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Chronic Exposure to Nicotine Upregulates the Human 42
Nicotinic Acetylcholine Receptor Function

Bruno Buisson and Daniel Bertrand

Department of Physiology, Medical Faculty, 1211 Geneva 4, Switzerland

Widely expressed in the brain, the a4 82 nicotinic acetylcholine
receptor (NAChR) is proposed to play a major role in the mech-
anisms that lead to and maintain nicotine addiction. Using the
patch-clamp technique and pharmacological protocols, we ex-
amined the consequences of long-term exposure to 0.1-10 um
nicotine in K-177 cells expressing the major human brain «432
receptor. The acetylcholine dose-response curves are biphasic
and revealed both a high- and a low-affinity component with
apparent EC,, values of 1.6 and 62 um. Ratios of receptors in
the high- and low-affinity components are 25 and 75%, respec-
tively. Chronic exposure to nicotine or nicotinic antagonists
[dihydro-B-erytroidine (DHBE) or methyllycaconitine (MLA)] in-
creases the fraction of high-affinity receptors up to 70%. Up-
regulated acetylcholine-evoked currents increase by twofold or

more and are less sensitive to desensitization. Functional up-
regulation is independent of protein synthesis as shown by the
lack of effect of 20 um cycloheximide. Single-channel currents
recorded with 100 nm acetylcholine show predominantly high
conductances (38.8 and 43.4 pS), whereas additional smaller
conductances (16.7 and 23.5 pS) were observed with 30 um
acetylcholine. In addition, long-term exposure to dihydro-g-
erytroidine increases up to three times the frequency of channel
openings. These data indicate, in contrast to previous studies,
that human «4B82 nAChRs are functionally upregulated by
chronic nicotine exposure.
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Nicotine is a tobacco compound that binds specifically to neuro-
nal nicotinic acetylcholine receptors (nAChRs) of the brain (for
review, see Dani and Heinemann, 1996; Changeux et al., 1998)).
Tobacco addiction results from the repetitive intake of nicotine
present in cigarette smoke and its rapid diffusion to the CNS
(Gamberino and Gold, 1999; Leshner and Koob, 1999). Postmor-
tem autoradiographies of smokers’ brains have revealed a higher
density of [H?]-nicotine binding compared with matched controls
(Perry et al., 1999). Moreover, numerous studies have shown that
long-term exposures to nicotine (or other nAChRs ligands) pro-
duce an increase of the total amount of brain labeling by [*H]-
nicotine (Marks et al., 1985, 1992; Lapchak et al., 1989; Flores et
al., 1992, 1997; Koylu et al., 1997; Perry et al., 1999). In rodents,
it was proposed that chronic nicotine injection led to the conver-
sion of a fraction of low-affinity nAChRs into high-affinity recep-
tors (Romanelli et al., 1988). However, a consensus derived from
initial observations is that long-term exposure to nicotine causes
an increase in the number of binding sites at the cell surface
(Wonnacott, 1990; Peng et al., 1994). Known as “upregulation,”
this mechanism is opposite to “downregulation,” which was pro-
posed for seven transmembrane receptors such as opiate recep-
tors (Creese and Sibley, 1981).

The reinforcing effects of nicotine implicate B2-containing
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nAChRs (Picciotto et al., 1995, 1998) probably by modulating the
release of dopamine in the mesolimbic system (Pidoplichko et al.,
1997). In the striatum, the modulation of dopamine release de-
pends on a4B2 nAChRs (Sharples et al., 2000). Dopamine release
from brain striatal synaptosomes or from striatal slices could be
potentiated (Rowell and Wonnacott, 1990; Yu and Wecker, 1994)
or inhibited (Marks et al., 1993) by nicotine treatment.

Upregulation can be induced in vitro by exposing oocytes or
cell lines expressing a432 nAChRs to chronic concentrations of
nicotine (Peng et al., 1994; Hsu et al., 1996; Gopalakrishnan et
al., 1997; Whiteaker et al., 1998). However, despite multiple
investigations, what is still unclear is whether upregulation results
in a functional increase or decrease and the relevance of these
mechanisms in nicotine addiction.

