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SUMMARY
We have investigated the functional properties of four rat neu-
ronal nicotinic acetylcholine receptor types expressed in Xenopus
oocytes after injection of pairwise combinations of mRNA encod-
ing a2 or a3 receptor subunits with mRNA encoding fl2 or $4
receptor subunits. Current responses evoked by rapid applica-
tion of cholinergic agonists (acetylcholine, nicotine, or 1 ,1 -di-
methyl-4-phenylpiperazinium) were recorded from voltage-
clamped oocytes. Substituting BaCl2 for CaCI2 in the external
solution increased the apparent Kd values of $4 subunit-contain-
ing receptors for acetylcholine but decreased the apparent Kd
values of $2 subunit-containing receptors. Inhibition curves for
the cholinergic antagonist (+)-tubocurarine were measured in

BaCl2 medium at low agonist concentrations. (+)-Tubocurarine
was a competitive antagonist of acetylcholine at neuronal nico-
tinic acetylcholine receptors that coexpressed the $2 subunit;
the estimated Kb values were 3.6 j�M (a2$2 receptors) and 390
nM (a3f32 receptors). In contrast, (+)-tubocurarine enhanced the
peak responses evoked by low acetylcholine concentrations at
a2$4 and ct3$4 neuronal nicotinic acetylcholine receptors, with-
out being a partial agonist. The maximal increase was observed
at 5 �tM and 1 0 �tM (+)-tubocurarine for a2j34 and a3fl4 receptors,
respectively. Higher (+)-tubocurarine concentrations inhibited
cholinergic responses, thus yielding a “bell-shaped” concentra-
tion-response curve.

nAChRs belong to a superfamily of membrane proteins that

transmit fast synaptic signals. These ligand-activated receptors

share a common assembly principle, consisting of a pseudosym-

metric arrangement of five membrane-spanning subunits sur-

rounding an ion-conducting channel. nAChRs mediate fast

excitatory signal transduction at the neuromuscular junction

(muscle type) and at interneuronal synapses in the central and

autonomic nervous system (neuronal type). Muscle-type

nAChRs consist of four subunits with a stoichiometry of a2$”yt5

or a2$e#{244}.In contrast, neuronal nAChRs appear to consist of

only agonist-binding (a) and nonbinding (non-a or 13) subunits

(for reviews, see Refs. 1 and 2). Thus far, 10 different cDNAs
encoding subunits of the neuronal nAChR (a2-a8 and f32-$4)
have been cloned from rat, chick, and other neuronal tissues
(for reviews, see Refs. 3 and 4). Functional neuronal nAChRs
have been expressed in Xenopus oocytes after injection of
mRNA encoding a single a subunit (a7) or various combina-
tions of mRNAs encoding a and f3 subunits (for reviews, see

Refs. 5 and 6). Recent studies suggest, however, that the subunit
composition of certain neuronal nAChRs expressed in vivo may

be more complex, including two different a subunit isoforms

within the same receptor type (7-9).
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31.31018.91, The Roche Research Foundation, The Sandoz Foundation, and the
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The pharmacology and kinetic properties of neuronal

nAChRs differ from those of endplate receptors (10). Studies
of the functional properties of neuronal nAChRs of known

subunit composition have begun to shed some light on the

relation between structure and function of these receptors.

Neuronal bungarotoxin, for example, selectively blocks a3fl2
neuronal nAChRs but barely affects agonist-evoked responses

with other neuronal or endplate nAChRs (3, 11). a-Bungaro-

toxin blocks only homomeric a7 nAChRs or hetero-oligomeric
a7a8 nAChRs (for review, see Ref. 12). The subunit composi-

tion of neuronal nAChRs also determines their pharmacological

(13-15) and kinetic properties, such as time course of desensi-

tization (16, 17), channel mean open time (18), and calcium

permeability (19, 20).
(+)-Tubocurarine has a broad range ofpharmacological prop-

erties. It is a competitive antagonist of ACh at end-plate

nAChRs (21), at neuronal nAChRs of frog cardiac and para-
vertebral neurons (22), and at chick a4/non-a receptors ex-

pressed in Xenopus oocytes (23). On the other hand, it is also

a partial agonist at muscle nAChRs (Refs. 24 and 25 and

references cited therein) and at neuronal nAChRs of bovine
chromaffin cells (26).

