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The influence of a and b subunits on the properties of nicotine-
induced activation and desensitization of neuronal nicotinic
acetylcholine receptors (nAChRs) expressed in Xenopus oo-
cytes was examined. Receptors containing a4 subunits were
more sensitive to activation by nicotine than a3-containing
receptors. At low concentrations of nicotine, nAChRs contain-
ing b2 subunits reached near-maximal desensitization more
rapidly than b4-containing receptors. The concentration of nic-
otine producing half-maximal desensitization was influenced by
the particular a subunit expressed; similar to results for activa-
tion, a4-containing receptors were more sensitive to desensi-
tizing levels of nicotine than a3-containing receptors. The a
subunit also influenced the rate of recovery from desensitiza-
tion; this rate was approximately inversely proportional to the
apparent nicotine affinity for the desensitized state. The homo-
meric a7 receptor showed the lowest sensitivity to nicotine for

both activation and desensitization; a7 nAChRs also demon-
strated the fastest desensitization kinetics. These subunit-
dependent properties remained in the presence of external
calcium, although subtle, receptor subtype-specific effects on
both the apparent affinities for activation and desensitization
and the desensitization kinetics were noted. These data imply
that the subunit composition of various nAChRs determines the
degree to which receptors are desensitized and/or activated by
tobacco-related levels of nicotine. The subtype-specific bal-
ance between receptor activation and desensitization should
be considered important when the cellular and behavioral ac-
tions of nicotine are interpreted.
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Neuronal nicotinic receptors (nAChRs) are a functionally diverse
group of ligand-gated ion channels formed from the pentameric
arrangement of one or more individual subunits (Couturier et al.,
1990; Anand et al., 1991; Cooper et al., 1991; Luetje and Patrick,
1991). The existence of multiple subtypes (Role, 1992), their
nonuniform distribution within the CNS (Duvoisin et al., 1989;
Wada et al., 1989; Morris et al., 1990; Whiting et al., 1991; Dineley-
Miller and Patrick, 1992; Seguela et al., 1993), and their localiza-
tion to both pre- and postsynaptic zones (Clark, 1993; McGehee
and Role, 1996; Role and Berg, 1996; Wonnacott, 1997) imply
diverse functions of nAChRs and suggest that several mechanisms
are involved in the behaviorally important actions of nicotine.

At a minimum, any cellular and molecular theory of nicotine
dependency must take into account that nAChRs can be both
activated and desensitized by nicotine (Katz and Thesleff, 1957).
Much evidence supports the idea that each of these receptor
states is critical in addiction (Stolerman and Shoaib, 1991; Dani
and Heinemann, 1996). Because these receptor states vary ac-
cording to subunit composition (Cachelin and Jaggi, 1991; Gross
et al., 1991; Hsu et al., 1995; Vibat et al., 1995), subtypes of
nAChRs may be involved differentially in the acute and chronic

effects of nicotine and their associated cellular compensatory
events (Balfour, 1994). These include subtype-specific increases
in receptor number within various brain regions (Marks et al.,
1992). Moreover, the extent to which nAChR subtypes are acti-
vated and desensitized by nicotine could determine whether spe-
cific receptor subtypes are functionally up- (Rowell and Wonna-
cott, 1990; Gopalakrishnan et al., 1996) or downregulated (Marks
et al., 1993) during chronic agonist exposure (Hsu et al., 1995).

Although the actual subunit composition of native CNS
nAChRs is unknown, many expressed receptor subtypes (Whit-
ing and Lindstrom, 1988; Flores et al., 1992; Anand et al., 1993)
share characteristics of CNS nAChRs. Thus, understanding the
influences of different subunits on receptor function has value
both for determining dominant subunits in native receptors and
for predicting the effects of nicotine on nAChRs composed of
particular subunits. Previous studies have addressed how subunit
composition affects the time course of desensitization and the
agonist potency for activation (Cachelin and Jaggi, 1991; Gross et
al., 1991; Luetje and Patrick, 1991; Cohen et al., 1995; Hsu et al.,
1995; Vibat et al., 1995). However, many of these studies used
acetylcholine as the principal agonist. Because agonists can affect
desensitization differentially, it is not possible to predict accu-
rately how nicotine will interact with desensitized states of
nAChRs. Moreover, except for one report (Hsu et al., 1995),
desensitization has not been characterized using low, tobacco-
related concentrations of nicotine (Benowitz et al., 1989). In the
present study we evaluate the action of low concentrations of
nicotine on both activation and desensitization of a number of
nAChRs expressed in Xenopus oocytes and examine the contri-
bution of both a and b subunits to these processes.
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MATERIALS AND METHODS
Xenopus oocyte preparation and cRNA injection. Procedures for prepa-
ration of oocytes have been described in detail elsewhere (Quick and
Lester, 1994). Briefly, oocytes were defolliculated and maintained at
18°C in incubation medium containing ND96 (96 mM NaCl, 2 mM KCl,
1 mM MgCl2 , and 5 mM HEPES, pH 7.4), 1.8 or 3.6 mM CaCl2 , 50 mg/ml
gentamycin, and 5% horse serum. Subunit cRNAs were synthesized in
vitro (Machine Message; Ambion, Austin, TX) from linearized plasmid
templates of rat cDNA clones. Oocytes were injected with between 5 and
25 ng/subunit per oocyte; a and b subunit cRNAs were injected in 1:1
ratios, although in some experiments in which a3b4 receptors were
examined, cRNAs ratios of 10:1 a3:b4 and 1:10 a3:b4 were injected. All
salts and drugs were obtained from Sigma (St. Louis, MO).