In vitro electrophysiological measurements have demonstrated
that prolonged ACh or nicotine applications (in a time scale of
minutes) produced a progressive decline of the current carried by
nAChRs (Katz and Thesleff, 1957; Peng et al., 1994; Lester and
Dani, 1995; Fenster et al., 1997; Pidoplichko et al., 1997; Corrin-
ger et al., 1998). Called “desensitization,” this decline corre-
sponds to a progressive closure of the receptors that are contin-
uously exposed to nicotinic agonists. On one hand, it has been
shown with the oocyte system that upregulation of 432 nAChRs
occurs after receptor desensitization (Peng et al., 1994; Fenster et
al., 1999a,b). On the other hand, Gopalakrishnan et al. (1996,
1997) have suggested that human «4B2 nAChRs expressed in
human embryonic kidney (HEK) 293 cells could be functional
after chronic exposure to nicotine or nicotinic ligands.

MATERIALS AND METHODS

K-177 is a stable cell line (HEK-293) expressing the human a4 and 82
nAChR subunits that was kindly provided by Abbott Laboratories (Chi-
cago, IL). Constructions of cDNAs, transfection procedures, selection,



1820 J. Neurosci., March 15, 2001, 27(6):1819-1829

and culture have been described previously (Gopalakrishnan et al.,
1996; Buisson et al., 1998). Whole-cell currents recorded with an
Axopatch 200B amplifier were filtered at 1 kHz and sampled at 5 kHz
by a PCI card (National Instrument) and stored on the hard disk of a
Macintosh computer. Compared with our previous studies (Buisson et
al.,, 1996; Buisson and Bertrand, 1998), the saline solutions were
modified as indicated to increase the current stability. Cells were
recorded at room temperature in the following extracellular medium
(in mm): 130 NaCl, 5 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES, pH 7.4 with
NaOH. Borosilicate electrodes (3-8 M) were filled with (in mm): 130
K-gluconate, 5 NaCl, 2 MgCl,, 10 HEPES, 5 EGTA, pH 7.4 with
KOH. Under these conditions, the single-channel activity of human
muscle nAChRs recorded in outside-out patches pulled from TE-671
cells could last up to 40 min when elicited with a low ACh concentra-
tion. To minimize the capacitance in single-channel recordings, elec-
trodes were coated with Sylgard (Dow Corning). Single-channel cur-
rents were sampled at 10 kHz. The reversal potential of a4B82 nAChRs
was determined at —1 mV (n = 5).

Unless indicated, after removal from the incubator (* chronic nAChR
ligand), cells were washed thoroughly twice with recording medium and
placed on the stage of a inverted Zeiss microscope. On average, <5 min
was necessary before the whole-cell recording configuration was estab-
lished. To avoid modification of the cell conditions, a single cell was
recorded per Petri dish, and cells were recorded alternately between
control and chronic-treated dishes. To evoke short responses, agonists
were delivered using a modified liquid filament made of a piezo-driven
glass theta tube (final diameter of ~150 wm, pulled from 1.5 mm
diameter theta borosilicate tubing). One channel was connected to a
16-tube barrel and the other one to an 8-tube barrel. Barrels were
produced by gluing 200 um polyethylene tubing in the opening of a 1 ml
plastic syringe. In each channel, gravity-driven solutions flowed at a rate
of 120 wul/min per channel. Dose-response curves including nine con-
centration points could be measured in <3 min.

No differences in the fraction of responsive cells could be detected
among experimental conditions. More than 95% of the cells responded to
Ach, and every cell presenting a measurable current was taken into
account. Cells were held at —100 mV throughout the experiment. All
drugs were prepared daily from stock solutions.

Neuronal a4B2 nAChR dose-response curves could be described by
the sum of two empirical Hill equations comparable to that used by
Covernton and Connolly (2000):

¥ = Iny*[al/(1 + (EC5oHX)™) + (1 — al)/(1 + (ECxL)™)]. (1)
1 ,,,.x 1 the maximal current amplitude, and x is the agonist concentration.
ECs,H, nH1, and al are the half-effective concentration, the Hill coef-
ficient, and the percentage of receptors in the high-affinity state, whereas
ECs,L and nH2 are the half-effective concentration and the Hill coeffi-
cient in the low-affinity state. In some cases, a single Hill equation y =
Lnax*{1/(1 + (ECso/x)™)} was used for comparison of the fit with
Equation 1. 1., ECs, and nH have the same signification.