The aim of this study was to determine whether the unusually

varied pharmacology of (+)-tubocurarine is linked to specific
neuronal nAChR types. We show here that (+)-tubocurarine
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applying the ‘functional equivalent’ of the Cheng-Prusoff relation (32).

Thus,

K5 IC� (3)
1 + CA

where CA 15 the normalized agonist concentration, as defined above.
Agonist-induced activation of the nAChR was assumed to follow

consecutive binding of two ACh molecules, thus yielding a three-state

kinetic scheme, as previously used for the end-plate nAChR (31). A

six-state kinetic scheme simplified from the original scheme (33) by
omitting an additional isomerization step after binding of two agonist

molecules was used to model responses obtained in the presence of

agonist and (+)-tubocurarine.

K1 K2

R( �BR< �B2R

K3[� K1’ [�K3’

AR4 ABR

K4 LI

A2R

We assumed, for the sake of simplicity, that binding of agonist or

antagonist molecule to either binding site was independent of the

occupancy state of the other binding site, thus yielding the following

constraints: K, = K2, K3 = K4, and finally ‘ = K1 (for the antagonist)

and K3’ = K3 (for the agonist) (where K� is the equilibrium dissociation

constant of the �th step). According to this scheme the occupancy of

the open state, p�, in the presence of agonist and competitive antag-

onist is equal to

P CA

open � (1 + CA + C�)2

where CA 15 the normalized agonist concentration and CB is the normal-

ized antagonist concentration xB/Kb. To obtain a bell-shaped concen-

tration-response curves, we assumed that the intermediate ACh- and
(+)-tubocurarine-liganded state was conducting. The total current re-

sponse is then a function of the sum of the occupancies of the open
state and of this intermediate state,

I - I CA2 � 2!CACB (5)
XAXB max (1 + CA � CB)2

where I is an arbitrary factor describing the ratio of the average current

through the intermediate state with respect to the current through the

normal open state (Iesg Npi, where N is the number of channels, p is
the open probability, and i is the single-channel current), and I,� is

the ratio between maximal current response and current elicited by CA

(i.e., 1/p0,,�5). Irnax was a free parameter for curve-fitting procedures.

(1) Results

Concentration-Response Curves

The apparent Kd for each receptor type was determined in a

first set of experiments. We then used the single-point method

(inhibition curves) to determine the Kb of (+)-tubocurarine, as

explained in Materials and Methods.

(2) Current responses were measured in Xenopus oocytes ex-
pressing neuronal nAChRs after injection of a2/$2, a2/$4, a3/

$2, or a3/$4 subunit-encoding mRNAs. Most results were

obtained in nominally calcium-free external solution, in which
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inhibits the ACh-evoked responses of a2$2 and a3$2 neuronal

nAChRs in a concentration-dependent manner. The concen-

tration-response curves obtained for a2$4 and a3134 nAChRs
were bell-shaped, suggesting a dual effect of (+)-tubocurarine

on these receptor types. With a2f34 and a3f34 receptors, the

inhibition of the responses is likely to result from competitive

and noncompetitive antagonism (open channel block).

Materials and Methods

mRNA preparation. cDNA clones encoding rat neuronal nAChR

subunits (a2, a3, f32, and (34) were gifts from Drs. J. Boulter and S.

Heinemann (The Salk Institute, La Jolla, CA) and Dr. J. Patrick

(Baylor College, Houston, TX). Capped mRNAs were prepared using

in vitro transcription with T3 or T7 polymerase, in the presence of the

5’ cap analog 5’-7-methyl-GpppG (27). mRNAs were tailed with

poly(A)� using poly(A)� polymerase (Boehringer), according to stand-

ard methods (28). Aliquots containing about 200 ng of capped and

poly(A)�-tailed mRNA were stored at -20” C until used. mRNAs were

pelleted and resuspended in 5 mM HEPES solution, pH 7.4, for injec-

tion. Xenopus oocytes (stage V or VI) (29) were injected with pairwise

combinations of a and fi subunit mRNAs, at a final concentration of

approximately 160 ng of mRNA/�d (50 nl/oocyte).