Electrophysiology. Whole-cell currents were measured at room temper-
ature (20–25°C), 24–96 hr postinjection, with a Geneclamp 500 amplifier
(Axon Instruments, Foster City, CA) in a standard two-microelectrode
voltage-clamp configuration. Electrodes were filled with 3 M KCl and had
resistances of ;0.5–2 MV. Oocytes were clamped between 240 and 260
mV and superfused continuously in calcium-free ND96 (i.e., nominally
calcium-free solution) or in the presence of 3.6 mM calcium (i.e., calcium-
containing solutions). This concentration of calcium is in the middle of
the range for potentiation of nAChRs responses (Mulle et al., 1992b;
Vernino et al., 1992). For comparison, the effects of 1.8 and 3.6 mM

calcium were examined on a7 receptors. All drugs were applied in these
solutions. (2)-Nicotine tartrate (nicotine) and acetylcholine chloride
(acetylcholine) were prepared from frozen stock solutions (100 mM).
Atropine (1 mM) was included in the superfusion solution to block
endogenous muscarinic responses. All currents were recorded either on
a chart recorder and/or on an 80486-based personal computer with
AxoScope software (Axon Instruments) after 50–100 Hz low-pass filter-
ing at a digitization frequency of 200 Hz. For slowly desensitizing
responses, peak currents were assessed on-line from the digital readout of
the amplifier and/or off-line with AxoScope software.

Peak currents at EC50 concentrations were typically in the range of 100
nA–2 mA. Currents as small as 5 nA could be measured, although for
accuracy only currents above 20 nA were included in the desensitization
measurements. Concentration–response curves were fit with logistic ex-
pressions to estimate the EC50 (activation) and IC50 (desensitization).
Single and/or double exponential fits of the data were used to compare
the time courses of desensitization and recovery. Exponential curves
were fit either to the desensitizing phase of the nAChR responses or to
the time course of desensitization development as assessed from the
depression of test pulses applied during incubation with nicotine. In both
cases exponentials were constrained not to fall below zero current. For
some nAChR subtypes, recovery from desensitization could be slow (.1
hr) and often was incomplete before the recording became unstable. For
these data the exponential fits were constrained to allow full recovery
back to control values.

Solutions were gravity-fed via a six-way manual valve (Rainin Instru-
ments, Woburn, MA) to the oocyte in the recording chamber; some
solution mixing occurred in the dead space between the valve and the
chamber. To estimate the effect of dead space on the agonist application,
we calculated the solution exchange rate from the time course of inhibi-
tion of the current induced by nicotine (5 mM) through b4 subunit-
containing receptors during a step from medium containing 96 mM NaCl
to one containing 48 mM NaCl (96 mM sucrose was used to restore
osmolality). The time constant for the exchange, obtained from a single
exponential fit, was 1.3 6 0.3 sec (10 observations from five different
oocytes). Thus, solution exchange was complete within ;5 sec. Because
of this noninstantaneous exchange, at high agonist concentrations and in
particular for a7 nAChRs that desensitize very rapidly, true peak cur-
rents are underestimated. This may result in an overestimation of the
EC50 for activation and a smaller Hill coefficient. Although this is a
potential problem in certain types of analyses, in the present study we
were concerned for the most part with activation and desensitization at
relatively low agonist concentrations in which the influence of exchange
rate is less critical. All data are expressed as the mean 6 SEM. For
statistical comparisons of concentration–response curves, t tests were
performed on the regression coefficients, estimated by using the method
of probits (Finney, 1971). For statistical comparisons of mean data,
weighted means t tests were performed for all unpaired comparisons.

Figure 1. a4 subunits confer high apparent affinity on nAChRs. A,
Concentration–response curves were constructed by measuring the peak
current induced in response to brief (5–10 sec) applications of nicotine
(100 nM–300 mM). The peak responses are plotted with respect to agonist
concentration for four subtypes of nAChRs (a3b4, a3b2, a4b4, and
a4b2). For each subtype all responses were normalized to a response near
the half-maximal concentration (EC50 ). Each point represents one to
eight separate measurements. The solid lines are logistic fits to the data.
The calculated EC50 values and the Hill coefficients were, respectively, 65
mM and 1.5 (a3b4 ), 75 mM and 0.7 (a3b2), 11 mM and 1.4 (a4b4 ), and 12
mM and 1.5 (a4b2). B, Representative current responses for a series of
nicotine concentrations applied to two different oocytes expressing either
a3b4 receptors (top traces) or a4b4 receptors (bottom traces). All data
shown in this figure were obtained in calcium-free conditions.
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RESULTS
Potency of nicotine for activation of nAChRs
The differential sensitivity of nicotine in activating various ex-
pressed receptors (Luetje and Patrick, 1991) implies that nicotine
is not equipotent at all nAChRs. Nicotine-induced concentra-
tion–response relationships for four different expressed nAChRs
(a3b4, a3b2, a4b4, and a4b2) confirm this hypothesis (Fig. 1).
Logistic fits to these concentration–response curves estimate
EC50 values that can be divided into two groups (Table 2):
receptors containing a4 subunits have lower EC50 values than
those containing a3 subunits (t 5 13.27; p , 0.01), implying that
a4 subunits confer a higher apparent nicotine affinity. Because of
the high permeability of various neuronal nAChRs to calcium
(Mulle et al., 1992a; Vernino et al., 1992; Seguela et al., 1993;
Rathouz and Berg, 1994) and the potential contamination of the
measured currents with the activation of oocyte endogenous
calcium-dependent Cl2 currents (Vernino et al., 1992), the above
series of experiments was conducted in nominally calcium-free
media. Physiologically relevant levels of calcium can, however,
regulate nAChR activation, an effect that may result, in part, from
changes in the affinity of nAChRs for agonist (Mulle et al., 1992b;
Vernino et al., 1992; Galzi et al., 1996). To ascertain that the
observed differences in the nAChR concentration–response re-
lationships in calcium-free solutions were physiologically impor-
tant, we repeated the experiments in calcium-containing media.
The addition of calcium produced insignificant changes in EC50

values (t 5 0.35; p . 0.05) and did not alter the order of potency
of nicotine for the various nAChR subtypes (Table 1).