The time course of desensitization to ACh was analyzed with a
mono-exponential in the form:

y = —A*exp(—t/7) — B, 2)

where y = current (in picoamperes), 4 (in picoamperes), 7 (time con-
stant, in milliseconds), and B (current at equilibrium, in picoamperes),
and ¢t = time (in milliseconds).

Frequency of openings was computed as the ratio between integrals of
the Gaussian functions that fit opening events and the integral of the
Gaussians that fit the zero-current baseline (electrode + setup noise).

Data are expressed as mean = SEM with n as the number of indepen-
dent measurements.

RESULTS

Human a4B2 nAChRs display biphasic

dose-response profiles

Analysis of the peak current amplitude as a function of the ACh
concentration revealed that dose-response curves could not be
fitted properly by a single Hill equation (Fig. 14, dashed line). A
better fit of the mean values was obtained, however, using two
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Figure 1. Two-component dose-response curves of human «4p2
nAChRs. A, Increasing ACh concentrations (200 msec pulses) were
delivered every 15 sec. Typical traces of ACh-evoked currents are pre-
sented at the top. Horizontal bars indicate the ACh pulses with the
concentration values (in micromolar). The fast desensitization and the
current rebound observed at the end of the application pulse (1000 um
ACh) might indicate an open-channel block by the high ACh concentra-
tion. Mean current amplitudes were plotted as a function of the ACh
concentration on a semilogarithmic scale (n = 12). The dashed line
corresponds to the best fit that can be drawn using a single Hill equation
(ECso = 30 um and nH = 0.8). A better fit is obtained with the sum of two
Hill equations (continuous line) yielding high-affinity coefficients of
ECsH = 1.60 uM and nH1 = 0.92, whereas the low-affinity values are
ECsoL = 68 um and nH2 = 1.60. The fraction of high- and low-affinity
states are 25 and 75%, respectively. B, The same protocol as in 4 was
repeated for the determination of the a4p2 nAChR sensitivity toward
nicotine. Currents were then elicited with increasing concentrations of
nicotine (top). Horizontal bars indicate the nicotine pulses with the con-
centration values (in micromolar). Mean current amplitudes were plotted
as a function of the nicotine concentration on a semilogarithmic scale
(n = 11). The dashed line corresponds to the best fit that can be drawn
using a single Hill equation (EC5y = 10 uM and nH = 1.30). A better fit
is obtained with the sum of two Hill equations (thick line) yielding
high-affinity coefficients of EC5gH = 2.4 uM and nH1 = 0.91, whereas the
low-affinity values are EC5,L = 14.5 uM and nH2 = 1.53. The fractions of
high- and low-affinity states are 25 and 75%, respectively. For comparison,
the ACh dose-response profile is scaled up to the maximal nicotine-
evoked current ( gray line). Note that the low-affinity component is much
more sensitive to nicotine than to ACh.

Hill equations corresponding to a low- and a high-affinity com-
ponent (Fig. 14, continuous curves, Table 1). Best fits yielded
high-affinity coefficients of EC5;H = 1.6 = 0.07 um and nH1 =
0.95 £ 0.02, whereas the low-affinity values were EC5 L. = 62 =
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Table 1. Fits of dose-response data with empirical Hill equations