Signal recording. Denuded oocytes (30) were used 4-12 days after

mRNA injection. Agonist-evoked responses were measured in voltage-

clamped oocytes (holding potential, -80 mV) by using a two-electrode
voltage-clamp amplifier (Axoclamp 2A; Axon Instruments, Foster City,

CA). Current and voltage signals were digitized on-line (VR1OA; In-
strutech Corp., Elmont, NY) and stored on video tape. Experiments

were later played back, filtered (f� = 10 or 50 Hz, -3 db, Bessel filter),

and resampled at 10 or 50 Hz (CHART program, version 2; Cambridge

Electronic Design, Cambridge, UK), using a microcomputer and a

programmable analog/digital converter (CED 1401; CED). Data analy-

sis, curve fitting (Marquardt-Levenberg method), and plotting were

done on a Macintosh microcomputer using Kaleidagraph (version 3.0;

Synergy Software, Reading, PA).
Solutions. Experiments were performed in external solution (CaCl2

medium) containing 90 mM NaCl, 1 mM KC1, 1 mM MgC12, 1 mM

CaC12, and 5 mM Na-HEPES (pH adjusted to 7.4 with NaOH). The

activation of Ca2�-activated Cl channels during activation of nAChRs

(31) was minimized by using nominally calcium-free external solution

in which CaC12 was replaced by BaCl2 (BaCl2 medium). The Ca2�

concentration of this solution, determined by atomic absorption spec-

trophotometry (model 353; Instrumentation Laboratory), was <5 �M.

Frozen aliquots of ACh chloride (Sigma), DMPP iodide (Fluka), (-)-

nicotine di-(+)-tartrate (Sigma), and (+)-tubocurarine chloride

(Sigma) stock solutions were diluted in external solution to the required

final concentrations. Rapid exchange of solutions was achieved by
applying solutions through a narrow glass tube (diameter, �1.5 mm)

placed above the equator of the oocyte and directed at the animal pole

of the oocyte.

Curve fitting and parameter estimation. Concentration-
response curves were fitted with the Hill equation,

CA�H

1(x) Ima,
1 + CA”H

where 12581 �S the maximal response, n is the Hill coefficient, and CA 15

the normalized agonist concentration (x/K5). Estimates of IC�, the

antagonist concentration that causes 50% reduction of a control re-

sponse, were obtained by fitting the following equation to the normal-
ized data points:

1(x) 100 (i _fH+1c50H)

where I� is the current response and x is the antagonist concentration.

Estimates of Kb, the affinity of the antagonist, were obtained by
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CaCl2 was replaced by BaC12 to minimize activation of Ca2�-

dependent chloride currents. Additional results obtained in

physiological CaCl2 medium are shown for comparison.
Concentration-response curves in BaCh medium. Cur-

rent responses became detectable at submicromolar concentra-
tions of ACh (200-500 nM) and reached maximum levels (6-9

�A) at concentrations above 200 j.tM. The peak responses in-

creased in a concentration-dependent manner. We often ob-
served a reduction of the peak responses at high agonist con-
centrations (>1 mM).

Data from several experiments were normalized and aver-
aged before analysis. Half-logarithmic plots of the peak re-
sponses as a function of agonist concentration were sigmoidal

for all four combinations (Fig. 1). Normalized and averaged
data were pooled for analysis (see Materials and Methods).

Each combination was characterized by a specific K�; ACh was

most potent at a3$2 nAChRs (24 �tM), followed by a2$4

nAChRs (44 �zM), a3$4 nAChRs (77 �tM), and a2$2 nAChRs

in CaCl2 medium

-# . 1’��‘
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a2�4 � a2�32

a

E
0
U) 80-
C
0
0.
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�0

! 4#{176}-
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Fig. 1. Concentration-response curves for neuronal nAChRs in BaCl2
medium. Data points were normalized with respect to the initially deter-
mined maximal response l�. Apparent Kd (K1) and Hill coefficient (n)
values were obtained by fitting the Hill equation to the averaged data
(see Materials and Methods). a, #{149},a2fl2 receptors; 0, a2fl4 receptors;
b, #{149},a3/32 receptors; 0, a3/34 receptors (see Table 1 for parameters
estimates).
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(87 �LM). The slopes of the concentration-response curves

showed some dependence on the $ subunit. The Hill coefficients

of the concentration-response curves for $2-containing

nAChRs (a2$2, nH 1.0; a3$2, nH 0.8) were somewhat
smaller than those of $4-containing nAChRs (a2$4 and a3$4,

nH = 1.2) (Table 1).