The much higher apparent nicotine affinity of a4-containing
subtypes, as compared with a3-containing subtypes, is consistent
with previous reports for heterologously expressed nAChRs from
both chick (Hussy et al., 1994) and rat (Vibat et al., 1995). For a3
subunit-containing receptors, our estimated EC50 values for nic-
otine were comparable to previously published data (for review,
see Role, 1992; McGehee and Role, 1995). Little or no compa-
rable data exist for a4b4 receptors (Role, 1992). Our data for the
a4b2 receptor predict a lower apparent nicotine affinity (15 mM,
calcium-containing solutions) than reports of heterologously ex-
pressed a4b2 nAChRs from chick (0.8 mM; Bertrand et al., 1990),

rat (0.3 mM; Vibat et al., 1995), and human (1.6 mM; Buisson et al.,
1996).

Different time courses of desensitization of
nAChR subtypes
Previous data show that nAChRs composed of different subunits
desensitize with different time courses in response to various
nicotinic agonists (Cachelin and Jaggi, 1991; Gross et al., 1991,
1995; Vibat et al., 1995). We have extended these findings, using
nicotine as the agonist. Figure 2A shows representative responses
of oocytes expressing four different nAChR subtypes to a 3 min
application of nicotine at near half-maximal concentrations (see
Fig. 1) in the presence of external calcium. Receptors containing
b4 subunits desensitize slower than those containing b2 subunits
(t 5 6.2; p , 0.05). In most experiments the time course of
desensitization for receptors containing b4 subunits was well
described by a single exponential decay. In some oocytes, partic-
ularly those with larger peak currents, a faster “desensitizing”
component was present in a4b4-expressing and a3b4-expressing
oocytes (Fig. 2C). The fast component was calcium-dependent
because it was eliminated, for the most part, when the same cells
were examined in calcium-free media (Table 2). In contrast, the
slower component of desensitization was unaffected by calcium
(t 5 0.21; p . 0.05; Fig. 2B, Table 2). These data are consistent
with previous reports in which it was argued that a transient
calcium-dependent Cl2 current could be activated by certain
neuronal nAChRs (Vernino et al., 1992; Seguela et al., 1993). On
the other hand, b2-containing receptors generally required the
sum of two exponentials for a good fit to the data in both the
presence and absence of calcium, although the relative amplitude
of the fast component was affected significantly by calcium (t 5
76.5; p , 0.01; Fig. 2; Table 2). Thus b2-containing nAChRs have,
in addition to a slow component of desensitization, an intrinsic
fast desensitization process. Differences in the size of the fast
“desensitizing” component of a4b2 and a3b2 receptors in
calcium-free and calcium-containing medium potentially could
reflect differences in the extent of activation of the endogenous
Cl2 current and/or differential modulation of the fast and slow
components by external calcium ions.

Brief agonist applications do not provide sufficient data to

Table 1. Subunit-specific properties of nAChRs

Subtype

EC50
a

(mM) IC50
b

(mM)
6Ca

Desensitization
at 500 nM (%)
6Ca

Desensitization time coursec

(t d; min) Desensitization recovery d

(t ; min)
6Ca1Ca 2Ca 1Ca 2Ca

a3b4 62 65 1.15 39 32.5 6 2.5 (3) 36.8 6 4.8 (7) 42.6 6 5.5 (4)
a4b4 9 11 0.042 87 35.5* 6 3.2 (5) 16.2 6 2.8 (3) 413.8f 6 305.5 (2)
a3b2 123 75 0.33 47 '5 (3)e 3.9 6 2.1 (4) 11.7 6 4.1 (2)
a4b2 15 12 0.061 71 3.7 6 0.9 (4) 2.7 6 0.3 (2) 86.9 6 64.7 (4)
a7 90* 234 6.2 (2Ca) 1 (2Ca) 0.5 6 0.03 (3) 1.9 6 0.5 (4) 1.9 6 0.5 (5)

1.3* (1Ca) 12 (1Ca)

aEC50 calculated from the activation concentration–response curve in calcium-containing (1Ca) and calcium-free (2Ca) media.
bIC50 calculated from the concentration–response curves constructed from the mean desensitization produced in both 1Ca and 2Ca media. These combined data are
indicated by 6Ca.
cThe time constant (td ) from a single exponential fit to the time course of desensitization at near IC50 concentrations of nicotine. These concentrations were 1 mM (a3b4),
100 nM (a4b4), 300 nM (a3b2), 300 nM (a4b2), 10 mM (2Ca, a7), and 3 mM (1Ca, a7). The number of measurements is indicated in parentheses.
dThe time constant (t) from a single exponential fit to the time course of recovery from desensitization at 1 mM nicotine for all subtypes except a7 (10 mM). The number of
measurements is indicated in parentheses. In the majority of experiments, the exponential was fit by assuming full recovery to control values.
eThe reported values are estimates. It was difficult to obtain an accurate exponential fit for some of the a3b2 data sets, because the interpulse interval for the test pulses was
large (5–10 min) and desensitization mainly was complete by the time of the first test pulse.
f Two additional oocytes expressing a4b4 receptors showed no recovery after 20–30 min wash.
*Indicates significance ( p , 0.05), as compared with data obtained in calcium-free media.
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characterize receptor desensitization fully (Katz and Thesleff,
1957; Feltz and Trautman, 1982). Moreover, the desensitization
resulting from long applications of nanomolar concentrations of
nicotine may reveal receptor subtype differences that are related
more closely to mechanisms underlying nicotine dependency
(Stolerman and Shoaib, 1991; Dani and Heinemann, 1996). With
this in mind, we examined the subunit dependence of nAChR
desensitization induced by low levels of nicotine. Because it is not

possible to measure desensitization directly from the very small
currents produced by such low agonist concentrations, desensiti-
zation was estimated from the nicotine-induced reduction in the
current elicited by a brief (5–10 sec) test pulse of acetylcholine
(ACh) near the half-maximal concentration for each receptor
(Feltz and Trautman, 1982). The ACh test pulses were applied at
sufficient time intervals (2–10 min, based on the particular subunit
combination) so as not to induce any additional desensitization.