High-affinity state

Low-affinity state

Chronic exposure to (al) EC;50H (um) nH1 (1 —al) ECs)L (um) nH2 1.« PA

Control (59) 25+1 1.5*0.1 0.93 = 0.01 75 61 = 0.8 1.5 £ 0.04 2202273
8-10 hr 100 nM (—)-nicotine (8) 44+5 14+01 094 +003 56 61 15 3305 + 448
19-23 hr 1 puM (—)-nicotine (5) 45 =5 21x04 0.90 = 0.03 55 61 1.5 4798 * 606
19-23 hr 10 uM (—)-nicotine (7) 37+6 14 =01 0.84 = 0.03 63 61 1.5 3477 £ 341
8-10 hr 10 nm DHpE (7) 506 1102 0.84 = 0.03 50 61 1.5 4868 + 878
8-24 hr 10 um DHE (16) 70 £5 0.67 £0.2 0.91 £ 0.06 30 61 1.5 6026 * 539
8-10 hr 10 um MLA (12) 57*3 1.6 £ 0.2 0.97 £ 0.02 43 61 1.5 5326 = 735
10-24 hr 20 uM cyclo control (10) 36 =3 1.5+0.2 0.92 = 0.04 64 61 1.5 3563 = 645
10-24 hr 20 uM cyclo + DHBE 10 puMm (11) 54 £3 09 x0.1 1x0.05 46 61 1.5 6012 * 515

Control cells, recorded alternately with cells chronically exposed to drugs, were pooled together because they presented few variations between experiments. Data points of
the dose-response values measured for cells exposed to drugs were fitted as follows: the low-apparent affinity was fixed at 61 um with a Hill coefficient of 1.5 (corresponding
to the mean values of control cells), and the other parameters were adjusted to fit of the data.

1.4 um and nH2 = 1.5 = 0.03 (n = 95; 12 recording sessions). The
maximal evoked current was 2571 = 177 pA, and the fractions of
high- and low-affinity components were of 25 and 75 = 0.1%,
respectively (n = 95). Two possibilities could account for the
biphasic nature of the dose-response profile. First, 482 nAChRs
can be divided into two different populations of receptors that are
not structurally related, each one with distinct properties. Second,
the receptors exist in two interconvertible states with different
affinities. Unfortunately, electrophysiological measurements pro-
vide no further insight into discriminating between these two
alternatives. Nonetheless, for clarity, currents can be divided into
high- and low-affinity components.

To assess whether high- and low-affinity components display
differences in their pharmacological profile, we then evoked cur-
rents with increasing concentrations of nicotine (Fig. 1B). Nico-
tine appeared to be as potent as ACh in eliciting responses.
Maximal current amplitudes were not significantly different be-
tween ACh and nicotine. The biphasic nature of the dose—
response profile was less marked for nicotine (Fig. 1B, gray line).
However, a single Hill equation hardly fits data points for the low
nicotine concentrations (Fig. 1B, thin line). The calculated ECs,
values (and nH) for the high- and low-affinity states were 2.4 = 0.5
uM (0.91 = 0.03) and 14.5 * 0.8 um (1.53 = 0.07), with fraction
of 25% and 75%, respectively. The difference of profile observed
between ACh and nicotine revealed that nicotine is less potent
than ACh in discriminating between high- and low-affinity com-
ponents. Moreover, this observation suggested that the two states
could present different pharmacological profiles.

Effects of chronic exposure to nicotine

Recent studies performed with animal models indicate that a
chronic nicotine exposure causes a sensitization to an acute
nicotine pulse (Benwell et al., 1995; Balfour et al., 2000; Grottick
et al., 2000). To determine whether the major brain nAChR
remains functional when exposed for hours to low nicotine con-
centrations, we cultured cells expressing human o432 nAChRs
for at least 8 hr in the presence of 100 nm nicotine. This nicotine
concentration is comparable to that found in smokers’ blood
(Henningfield et al.,, 1993), and the incubation time is long
enough to reach the steady-state upregulation process (Go-
palakrishnan et al., 1997; Vallejo et al., 1999) (see below). In
these experiments, the culture medium was not replaced before
the Petri dish was mounted on the microscope stage, and the ACh