Concentration-resnonse curves

Each combination was characterized by its individual affinity
for ACh. ACh was most potent at a2$4 nAChRs (19 SM),

followed by a3$2 nAChRs (44 �zM), a3$4 nAChRs (52 �zM), and
a2$2 nAChRs (155 �zM). Thus, whereas the K5 estimates for

$2-containing nAChRs were increased about 2-fold by the
presence of Ca2� (1 mM) in the external solution, those for $4-
containing receptors were decreased in the same proportion.
The slopes of the concentration-response curves were barely
affected by the substitution of CaCl2 for BaCl2 in the external
solution (a2$4 and a3$4, nH = 1.2; a2$2 and a3$2, flH = 1.1)

(Table 1).

Effects of (+)-Tubocuranne

a2$2 and a3$2 neuronal nAChRs. Fig. 2 shows super-

imposed responses obtained when (+)-tubocurarine was applied

at concentrations ranging from 15 nM to 50 �M together with

2 �tM ACh, a concentration well below the estimated Ka for

these receptor types. (+)-Tubocurarine caused a concentration-
dependent decrease of the peak response without causing any

visible increase in the rate of decay of the responses. High (+)-

tubocurarine concentrations (15 and 50 �tM) virtually abolished
the ACh-evoked responses (Fig. 2).

Control responses evoked by application of the agonist alone

were used to normalize subsequent responses. Inhibition curves
were then constructed by pooling and averaging normalized

data. Estimates of IC�, the concentration required for half-
maximal inhibition, were obtained using an empirical inhibition

� 2 curve (eq. 2 and Fig. 3). The estimates of IC� were 3.7 zM for
1 0 1 0 a2$2 nAChRs and 420 nM for a3$2 nAChRs. The calculated

Kb values were 3.6 �zM (a2$2) and 390 nM (a3$2), with slopes
close to 1 (Table 2). Similar Kb estimates and slopes were
obtained in CaC12 medium (3.3 �zM for a2$2 nAChRs and 630

nM for a3$2 nAChRs) (Table 2).

a2fl4 and a3$4 neuronal nAChRs. (+)-Tubocurarine con-

centrations ranging from 50 nM to 150 �tM were applied together
with low ACh concentrations (a2$4, 2 �M; a3$4, 4 j.�M) in BaC12

medium, as described above. Fig. 4a shows superimposed re-
sponses obtained with a2$4 nAChRs. The peak current re-
sponse was somewhat inhibited by low (+)-tubocurarine con-

centrations (<150 nM). Higher concentrations (up to 15 �M)

TABLE 1
Apparent equilibrium dissociation constants (KU) and Hill
coefficients (flH) for ACh in neuronal nAChRs
Parameter estimates were obtained using the Hill equation to fit the normalized
and averaged data of n concentration-response curves, as described in Materials
and Methods (estimates ± error).

CaCI2me�um Bad2 medium
Subund

combination K ni K
., (1� donors � �H donors

MM

a2fl2 155 ± 24 1 .1 ± 0.1 3/1 87 ± 15 1 .0 ± 0.2 3/2
a3fl2 44±4.0 1.1 ±0.04 4/1 24±3.8 0.8±0.1 6/3
a2$4 19±1.1 1.2±0.1 3/1 44±4.7 1.2±0.1 7/3
a3fl4 52 ± 6.4 1 .2 ± 0.1 3/1 77 ± 7.2 1 .2 ± 0.1 7/3
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TABLE 2

Affinity of (+)-tubocurarine for a2$2 and a3�2 neuronal nAChRs
Inhibition curves were obtained by applying various (+)-tubocurarine concentrations
in the presence of 2 �zM ACh (Figs. 2 and 3). Estimates of lC� were obtained by
fitting an inhibition curve to the data points, as described in Materials and Methods.
Estimates of Kb were obtained as Kb = lCse/(1 + CA), where CA iS the normalized
agonist concentrration X/Ke. The estimates of K. obtained under the same experi-
mental conditions are taken from Table 1.

a
50 jiM

5 jtM

500 nM

50 nM

Cifi

b

15 jtM

1.5 j.tM

___j
10 S

a

150 jtM

150 nM

Ctd

1 .5 jiM

50 nA

10 s

50 nA

10 s
15 jiM

b

50 jiM

50 nM

0
ci)
C
0
0.
‘I)
ci)

�0
ci)
(I)

E
0
C

c�. - - � . .�,....