Figure 2. The time course of desensitization varies with nAChR subtype. A, Responses to brief (;3 min) applications of nicotine at near EC50
concentrations in calcium-containing media for oocytes injected with different subunit combinations. For comparison, the responses are normalized to
their peaks. The time course of desensitization for responses obtained from oocytes expressing b4-containing receptors (lef t two traces) were well
described by a single exponential component. For b2-containing receptors (right two traces), the decay phase was well described by the sum of two
exponentials. B, Responses to 3 min applications of nicotine in calcium-free (lef t trace) and calcium-containing (right trace) media for an oocyte expressing
a4b4 receptors. The traces are normalized to the peak currents. The solid lines are single exponential functions fit to the desensitizing phase of the
responses, and their associated time constants (ts ) are shown. C, Responses to 3 min applications of nicotine in calcium-free (lef t trace) and
calcium-containing (right trace) media for an oocyte expressing a3b4 receptors. The solid lines are single exponential functions fit to the desensitizing
phase of the responses. In calcium-containing media the data were fit with two separate single exponentials, designated tf and ts. The exponential
functions contained a steady-state component, which was constrained not to fall below baseline current. The final steady-state values were generally in
the range of 0–20% peak current.
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The data were expressed as the fractional test current remaining
with respect to the time of nicotine exposure. For those experi-
ments in which nicotine induced some receptor activation, the
fractional current remaining was calculated from the sum of both
the nicotine- and ACh-induced currents. Estimation of desensi-
tization in this manner leads to an underestimation of the extent
of desensitization if the current induced by nicotine is a signifi-
cant fraction of the total response. Large nicotine-induced cur-
rents were apparent only at higher agonist concentrations with
certain receptor subtypes (e.g., a3b4; see Fig. 4). In these cases
only, both the rate of desensitization development and the mag-
nitude of desensitization will be underestimated slightly.

As shown in Figure 3, incubation of oocytes with nanomolar
concentrations of nicotine (levels that produce little activation of
any of the receptor subtypes; see Fig. 1) induces a profound
desensitization of nAChRs. Differences in the time course of
desensitization for different nAChR subtypes are immediately
apparent and parallel the differences in desensitization observed
with brief pulses (see Fig. 2). In our experiments, receptors with
b4 subunits desensitized more slowly than those containing b2
subunits (t 5 9.7; p , 0.05), irrespective of the presence or
absence of calcium (Fig. 3). For all subunits the time course of
desensitization could be described reasonably well by a single
exponential fit (although see below), which allowed for a more
quantitative comparison of desensitization kinetics. Table 1
shows that at concentrations of nicotine that produced a half-
maximal block (see Fig. 5) the time constant for the development
of desensitization varied considerably, from 4 min (a3b2) to 45
min (a3b4).

Potency of nicotine for desensitization of nAChRs
To compare more quantitatively the nicotine-induced desensiti-
zation of nAChR subtypes, we examined desensitization over a
range of nicotine concentrations. Because the time course of
desensitization development is concentration-dependent (Fig. 4)
and subtype-dependent (see Fig. 3), different periods of nicotine
incubation were required for each nAChR subtype to reach
near-equilibrium conditions. Figure 4A shows that for the recep-
tor with the slowest desensitization time course, a3b4, a 60 min
exposure was sufficient to produce ;90% desensitization even at
low nicotine concentrations. Longer incubation times typically
were not used to allow time for response recovery and to ensure
that recovery reflected reversal of desensitization rather than de
novo receptor synthesis (Peng et al., 1994; Hsu et al., 1995). In
addition, for receptor subtypes that reached equilibrium faster
(e.g., a3b2), nicotine exposure was continued in some cases for up
to 30 min to ensure that a slower component of desensitization

was not present. Although we cannot exclude completely the
possibility that very slow desensitization components exist, de-
sensitization of these subunits by nicotine is complete, for the
most part, within the first hour (see also Hsu et al., 1995).

In theory, other mechanisms distinct from desensitization, such
as partial antagonism or channel block by nicotine, could explain
the decrease in ACh-induced currents in the presence of nicotine.
Partial antagonism seems unlikely, especially for b4-containing
receptors, because the block developed and recovered slowly.
Even at low concentrations a purely competitive nicotine effect
would be expected to be instantaneous, for the most part. Because
nicotine is not a very efficacious agonist at chick a3b2 receptors
(Wang et al., 1996) and given that this receptor subtype shows a
relatively fast nicotine block, partial antagonism remains a possi-
bility; however, nicotine does not seem to act as a partial antag-
onist at rat a3b2 nAChRs (Hussy et al., 1994). A direct, use-
dependent channel block by nicotine, although reported for
neuronal nicotinic receptors, is also unlikely at such low agonist
concentrations (Maconochie and Knight, 1992).

Once the time course of desensitization equilibrium was estab-
lished, inhibition dose–response curves were constructed from the
relative depression of an ACh test pulse induced during incubation
with various nicotine concentrations (Fig. 5). The data were fit to
a logistic equation from which the IC50 (half-maximal effective
desensitizing concentration) for nicotine was estimated. In the
present study we refer to the IC50 as the apparent affinity of
nicotine for the desensitized state of the receptor. The receptor
subtypes could be divided into two groups, based on these IC50

values. Similar to activation (see Fig. 1), nAChRs expressing a4
subunits had a higher apparent affinity for the desensitized state, as
compared with nAChRs containing a3 subunits (t 5 5.6; p , 0.05).
There is an approximately linear relationship between the half-
maximal concentrations of nicotine for activation and desensitiza-
tion (Table 1). These data indicate that the time course of desen-
sitization is not a good predictor of nicotine affinity for the
desensitized state. For example, a4b4 receptors, which have a slow
desensitization onset, demonstrate the highest apparent nicotine
affinity for the desensitized state. On the other hand, a3b2 recep-
tors, which have a fast onset, have a relatively low apparent desen-
sitization affinity. At the highest concentrations of nicotine tested,
all nAChR subtypes except a3b2 receptors were desensitized
completely; a3b2 receptors were desensitized ;78% (Fig. 5).