dose-response curve was established in a perfusion medium that
contained 100 nM nicotine (except during the 200 msec ACh
pulses). Surprisingly, significant responses were measured even in
the continuous presence of 100 nM nicotine (Fig. 24, top traces).
After these recordings, the cell was superfused with a nicotine-
free solution. No deviation of the current baseline was observed
during nicotine removal (data not show), indicating that, if
present, the fraction of channels remaining open after 10 hr in
nicotine was below detection limits. When the cell was again
challenged with the identical dose-response protocol 2 min later,
a large increase in responses was observed (Fig. 24, bottom
traces). Higher ECs, values (compared with values determined in
control conditions) were determined for the ACh dose-response
curve measured in the presence of 100 nMm nicotine (Fig. 2B).
When the ACh dose-response protocols were performed several
minutes after nicotine removal (i.e., for a time =5 min), no
significant differences in the ECs, values could be observed be-
tween control and nicotine-exposed cells (see below and Table 1).
Thus, differences in the EC, values observed in the presence of
nicotine might result from cumulative mechanisms involving both
competitions at the binding sites and receptor desensitization.
Although nicotine exposure effects could already be observed
after 2-3 hr of incubation, maximal steady-state effects were only
observed after 8 hr (data not shown) (Gopalakrishnan et al.,
1997; Vallejo et al., 1999). Comparison of the ACh-evoked cur-
rents in control and in nicotine-treated cells indicated that long-
term exposure to 100 nm nicotine increased the amplitude of the
currents. The potentiation is stronger at the lowest ACh concen-
trations (Fig. 2C) and reached at least twofold at saturation of
ACh. As illustrated in Figure 2D, nicotine caused a dose—depen-
dent upregulation of human o432 nAChRs. A 1 um concentration
of nicotine is slightly more potent for inducing upregulation. The
maximal effect should be reached between 1 and 10 um (Table 1).
ACh dose-response relationships presented in Figure 2D revealed
that long-term exposure to nicotine did not change the apparent
affinities of the receptors for ACh but increased the percentage of
receptors in the high-affinity state up to 45% (Table 1).
Moreover, ACh-evoked currents recorded in upregulated cells
always displayed longer relaxation tails and slower desensitization
kinetics (compare the current profiles in Fig. 2C). The slower
time course of the current tails suggests that ACh could dissociate
more slowly from the binding sites of upregulated receptors or
that nAChRs closed more slowly. Average ACh-evoked currents
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Figure 2. Effects on human o432 nAChRs of a long-term exposure to nicotine. 4, Chronic nicotine exposure failed to suppress ACh-evoked currents.
Cells were incubated overnight in a culture medium containing 100 nM nicotine. In this particular experiment, the culture medium was not washed out
before the recording. The cell was still superfused with the saline solution containing 100 nm nicotine until the establishment of the whole-cell
configuration. First, ACh-evoked currents could be recorded even in the continuous presence of 100 nM nicotine between ACh pulses (top traces).
Second, immediately after nicotine removal from the perfusion medium, the same protocol evoked currents of larger amplitudes (bottom traces). The
horizontal bars indicate the duration of the ACh applications with the concentration values. B, The ACh dose-response relationship was determined in
a series of cells (n = 7) either under a 100 nM nicotine-containing solution (squares) or immediately (2 min) after nicotine removal (circles). In the
presence of 100 nM nicotine, high-affinity coefficients are EC5)H = 3.48 um and nH1 = 0.98, whereas the low-affinity values are EC5)L = 127 uM and
nH2 = 1.44; the fractions of high- and low-affinity states are 21 and 79%, respectively. After nicotine removal, high-affinity coefficients were EC5,H =
2.3 pm and nH1 = 0.82, whereas the low-affinity values were ECs,L. = 91.4 um and nH2 = 1.37; the fractions of high- and low-affinity states were 33
and 67%, respectively. C, The ACh dose-response profile was determined either for control cells or for cells exposed to 0.1 or 1 uM nicotine. ACh-evoked
currents recorded in a typical control cell (fop traces) are presented in comparison to currents elicited in another cell incubated for 10 hr in 100 nm
nicotine with an extensive wash before recording (bottom traces). Horizontal bars indicate the ACh applications. D, ACh dose—-response curves measured
in control (O, n = 11) and after chronic nicotine incubation (100 nm, B, n = 8; 1 uM, V, n = 5; parameters for the fit are given in Table 1).

presented in Figure 34 illustrate the slowdown of the current
desensitization observed at upregulated nAChRs. Quantification
of the decay time of the mean ACh-evoked responses recorded
under control (n = 5) and after a chronic exposure to 100 nm
nicotine (n = 5) confirmed the reduction in desensitization (Fig.
3B). It is necessary to underline that with a high concentration of
ACh (>30 uMm) the high-affinity receptors are maximally acti-
vated. Thus, modifications observed at saturating ACh concen-
trations correspond to changes of both receptor populations
(high- and low-affinity components).