0’.,

.-�., -.�.

a3�32 � ---..�

100-

80 -

60 -

40 -

20 -

0

Ctrl
500 nM

a2�32

20 nA

...

10 s

- -9 1_s !�7 I�6 � � significantly increased the agonist-induced peak response

10 10 10 10 10 10 10 (+115%) (Fig. 4). Application of still higher concentrations of

antagonist inhibited the peak response, although coapplication

of 150 �tM (+)-tubocurarine did not completely inhibit the ACh-

evoked response (Fig. 4a). We observed a similar response-

enhancing effect of (+)-tubocurarine on responses evoked by 4

�iM ACh with a3$4 receptors. The inhibition of the response

by low (+)-tubocurarine concentrations was more pronounced
than with a2$4 nAChRs. Also, the maximal enhancement of
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150 nM

15 nM

Ctrl

Fig. 2. Effect of (+)-tubocuranne on ACh-evoked responses with a2fl2
and a3fl2 neuronal nAChRs. Control responses (Ctrl) were elicited by
application of 2 zM ACh in nominally calcium-free BaCl2 medium. Gradual
inhibition of the responses was obtained by simultaneous application of
(+)-tubocuranne, at the indicated concentrations, together with 2 �tM

ACh. a, a2fl2 receptors; b, a3/32 receptors. (Holding potential, -80 mV).

,�.. �o...
�0 a

(+)-tubocurarine (M)

Fig. 3. Inhibition of a2$2 and a3$2 neuronal nAChRs by (+)-tubocuranne.
Peak currents were normalized with respect to the individual peak
currents elicited by 2 �zM ACh in the absence of antagonist. Estimates of
lC� obtained by nonlinear regression of eq. 2 (see Materials and Meth-
ods) were 3.6 MM (a2/32 receptors) (#{149})and 390 n� (a3j32 receptors) (0).
Each point is the mean ± standard error (a2$2, n = 7 from three donors;
a3fl2, n = 4) (Table 2).

Subunit
comb�adon �,- K

b
n/

dono�s)

�M �M

a2fl2 (BaCl2) 3.7 ± 0.5 0.8 ± 0.07 3.6 7/3
a3/32 (BaCl2) 0.42 ± 0.03 0.9 ± 0.05 0.39 4/1
a2fl2 (CaCl2) 3.3 ± 0.3 1 .1 ± 0.08 3.3 2/1
a3fl2 (CaCl2) 0.63 ± 0.05 1 .0 ± 0.07 0.60 5/3

5.tM

Fig. 4. Effect of (+)-tubocuranne on ACh-evoked responses with a2$4

and a3$4 neuronal nAChRs. Responses were elicited by bath application
of ACh in nominally calcium-free BaCl2 medium. The coapplied (+)-

tubocuranne concentrations are indicated. a, a2$4 receptors; responses
elicited by 2 zM ACh. b, a3fl4 receptors; responses elicited by 4 � ACh.
Ctrl, control. (Holding potential, -8OmV).

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


200

150

100#{149}

50

0-

E0

t515
.c
Co
00

.0

0 �
0
0 >�
I_ .&J

-I...

io��

200 -

1 50 -

100-

50 -

ci)
0
C
0
0.
(1)
ci)

0
0

0
E
5-

0
C

_10.� 1 o�

Fig. 5. Enhancement of the peak response to ACh induced by (+)-
tubocuranne with a2fl4 and a3/34 neuronal nAChRs. Control responses
evoked by ACh alone were used to normalize the responses obtained in
the presence of (+)-tubocuranne. Each point is the mean ± standard
error [a2f�4, n = 4 from two donors (#{149});a3fl4, n = 5 from two donors

(0)1. The estimates of Kb obtained by fitting eq. 5 (see Materials and
Methods) to the data points were 12 ± 0.7 MM (a2fl4) and 5.2 ± 0.6 �zM

(a3�4). The estimates of factor f used to account for the relative contri-
bution of the ABA state with respect to the open state were 0.14 and
0.15 for a2f34 and a3�34 receptors, respectively (see Materials and
Methods). The normalized agonist concentration CA was constrained to
0.04 (with the exact values being 0.05 and 0.03 for a2$4 and a3$4
receptors, respectively).
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the response was reached at somewhat lower (+)-tubocurarine
concentrations [+88% with 5 �zM (+)-tubocurarine] (Fig. 4b).