Recovery from desensitization
After prolonged exposure to nicotine, the different nAChR sub-
types recovered to pre-nicotine exposure values with different
rates (Fig. 6). Differences in the time course of recovery from

Table 2. Calcium dependence of nAChR desensitization

Subtype

tslow (sec) tfast (sec) Fast component (%)
Fraction of cells with
fast component

1Ca 2Ca 1Ca 2Ca 1Ca 2Caa 1Ca 2Ca

a4b4 129.8 6 20.2 123.7 6 9.9 3.2 6 1.1 N/A 13.6 6 9.2 N/A 2/5 0/5
a4b2 90.7 6 5.9 102.5 6 20.0 5.4 6 1.5 7.4 6 1.4 40.3* 6 3.2 11.3 6 6.1 3/3 2/3
a3b4b 204.6 6 25.4 147.4 6 14.1 3.7* 6 0.7 11.3 6 0.9 21.8 6 3.7 18.5 6 3.5 6/11 2/11
a3b2 279.6 6 224.5 66.8 6 16.2 8.0 6 1.5 11.3 6 1.7 46.3* 6 8.6 66.8 6 1.0 4/4 4/4

All data were obtained from oocytes that were measured in both calcium-free (2Ca) and calcium-containing (1Ca) media.
aThe mean percentage of fast component includes only those oocytes that had a measurable fast component.
bIn some oocytes the two desensitization components were fit separately (see Fig. 2).
*Indicates significance ( p , 0.05), as compared with data obtained in calcium-free media.
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Figure 3. The time course of desensitization is slow in receptors containing b4 subunits. A, Plot of the peak current amplitudes induced by an ACh test
pulse with respect to time before and during continuous perfusion with either 300 or 100 nM nicotine in oocytes expressing either a4b2 receptors (lef t)
or a4b4 (right) receptors, respectively, in calcium-containing (top traces) or calcium-free (bottom traces) media. t is the time constant for a single
exponential fit to the desensitization time course. B, Representative traces of the ACh test pulses before (control ) and at the indicated times after
incubation with nicotine for individual a4b2-expressing (bottom lef t) or a4b4-expressing (bottom right) oocytes in calcium-free media.
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desensitization among subtypes were compared by fitting single
exponentials to the recovery phase of the response after washout
of 1 mM nicotine. Receptors containing a4 subunits (i.e., nAChRs
with a higher-affinity desensitized state) recovered more slowly
from desensitization than those containing a3 subunits (t 5 21.2;
p , 0.01). This result is not unexpected, because recovery ulti-
mately involves an unbinding of agonist and a change in the
receptor from desensitized to activatable; this is likely to be the

slowest for the highest affinity receptor. Indeed, for a4b4 recep-
tors, recovery often was incomplete even with 2 hr washout (Fig.
6B). On the other hand, a3b2 receptors recovered within a few
minutes (Fig. 6C). Additionally, receptors containing b4 subunits
(i.e., nAChRs in which the time course of desensitization devel-
opment is slower) recovered more slowly than those containing
b2 subunits (t 5 8.4; p , 0.05; Fig. 6A). Thus, a3b4 receptors
show a rate of recovery intermediate of a3b2 receptors and a4b4
receptors.

The above analysis assumed a single exponential recovery from
desensitization. This is a reasonable assumption for b4-
containing receptors; however, it may be inaccurate for b2-
containing receptors. Receptors containing b2 subunits require
the sum of two components to describe the desensitization phase
during a brief pulse (see Fig. 2). These data imply multiple
desensitized states for these receptors (Feltz and Trautman, 1982;
Boyd, 1987). Thus, it follows that recovery from desensitization
also may have two components (Feltz and Trautman, 1982; Cach-
elin and Colquhoun, 1989; Lester and Dani, 1995).

Recovery from desensitization for muscle-type nAChRs has
been shown to be influenced by calcium-dependent mechanisms
(Hardwick and Parsons, 1996). Thus, it is possible that similar
mechanisms control the recovery of neuronal nAChRs. Because
of the long duration of recordings necessary to examine the slow
recovery from desensitization at low concentrations of nicotine,
we used, instead, a paired-pulse approach to test the influence of
calcium on the recovery from desensitization. A single 3 min
application of nicotine at near EC50 concentrations was followed
at a known interval by a second test pulse of nicotine, and the
fractional recovery from desensitization was estimated in both
calcium-free and calcium-containing media (Fig. 7). To reduce
variability, often we tested the same oocyte under both condi-
tions. Our results indicate that calcium has little effect on recovery
from desensitization of nAChRs, although for some subtypes,
e.g., a4b2, the rate of recovery may be enhanced in the presence
of calcium (t 5 31.1; p , 0.01).

The outcome of prolonged exposure to nicotine is determined
initially by the balance between receptor activation and desensi-
tization at a particular nicotine concentration. To illustrate how
this balance varies for different nAChR subtypes, we have replot-
ted the activation and desensitization curves (Figs. 1A, 5) on the
same axes (Fig. 8). The concentration range in which the activa-
tion and desensitization curves overlap indicates a “window cur-
rent” (Steinbach, 1990), a region over which nicotine always
produces some nAChR channel activation, because desensitiza-
tion will be incomplete. At tobacco-related concentrations (60–
300 nM; Benowitz et al., 1989) the main effect of nicotine will be
to desensitize nAChRs (see Table 1), thus reducing the popula-
tion of receptors available for potential stimulation by endog-
enously released ACh (see Lester and Dani, 1995). However, for
the higher affinity a4 subunit-containing nAChRs, nicotine at
these concentrations will produce some channel activation.