Moreover, a chronic nicotine exposure could also affect the
desensitization rate of the low-affinity receptors. Thus, peak
current measurements of responses evoked at upregulated recep-

tors might have underestimated the fraction of the low-affinity
receptor current. However, the liquid filament technique used in
this study is one of the fastest drug application systems available,
and it allowed us to record a7-evoked currents that are known for
their fast activation and desensitization (Buisson et al., 1998).
However, underestimation of the current mediated by low-affinity
receptors cannot be ruled out.

Dihydro-pB-erytroidine and methyllycaconitine

induce upregulation

A pharmacological study has indicated that chronic exposure to
nicotinic antagonists led to the upregulation of human o482
nAChRs (Gopalakrishnan et al., 1997). Among the different
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Figure 3. Long-term exposure to nicotine reduces desensitization. A4,
Mean ACh-evoked currents recorded in control (left traces) and after
nicotine treatment (right traces) have been averaged (n = 5 in each
condition). Dashed lines through the data points were computed using a
mono-exponential (see Materials and Methods). B, Parameter values
determined for the fit of current decays (Eq. 2) in control condition and
after 8-10 hr exposure to 100 nM nicotine (nic).

compounds tested, dihydro-B-erytroidine (DHBE) presented the
higher potency. DHPE is a competitive antagonist of the human
a4pB2 nAChR (B. Buisson and D. Bertrand, unpublished obser-
vation) that inhibits the receptor with an apparent ICy, of 80 nm
(Buisson et al., 1996). Micromolar concentrations of this com-
pound could not elicit detectable currents in K-177 cells (data not
shown). However, long-term exposure to DHBE promoted a large
increase of the ACh-evoked current (Fig. 44). As observed
previously with nicotine, DHBE exposure induced a slowdown of
the current desensitization and of its relaxation tails (compare
traces in Fig. 44). These effects were already observed at 10 nwm,
revealing the remarkable potency of DHBE. The upregulation of
a4B2 nAChRs was increased by higher concentrations of DHBE:
at 1 uM (data not shown) and at 10 um, the ACh dose-response
curves presented a marked biphasic profile with a maximal ACh-
evoked current that increased up to threefold (Fig. 4B, Table 1).
Fit of the ACh dose-response curves revealed further that DHBE
promoted a significant increase of the fraction of nAChRs in the
high-affinity state (up to 70%) (Fig. 4B, Table 1). For technical
limitations, concentrations of DHBE higher than 10 um could not
be tested.

To determine whether upregulation was not restricted to a
single antagonist, the effect of a long-term exposure to MLA,
another inhibitor of neuronal nAChRs, was investigated. A 10 um
concentration of MLA caused upregulation of a482 nAChRs
(Table 1) with ACh-evoked responses presenting characteristics
of currents recorded after a long-term exposure to nicotine or
DHBE. Thus, an agonist (nicotine) and antagonists (DHBE and
MLA) could each induce a functional upregulation of human
a4B2 nAChRs. These observations indicate that receptor open-
ing is not necessary for the induction of a482 upregulation of
nAChRs.
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Figure 4. Human o482 nAChR upregulation is induced by dihydro-j-
erytroidine (DHPBE). A, Typical currents evoked by increasing ACh
concentrations are presented for a control cell (fop traces) and for a cell
exposed to DHBE (bottom traces). Horizontal bars indicate the ACh
application with the concentration values (in micromolar). Note the large
increase of the amplitude of the currents and the decrease of desensiti-
zation after chronic exposure to DHBE. Long-lasting tails of the current
observed with DHBE-incubated cells suggest that ACh dissociates more
slowly from the receptors than the competitive antagonist. B, Dose—
response relationships were determined in control (O, n = 7) or after
chronic exposure to 10 nm DHBE (A, n = 7) or 10 um DHBE (M, n = 7).
Lines through the data points are the best fits obtained with the sum of
two Hill equations (see Table 1 for the values).