Thus, the effect of (+)-tubocurarine on these two receptor

types differed strikingly from its effect on the receptors ex-

pressed after injection of the corresponding a mRNA with $2

mRNA.

Data from a2$4 and a3$4 nAChRs were pooled and averaged

for further analysis (Fig. 5). The average response-enhancing
effect of (+)-tubocurarine was maximal between 5 and 15 �tM

with a2$4 nAChRs (65 ± 25%) and at 5 �M with a3$4 nAChRs

(64 ± 14%). Application of 5, 50, or 150 �M (+)-tubocurarine

alone to a2$4 or a3$4 nAChRs did not elicit any detectable

response (n � 5 from two to four donors for either combination)

(data not shown).

Responses of a3$4 nAChRs elicited by 30 �tM (-)-nicotine in

CaCl2 medium were increased to 140 ± 16% by 5 MM (+)-

tubocurarine (n = 2). In contrast, responses elicited by 5 MM

DMPP were not enhanced by coapplication of 1.5 MM (+)-

tubocurarine. We observed an average reduction of the peak
responses to 68 ± 3.5% of the control response when 1.5 MM

(+)-tubocurarine was applied with 5 MM DMPP (n = 3). How-

ever, in the same oocytes, coapplication of 1.5 MM (+)-tubocu-
rarine with 20 MM ACh increased the agonist response.

Responses of a3$4 nAChRs evoked by 20 MM ACh in CaCl2

medium were enhanced to 139 ± 12% by 1.5 MM (+)-tubocurar-

me (n = 8 from three donors). We also observed an enhance-

ment of responses of a2$4 nAChRs to 2 MM ACh when 1.5 MM

(+)-tubocurarine was coapplied in CaC12 medium (+63 ± 8%,

n = 3).

In an additional set of experiments, we assessed the stimu-
latory effect of (+)-tubocurarine as a function of the agonist

concentration in BaCl2 medium (Fig. 6). The enhancement of

the response of a2$4 nAChRs induced by 1.5 MM (+)-tubocu-

rarine was maximal (about 95%) at ACh concentrations of �1

i� io-6

(+)-tubocurarine (M)

._ .....---

i�-6 �
acetylcholine (M)

Fig. 6. Normalized responses in the presence of 1 .5 MM (+)-tubocuranne
and various ACh concentrations with a2/34 neuronal nAChRs. Re-
sponses were obtained in BaCl2 medium. For each ACh concentration
the response obtained in the presence of 1.5 �M (+)-tubocuranne was
normalized with respect to the control response obtained with agonist
only, and the enhancement was calculated as 100 x (ratio - 1). Each
point is the average ± standard error of values obtained in two to six
oocytes (n = 1 at 32 MM ACh) from one donor. Dotted line, calculated
ratio (CA2 + 2JCACB)/CA2, using parameters obtained in this study (CA = XA/

44, �8 1 .5/1 2, and f = 0.1 4) (see Table 1 and the legend to Fig. 5).

MM. Increasing the ACh concentration increased the absolute
size of the response but markedly reduced the response en-

hancement induced by (+)-tubocurarine. (+)-Tubocurarine (1.5

MM) inhibited the responses to 10 and 32 MM ACh by 5% and
27%, respectively (Fig. 6).

ACh-evoked responses of a high proportion of $4 receptor-
expressing oocytes from one donor (four of 11, 36%) were not

enhanced by (+)-tubocurarine. The ACh-induced responses of

all $4 receptor-expressing oocytes from five additional donors

were enhanced by (+)-tubocurarine.

Discussion

Concentration-Resoons� �

We have investigated the effect of (+)-tubocurarine on four
different rat neuronal nAChR types (a2$2, a2$4, a3$2, and

a3$4) expressed in Xenopus oocytes. (+)-Tubocurarine inhib-

ited ACh-evoked responses when applied to a2$2 and a3$2
receptors. In contrast, it both enhanced and inhibited agonist-

evoked responses with a2$4 and a3$4 receptors. A maximal

increase was observed at concentrations around 10 MM.

(+)-Tubocurarine alone did not elicit any measurable response.
� Our results suggest that this unusual effect of (+)-tubocurarine
1 �-3 on neuronal nAChRs expressed in Xenopus oocytes is linked

to the $4 subunit.