a7 receptor desensitization and activation by nicotine
Although the above data demonstrate that a and b subunits
differentially influence the desensitization process, not all ex-
pressed nAChRs require b subunits for channel formation or,
indeed, for desensitization (e.g., a7 receptors; Couturier et al.,
1990). For these receptors, desensitization characteristics must be
determined solely by the a subunit (see Revah et al., 1991). The
demonstration that a7-containing receptors mediate a presynap-
tic release of transmitter in the continuous presence of low

Figure 4. The time course and extent of desensitization are
concentration-dependent. A, Plot of the peak amplitudes of the currents
induced by ACh test pulses (100 mM) with respect to time before and
during continuous perfusion with 1 mM (open squares), 10 mM ( filled
circles), or 30 mM (open circles) nicotine in oocytes expressing a3b4
receptors. td is the time constant for a single exponential fit to the time
course of desensitization. The arrowheads represent near-equilibrium
conditions at which the magnitude of desensitization was estimated (see
Fig. 5). B, Representative traces of currents induced by ACh test pulses
before (control ) and at the indicated times during incubation with either
1 mM (top traces) or 10 mM (bottom traces) nicotine. All data were obtained
in calcium-free media.
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concentrations of nicotine (McGehee et al., 1995; Gray et al.,
1996) demands a detailed investigation of this subtype with re-
spect to desensitization.

Figure 9 characterizes activation and desensitization for a7
receptors. As described by others (Couturier et al., 1990; Revah
et al., 1991; Seguela et al., 1993), a7 nAChRs activate and
desensitize rapidly to brief applications of high agonist concen-
trations (Fig. 9A). The dose–response relationship for nicotine
reveals a relatively high EC50 (234 mM, calcium-free solutions),
implying that a7 receptors have a very low apparent affinity for
nicotine. There was an approximately twofold shift in the EC50 to
lower values in the presence of extracellular calcium ions (t 5 9.4;
p , 0.05) with little effect on maximal activation (Fig. 9B). Our
EC50 values of 79 mM (3.6 mM calcium) and 90 mM (1.8 mM

calcium) are slightly higher than those reported previously for
human a7 (49 mM; Gopalakrishnan et al., 1995), rat a7 (;30 mM;
Seguela et al., 1993), and chick a7 (24 mM; Amar et al., 1993).
Accounting for the decrease in single-channel conductance be-
cause of calcium (Mulle et al., 1992b; Amador and Dani, 1995),
these data imply that calcium may increase both the affinity and
efficacy of a7 nAChRs (Galzi et al., 1996). Desensitization of a7

receptors (and subsequent recovery from desensitization) at low
concentrations of nicotine was rapid (Fig. 9C,D). However, in the
absence of added calcium, desensitization was observed only for
concentrations of nicotine above ;1 mM, setting it apart from the
various ab-paired nAChRs. In calcium-free media, the half-
maximal concentration of nicotine for desensitization was 6 mM,
the highest of all receptors tested (Fig. 9F). The addition of
calcium significantly increased the effectiveness of nicotine to
desensitize a7-expressing receptors (IC50 5 1 mM; t 5 18.5; p ,
0.01), with little observable effect on the time course of desensi-
tization (t 5 2.7; p . 0.05; Fig. 9E,F). Thus, although a7 recep-
tors exhibit pronounced and rapid desensitization, much higher
concentrations of nicotine are required.

DISCUSSION
Examination of a number of expressed nAChRs reveals patterns
of functional contributions of particular a and b subunits to the
process of activation and desensitization. For heteromeric
nAChRs we find that the a subunit makes a significant contribu-
tion in determining the apparent nicotine affinity of the active and

Figure 5. a4-containing nAChRs are desensitized by nanomolar concentrations of nicotine. A, Concentration–response plots of the ACh-induced
fractional current remaining after chronic nicotine incubation in oocytes expressing a3b2, a3b4, a4b2, or a4b4 receptors. Some of the data were
obtained by extrapolating the exponential fit to 60 min (a3b4 and a4b4 ) or 15–20 min (a3b2 and a4b2). The open and filled symbols represent data
obtained in calcium-containing and calcium-free media, respectively. Each concentration data point represents between 1 and 10 measurements from
separate oocytes. Solid lines are logistic fits to the mean of all the data obtained in calcium-free and calcium-containing media. Fits were constrained so
that the maximal block could not exceed 100% and so that at infinitely low nicotine concentrations the block was zero. The half-maximal concentration
for inhibition (IC50 ) by nicotine is shown for each nAChR subtype. B, Examples of the inhibition of the ACh test pulses by different concentrations of
nicotine for two receptor subtypes, a3b4 (top traces) and a4b4 (bottom traces). Each pair of traces shows the current induced before nicotine incubation
(con) and the current remaining after a 60 min incubation, with the concentration of nicotine indicated.
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desensitized states of an nAChR; the b subunit makes a signifi-
cant contribution in determining the overall time course of the
desensitization development of an nAChR. In addition, we have
demonstrated that external calcium ions, while producing subtle
effects on the kinetics and apparent affinities of nicotine for
activation and desensitization of the ab nAChRs, do not alter the
pattern of contributions of these various subunits. In contrast, for
the homomeric a7 nAChR, which displays faster kinetics and
generally lower affinities for nicotine than the ab pairs, we find
that calcium increases the apparent affinity of nicotine for both
the active and desensitized states.