Because DHBE appeared to be the most potent compound for
inducing upregulation, it was used further to characterize this
phenomenon.

Functional upregulation is independent of de novo
protein synthesis
Upregulation of human «482 nAChRs is characterized by (1) a
change of ratio between receptors in the high- and low-affinity
states, (2) a decrease of the desensitization rate with a slowdown
of the current relaxation, and (3) an increase of the maximal
ACh-evoked current. Two main hypotheses can be considered to
explain these three upregulation effects.

First, upregulation could result from an increase in the number
of nAChRs at the cell surface. Different mechanisms have been
proposed such as de novo synthesis of new proteins (Wonnacott,
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Figure 5. Human o432 nAChR upregulation is independent of protein
synthesis and reverses within a few hours. A, Addition in the culture
medium of the protein synthesis inhibitor cycloheximide (20 um) had no
effect on the maximal ACh-evoked current (1 mm, 200 msec) recorded in
control (n = 10) or after chronic exposure to DHBE (10 um, n = 11)
(Table 1). B, DHBE upregulation was reversible within a few hours.
Current amplitudes evoked by saturating ACh concentration (1 mm, 200
msec) were measured in a series of cells in control (n = 22) after
overnight exposure to DHBE (n = 22) or after overnight exposure to
DHBE (15 hr) with an additional 6-9 hr recovery period after DHBE
removal (n = 7) (see Table 1 for the values). C, ACh-evoked currents
return back to control amplitude and desensitization profiles after DHBE
removal. Representative ACh-evoked currents recorded in control (top
traces), after DHBE exposure (middle traces), and after recovery (bottom
traces) are illustrated. Horizontal bars correspond to the ACh applications
with concentration values (identical for traces in a vertical column).

1990), incorporation of an internal pool of preexisting receptors,
or a decrease of the turnover of receptors (Peng et al., 1994). It
has been suggested recently that in contrast to cell surface
nAChRs, intracellular receptors of the oocyte present a higher
agonist affinity (Fenster et al., 1999b). Then, incorporation of
intracellular “high-affinity receptors” into the cell membrane
could explain the increase in the fraction of high-affinity receptors
that we have observed.

Second, it has been suggested that in the plasma membrane,
nAChRs could exist in two different states with different affinities
(Bhat et al., 1994; Shafaee et al., 1999; Vallejo et al., 1999). In this
context, upregulation may be viewed as a change in the ratio of
receptors between different states (Table 1).

Because incubation of the cells with the protein synthesis
inhibitor cycloheximide (20 um) had no effect on the DHBE-
induced upregulation (Fig. 54, Table 1), it seems unlikely that de
novo synthesis of receptor proteins may account for the effects
caused by DHBE exposure. As presented in Figure 5, B and C, the
upregulation process could fully reverse within a few hours after
DHpBE removal. Both current amplitudes and current profiles
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returned back to control conditions within 6-9 hr after DHBE
removal (see typical traces presented in Fig. 5C). Moreover, the
fraction of nAChRs in the high-affinity state decreased back to
the control 25% (n = 7).

Distinct single-channel properties at low and high

ACh concentrations

The initial investigation of a4B2 nAChR single channels revealed
one key feature of these ligand-gated channels: their propensity to
run down within a few minutes when recorded in outside-out
patches from the oocyte membrane (Ballivet et al., 1988; Cooper
et al., 1991). These properties have been reported thereafter in
different cell systems (Pereira et al., 1994; Buisson et al., 1996).
To overcome this difficulty, single-channel activities have been
recorded using the cell-attached configuration (Papke et al., 1989;
Charnet et al., 1992; Ragozzino et al., 1997), an alternative
protocol in which nAChRs are continuously exposed to ACh
within the pipette. Because of this, nAChRs may enter into
desensitized states.