Initial work was designed to estimate the apparent equilib-

rium dissociation constants (Ka) for ACh in each neuronal

nAChR type. True equilibrium dissociation constants for ACh
(Kd) cannot be determined, because the efficacy of ACh with
any of these receptor types is unknown.

The use of nominally calcium-free BaC12 medium affected
the K0 of all subunit combinations. The changes depended on

the $ subunit incorporated into the receptors; the Ka values

were reduced by a factor of 1.8 for a2$2 and a3$2 receptors but
increased by factors of 2.3 and 1.5 for a2$4 and a3$4 receptors,

respectively (Table 1). The latter observation is consistent with
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previously published data showing that external Ca2� directly

modulates the activity of a3f34 receptors (34). Our data now

extend this observation to a2$4 nAChRs. The shift to the left

of concentration-response curves for $2-containing receptors

could reflect an opposite negative modulatory effect of external

Ca2� on these receptor types.

It is likely that indirect activation of Ca2�-dependent chloride

channels causes a significant distortion of the concentration-

response curves, particularly at high agonist concentrations.

We previously observed a long and shallow left tail and a low

Hill coefficient in concentration-response curves for rat a3$2

nAChRs (17). Such curves could be due to the expression of
two (or more) nAChR types with different Ka values and

relative contributions to the overall response after injection of

a single combination of mRNAs. This phenomenon has already
been observed after injection of cloned muscle-type receptor
subunits in Xenopus oocytes (35). The K,, of rat a3$2 nAChRs

obtained in this study was much lower than the estimate

obtained in a previous study of the same receptor type (350

MM) (17). It is still a matter of debate to what extent uncon-
trolled stoichiometry of mRNAs injected into Xenopus oocytes

may cause variability in agonist sensitivity (see Ref. 6 for a
discussion).

Replacing the a3 subunit with a2 did not yield a systematic
change of K0 values; a2$2 receptors were less sensitive to ACh

than were a3$2 receptors, whereas a2$4 receptors were more

sensitive to ACh than were a3$4 receptors. Our results confirm

the observation that both a and $ subunits determine the

agonist sensitivity of neuronal nAChRs (13).

Inhibition Curves

(+)-Tubocurarine effects on a2$2 and a3$2 receptors.

(+)-Tubocurarine inhibited a2$2 and a3$2 neuronal nAChRs.
What is the likely mechanism of action of (+)-tubocurarine on

these receptors? (+)-Tubocurarine is a competitive antagonist

of ACh at chick a4/non-a nAChRs (23), as well as neuronal

nAChRs of frog cardiac and paravertebral neurons (22). On the
other hand, (+)-tubocurarine has been shown to cause noncom-

petitive forms of antagonism (open channel block) in parasym-

pathetic rat ganglion cells (36). We did not observe signs of

open channel block, such as increased rate of current decay

during antagonist application when (+)-tubocurarine was coap-

plied, with a2$2 or a3$2 receptors. Neither did we see signs of

channel reopening (e.g., brief increase of the response) after

removal of the agonist and antagonist solution (Fig. 2). Addi-

tional experiments (e.g., using different holding potentials) are

required to determine the mechanism of inhibition by

(+)-tubocurarine of a2$2 and a3$2 nAChRs.

Bell-shaped inhibition curves. The concentration-re-
sponse curves for a2$4 and a3$4 neuronal nAChRs were bell-

shaped, thus reflecting a dual action of (+)-tubocurarine on
these receptor types. It has been shown that (+)-tubocurarine

both opens and blocks nAChRs of bovine chromaffin cells (26).

However, because (+)-tubocurarine alone had no effect on $4-

containing receptors, we can exclude a direct partial agonistic

effect of (+)-tubocurarine.

We have used a simplified six-state kinetic scheme, in which
each of the two binding sites can be independently occupied by

either ACh or (+)-tubocurarine molecules, to fit the inhibition

curves for $4-containing receptors (see Materials and Meth-

ods). Because the presence of both ACh and (+)-tubocurarine

was required to observe an enhancement of the response, we

assumed, as a working hypothesis, that the intermediate EACh-

and (+)-tubocurarine-liganded] state (“ABR”) is also conduct-

ing. The equation linked to this model (eq. 5) yielded a number

of predictions, some of which were verified by experimental

data.