Contribution of the a subunit to activation of nAChRs
by nicotine
Activation of various nAChR subtypes by nicotine produced
straightforward results: a4-containing receptors have higher ap-
parent affinities for nicotine than a3-containing receptors. Vibat
et al. (1995) have observed a similar leftward shift in nicotine-
induced dose–response curves on switching an a4 subunit for an
a3 subunit in receptors containing rat b4 subunits. Chick and
human a4b2 receptors (Bertrand et al., 1990; Peng et al., 1994;
Buisson et al., 1996) also are activated more potently by nicotine
than are a3b4 receptors (Hussy et al., 1994). If the a subunit is the
principal agonist-binding subunit, these results could indicate
differences in agonist-binding affinity between these two a sub-
units. However, this is likely an oversimplification. First, b sub-
units, as noted above, also affect the apparent affinity for some
nAChR subtypes (Cachelin and Jaggi, 1991; Gross et al., 1991;
Luetje and Patrick, 1991; Cohen et al., 1995), and, second, ap-
parent affinity reflects both agonist binding and channel gating, so
the observed subtype differences in concentration–response
curves could represent differences in either affinity and/or effi-
cacy. By examining the contribution of b subunits to the concen-
tration–response relationship, Cohen et al. (1995) have argued
that affinity differences cannot be explained by a change in effi-
cacy and that, by analogy with muscle nAChRs, the binding site is
likely to form between both a and b subunits. This argument is
supported by observations that antagonist sensitivity also is de-
termined by both a and b subunits (Cachelin and Rust, 1995;
Harvey and Luetje, 1996). It is possible, therefore, that our
activation results are attributable to the fortuitous selection of
particular nAChRs.

a and b subunits contribute to
nicotine-induced desensitization
The desensitization time course for nAChR subtypes, measured
either directly from the current decay during brief nicotine ap-
plications or from the decrease in response to ACh test pulses in
the presence low concentrations of nicotine, is influenced for the
most part by the b subunit: fast for b2-containing nAChRs and
slow for b4-containing nAChRs. These data extend previous
findings for rat nAChRs (Cachelin and Jaggi, 1991; Hsu et al.,
1995). Because homomeric a7 receptors also desensitize, it is
likely that the b subunit plays a modulatory, rather than a per-
missive role, in desensitization.

Studies investigating ACh desensitization of both chick and rat
nAChRs, in which the b subunit was not varied, imply that the a
subunit also can influence the time course of desensitization
(Gross et al., 1991; Vibat et al., 1995). Aside from agonist-
dependent differences in desensitization, the contribution of a
subunits may be explained if one considers how desensitization
was measured. For example, although short applications of nico-

Figure 6. Time course of recovery from nicotine-induced desensitization
is subunit-dependent. A, Histogram of the mean time constants for a
single exponential fit to the time course of recovery from desensitization
induced by 1 mM nicotine for a number of nAChR subtypes. Data from
experiments in calcium-free and calcium-containing media were com-
bined. The number of experiments for each subtype is indicated in
parentheses. Recovery was estimated after nicotine incubation of 15–20
min (a3b2 and a4b2 receptors) and 60 min (a3b4 and a4b4 receptors). B,
Plot of normalized peak current amplitudes (o—o) induced by a repeti-
tively applied ACh test pulse (5 mM; 5 min intervals) with respect to time
before, during (open bar), and after continuous perfusion with 300 nM
nicotine in calcium-containing media for an oocyte expressing a4b4
receptors. C, Plot of normalized peak amplitudes of currents (o—o)
induced by a repetitively applied ACh test pulse (100 mM; 10 min inter-
vals) with respect to time before, during (open bar), and after continuous
perfusion with 3 mM nicotine in calcium-free media for an oocyte express-
ing a3b2 receptors. The time constants (t) in B and C result from single
exponential fits (solid line) to the time course of recovery from desensi-
tization. The exponential fit assumed recovery to control values.
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tine demonstrate that a3b2 receptors desensitize faster than a4b2
receptors (Gross et al., 1991; Vibat et al., 1995), the reverse is true
when the desensitization time course is followed by repetitive
pulses (Vibat et al., 1995). Such differences may be explained if

one considers a cyclical model for desensitization (Katz and
Thesleff, 1957). In the continued presence of agonist, the time
course of desensitization reflects the rates governing equilibration
between the active/open and the desensitized states. These rates

Figure 7. Subunit-specific differences in the recovery from desensitization. A, Paired-pulses of nicotine (10 mM) applied to an oocyte expressing a4b2
receptors at an interpulse interval of 20 min. To account for differences in the relative amount of desensitization in calcium-containing and calcium-free
media, we quantified recovery by measuring the fractional increase in the amplitude of the second pulse (I2 ) with respect to the amount of desensitization
(I1 ) induced by a 3 min application of nicotine. B, Plot of the fractional recovery from desensitization at various interpulse intervals in the presence (open
circles) or absence ( filled circles) of added calcium. C, Histogram of the relative recovery from desensitization for each nAChR subtype in the presence or
absence of calcium. The number of experiments for each subtype is indicated in parentheses. The interpulse intervals were 10 min for both a4b4 receptors
and a4b2 receptors, 5 min for a3b4 receptors, and 3 min for a3b2 receptors. Individual oocytes expressing a4b2 and a3b2 receptors were measured in both
calcium-free and calcium-containing media. Significant differences ( p , 0.05) between the results obtained in the two conditions are indicated by the asterisk.

Figure 8. Receptor activation and de-
sensitization have subtype-specific over-
lapping concentration ranges. Shown are
summary concentration–response plots
for activation in calcium-containing me-
dia ( filled symbols; solid lines) and for
desensitization (open symbols) of four
nAChR subtypes. For comparison, the
logistic fits to the activation concen-
tration–response curves obtained in
calcium-free media are indicated with
dashed lines.
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would be expected to be faster for a3b2 receptors than a4b2
receptors; hence a3b2 receptors would desensitize faster in the
continued presence of agonist. However, on removal of agonist,
recovery can occur by the unbinding of agonist from the desensi-
tized state (Dilger and Lui, 1993). Thus, if recovery in the absence
of agonist is slow for a4b2 receptors as compared with a3b2
receptors, as we have observed, then desensitization measured by
repetitive pulses (the agonist is absent in the interpulse interval)
over a longer period of time would show a greater accumulation of
a4b2 receptors in the desensitized state (Vibat et al., 1995).

