. The same correlation is observed for
antagonists. a8 homomers show approximately the same sen-
sitivity to curare, atropine, and strychnine and this property is
conserved in the native «8 AChRs for the high affinity binding
site. Differences in the sensitivity of a7 homomers to these
antagonists are conserved in the pharmacological properties of
a7 homomers and native a7 AChRs estimated by competitive
binding.

Generally, a8 homomers show significantly higher affinity
for the tested agonists than do a7 homomers, and this property
appeared to be conserved in the native o8- and a7-containing
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AChRs. The similarities of pharmacological profiles of native
a8 AChRs and a7 AChRs to properties of a8 homomers and
a7 homomers expressed in oocytes suggest that the pharmaco-
logical properties of these homomers reflect those of the cor-
responding native AChRs.

As shown by immunohistochemical studies (3, 10, 12), a
prominent role for chick «8 AChRs and a7a8 AChRs appears
to be in retina. The results of the present study strongly suggest
that these AChRs most likely function as ACh-gated cation
channels that desensitize rapidly and that may mediate some
of their effects through the influx of Ca’*. Recent studies on
cultured rat hippocampal neurons (39-41) and chick cochlear
hair cells (37, 38) allow comparison of properties of expressed
rat and chick a7 homomers with properties of «Bgt-sensitive
nicotinic responses observed electrophysiologically on these
cells, although the functional roles of these responses remain
obscure. Currently, despite substantial proof of involvement of
nicotinic mechanisms in retina function (for review, see Ref.
48), electrophysiological studies of properties of AChRs that
might be involved are rather limited. The properties of a8
homomers shown here (fast desensitization, inward rectifica-
tion, Ca®** permeability, and distinct pharmacology) are char-
acteristics that can be used in identification of functional native
a8-containing AChRs.
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