The concentration-response curve should become bell-

shaped, and the estimates of Kb for (+)-tubocurarine obtained

by fitting the corresponding equation to the data (Fig. 5) were

in the range of concentrations yielding the maximal response

increases (see legend to Fig. 5). Applying a more potent agonist

should reduce the size of the response enhancement by decreas-
ing the occupancy of the intermediate state. This prediction

was verified by the experiments with DMPP (an agonist more

potent than ACh) (17), ACh, and nicotine with a3$4 receptors.

Responses evoked by 5 MM DMPP were about 3 times larger

than responses elicited by either 20 MM ACh or 30 MM nicotine

(see Results) and were not enhanced by coapplication of 1.5

MM (+)-tubocurarine. Also, increasing the agonist concentra-
tion in the presence of a constant (+)-tubocurarine concentra-

tion should gradually abolish the response enhancement. This

was indeed the case when the ACh concentration was raised

from 2 to 32 MM (Fig. 6).

Conversely, the absence of enhancement by (+)-tubocurarine

with $2 receptors might be due to the application ofan excessive
agonist concentration, so that the occupancy of the ABR state

would be too low to yield significant response enhancement.

However, even at much lower ACh concentrations (320 nM) we
failed to detect any enhancement of the ACh-evoked responses
by 5 MM (+)-tubocurarine with a2$2 and a3$2 receptors (n =

4 for both combinations) (data not shown). These results

further confirm the specificity of the $4 subunit in mediating

the effect of (+)-tubocurarine.

On the other hand, we also observed a number of discrepan-

cies between the model and the data. First, we observed a

marked inhibition of the ACh-evoked responses by concentra-

tions of (+)-tubocurarine of <1 MM (Fig. 5). These data points

(particularly with a3$4 nAChRs) caused substantial distortion

of the estimated control current response Imax (by 18% for a2$4

and 25% for a3$4). Second, the enhancement of responses

evoked by ACh concentrations of <1 MM was about 95%,

whereas the model predicted a 10-fold larger enhancement (Fig.

6). Furthermore, the enhancement by (+)-tubocurarine was not

simply abolished by increasing agonist concentrations, as ex-

pected from a simple competitive antagonism scheme. On the

contrary, inhibition by the same (+)-tubocurarine concentra-

tion increased with the agonist concentration, suggesting ad-

ditional noncompetitive antagonism.

Signs of noncompetitive antagonism were indeed observed in
individual responses of $4-containing receptors; these included

an increased rate of response decay during application of high

antagonist concentrations or reopening of the channel after

removal of high antagonist concentrations (Fig. 4). Finally, the

responses of all receptor types showed signs of desensitization

during agonist application. In conclusion, although our kinetic
scheme correctly predicts some of the effects of agonists and
(+)-tubocurarine on the peak current, it obviously still requires

the incorporation of additional conformational (or functional)

states (desensitized, blocked) to better match the experimental

data.

We may, finally, ask whether there are physiological corre-
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lates to our observations. The observation, made 25 years ago,

that coapplication of (+)-tubocurarine potentiated nAChR re-
sponses in rat parasympathetic ganglia (36) has remained so
far unexplained; the responses to ionophoretically applied car-
bachol were potentiated by coapplication of 5 MM (+)-tubocu-

rarine, a concentration that caused maximal response increases
with a3$4 nAChRs in the present study. Furthermore, the

inhibitory action of (+)-tubocurarine was increased when

(+)-tubocurarine was coapplied with higher agonist concentra-

tions (36).

Our study suggests that the observation of similar effects of

(+)-tubocurarine with native receptors and $4-containing

receptors expressed in Xenopus oocytes is due to the presence

of the $4 subunit in native receptors. We have recently shown
that both a3 and $4 genes are indeed widely expressed in the
neurons of rat autonomic ganglia and adrenal medulla (37).

The (+)-tubocurarine-induced increase of the agonist-evoked

response of neuronal nAChRs presented here is, however, much
larger than that observed with native receptors. This difference
could reflect the use of different experimental protocols. It may

also point to structural differences between native and hetero-

geneously expressed neuronal nAChRs, such as the absence of
an a subunit isoform (e.g., aS) in the latter (8, 9). The increase

by (+)-tubocurarine of responses elicited by low agonist con-
centrations may become a useful tool to detect the presence of
the $4 subunit in native neuronal nAChRs of unknown subunit
composition.
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