Relationship between nAChR channel properties and
receptor regulation
Prolonged nicotine exposure leads to subtype-specific modulation
(Schwartz and Kellar, 1985; Stolerman and Shoaib, 1991; Marks

et al., 1993; Hsu et al., 1995; Dani and Heinemann, 1996). Be-
cause these changes arise at low nicotine concentrations, one
must consider individual differences in nAChR behavior at these
concentrations. A complete understanding of the cellular effects
resulting from prolonged exposure to nicotine requires knowl-
edge of the balance between activated and desensitized states of
receptor subtypes (Steinbach, 1990; Balfour, 1994). All nAChRs
studied desensitize at lower concentrations than they activate
(Katz and Thesleff, 1957); however, for each receptor there is a
concentration range over which desensitization is incomplete and
activation has begun. Particularly for a4b2 receptors, this window
approximately corresponds to the estimated levels of nicotine
found in the brain after tobacco smoke inhalation (Benowitz et
al., 1989).

Figure 9. Homomeric a7 receptors
have low affinity for nicotine and rapid
desensitization kinetics. A, Example of
rapid desensitization induced by 200 mM
nicotine in calcium-free media in an oo-
cyte expressing a7 receptors. The mean
time constant (tdecay ) resulting from a
single exponential fit to the decay phase
is indicated; the steady-state/peak cur-
rent ratio was 0.023 6 0.003 (10 obser-
vations from four cells). B, Concentra-
tion–response curves for nicotine-
induced activation. The solid lines are
logistic fits to the data sets. The EC50
values were 90 mM (n 5 4) and 234 mM
(n 5 10) in the presence (open circles) or
absence (closed circles) of calcium, re-
spectively. The Hill coefficients for each
were 1.1. C, Example of the currents
induced by test pulses of ACh (100 mM)
before (control ), during continuous ex-
posure, and after washout of 30 mM nic-
otine in calcium-free media. D, Plot of
the peak test pulse amplitude (ACh, 100
mM) in two different oocytes expressing
a7 receptors before, during, and after
incubation with 1 mM (open symbols) or
30 mM (closed symbols) nicotine in
calcium-free media. E, Plot of the peak
test pulse amplitude induced by ACh
before, during, and after incubation of
an a7-expressing oocyte with a 10 min
application of 5 mM nicotine in the pres-
ence (open circles) or absence (closed
circles) of calcium. F, Concentration–re-
sponse curve for nicotine-induced inhi-
bition of the ACh test pulse in a7
receptor-expressing oocytes. The solid
lines are logistic fits, and the half-
maximal concentrations for inhibition
(IC50 ) by nicotine were 1.3 and 6.2 mM in
the presence (open circles) or absence
(closed circles) of calcium, respectively.
The activation concentration–response
curves obtained in the same conditions
are shown (dashed lines) for comparison.
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For certain nAChR subtypes, e.g., a4b2 receptors, chronic
nicotine exposure results in pronounced upregulation of receptor
number (Flores et al., 1992; Peng et al., 1994; Gopalakrishnan et
al., 1996). Because the desensitized state of a4b2 receptors has
high nicotine affinity (it is desensitized for the most part by 1 mM

nicotine), this state may be the trigger for the increase in receptor
number (Ochoa et al., 1990; Peng et al., 1994; Gopalakrishnan et
al., 1996). This idea is supported by evidence that exposure to
nAChR antagonists also induces an increase in receptor number;
i.e., a nonactive state of the receptor is a sufficient stimulus
(Collins et al., 1994; Peng et al., 1994; Gopalakrishnan et al.,
1996). An accompanying increase in receptor sensitivity then
could be a direct consequence of increased receptor number
(Rowell and Wonnacott, 1990; Gopalakrishnan et al., 1996).
However, others have observed a downregulation in receptor
function (Marks et al., 1993; Collins et al., 1994; Peng et al.,
1994). The relatively high activation affinity of a4b2 receptors
means that, although most receptors are desensitized by tobacco-
related levels of nicotine, a continuous low level of activity re-
mains. Prolonged low rates of synaptic activity have been associ-
ated with an NMDA-mediated calcium-dependent long-term
depression of glutamatergic responses (Dudek and Bear, 1992;
Mulkey and Malenka, 1992). An intriguing possibility is that
functional downregulation of nAChRs is related to their high
calcium permeability. The concept of an overlapping agonist
concentration window for activation and desensitization could
account for the dual up- and downregulation of a4b2 receptor
function (Peng et al., 1994; Gopalakrishnan et al., 1996); the
precise agonist concentration would control the relative balance
between active and desensitized receptor states.

Differences in regulation among nAChRs could be explained
by subtype-specific nicotine sensitivities of both the desensitized
and active receptor states. Studies on the homomeric a7 receptor
provide some support for this notion. The finding that nanomolar
concentrations of nicotine can, via a7-like presynaptic nAChRs,
cause a continuous release of glutamate from synaptic terminals
(McGehee et al., 1995; Gray et al., 1996) is consistent with the
present observation that these concentrations of nicotine would
cause little desensitization of a7 receptors. The desensitization
hypothesis for increases in nAChR number would predict that a7
receptors should not be upregulated as readily as a4b2 receptors.
In fact, the number of a-bungarotoxin (a-BTX) binding sites,
putatively formed from a7 subunits (Couturier et al., 1990), can
be upregulated by chronic nicotine treatment. However, relatively
high concentrations of nicotine are required (Marks et al., 1983).
At lower concentrations of nicotine (that result in increased a4b2
receptor number), a7/a-BTX receptors are unaffected (Marks et
al., 1985; Collins et al., 1994).

It should be noted that some CNS nAChRs, including a7, may
contain more than a single type of a or b subunit (Conroy et al.,
1992; Anand et al., 1993; Ramirez-Latorre et al., 1996; Wang et
al., 1996). Also, there may be some differences between nAChRs
expressed in oocytes and mammalian cells (Peng et al., 1994;
Wong et al., 1995; Buisson et al., 1996). Such differences may
result in shifts in concentration–response curves and/or desensi-
tization properties (Ramirez-Latorre et al., 1996; Wang et al.,
1996). Regardless, knowledge of the subunit contribution to ac-
tivation and desensitization is important for accurate predictions
of the differential effects of tobacco-related levels of nicotine on
CNS nAChRs.
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