Outside-out patches pulled from K-177 cells were exposed to
0.1 and 30 puMm concentrations of ACh that can activate either
the high- or the high- and low-affinity components. At a low
ACh concentration, single-channel activities could be recorded
for up to 6 min (allowing 36 sweeps of ACh applications in the
best conditions). However, when the ACh concentration was
increased to 30 uwm, single-channel activities always disap-
peared within 2 min. The low setup noise allowed us to
investigate further the single-channel properties of human
a4B2 nAChRs at a higher resolution. Statistical analysis of
cumulative all-point amplitude histograms revealed the exis-
tence of multiple conductance levels.

In agreement with our initial characterization of the human
a4B2 nAChR (Buisson et al., 1996), openings of large amplitudes
(Fig. 64) were always observed when the patch was exposed to a
low ACh concentration (100 nm; n = 30), which may activate
exclusively nAChRs in the high-affinity state. However, when the
same patch was exposed to a higher ACh concentration (30 um)
(Fig. 6A4), lower conductances were observed more clearly. This
observation has been made regarding the seven patches that could
be successively recorded under 0.1 and 30 um ACh. Best fit of the
all-point amplitude histograms (data not shown) could be per-
formed using five elementary current amplitudes yielding to con-
ductances of 16.7 = 0.5, 23.5 = 0.4, 31.6 = 0.4, 38.8 = 0.5, and
43.4 = 0.5 pS (n = 7). In correlation with the statistical analysis,
different elementary current amplitudes were repetitively ob-
served (Fig. 6A4). Such conductance levels have been reported
previously in other studies performed with a4B2 nAChRs of
different species (Ballivet et al., 1988; Papke et al., 1989; Charnet
et al., 1992; Pereira et al., 1994; Ramirez-Latorre et al., 1996;
Ragozzino et al., 1997), including human (Buisson et al., 1996;
Kuryatov et al., 1997; Nelson et al., 1999). To illustrate the change
in the opening amplitudes observed when the ACh concentration
was raised from 100 nm to 30 uM, conductance events were
normalized for each ACh concentration (Fig. 6B). These data
suggest that low-conductance openings occurred more frequently
at 30 um ACh. Thus, we propose that the high conductances (38.8
and 43.4 pS) could correspond to the opening of the high-affinity
receptors, whereas the low conductances (16.7, 23.5, and 31.6 pS)
could reveal the opening of low-affinity receptors.



Buisson and Bertrand ¢ Functional Upregulated a432 Nicotinic Receptors

A
100 nM ACh

100 nM ACh

B
100 nM ACh 30 uM ACh
-% 02 02
E 0.1 0.1
‘s
£
Z 0 0

Figure 6. Single-channel currents of human «4p2 display multiple con-
ductance levels at low and high ACh concentrations. 4, Portion of 800
msec recordings performed with a single patch have been enlarged to
illustrate the different current amplitudes that could be observed. The
thick horizontal bars above fop traces indicate the applications of ACh. The
thin dashed lines correspond to conductance levels of 0, 40, and 80 pS from
top to bottom. B, Cumulative all-point amplitude histograms computed
from several traces obtained in the same patch (the bin was set at 0.1 pA)
were normalized to the total number of events in each recording condition
(20 sweeps recorded in 100 nm ACh and 14 recorded in 30 um ACh). The
bars corresponding to the setup noise have been truncated to present the
current amplitudes at a higher resolution. Note the increase of the low
conductance event number when openings are elicited by a 30 um ACh
concentration. This observation has been repeated in all patches recorded
in both ACh concentrations (n = 7).

Upregulation increases the frequency of opening at a
low ACh concentration

To get a further insight into the upregulation mechanism, we
investigated single-channel properties of upregulated nAChRs.
Because of the rundown, detailed analysis could not be per-
formed, and we were restricted mainly to conductance measure-
ments. Upregulation could result either from the isomerization of
a fraction of low-affinity, low-conductance receptors into high-
affinity, high-conductance receptors or the incorporation into the
cell membrane of intracellular high-affinity (Fenster et al,
1999b), high-conductance nAChRs. In both cases, the frequency
of opening measured at a low ACh concentration should increase.
We have recorded single-channel activities in outside-out patches
pulled from cells incubated for at least 18 hr in 10 um DHBE and
compared single-channel characteristics with patches pulled from
matched control cells.

The single-channel activities elicited by 100 nm ACh was always
higher in the membrane patches pulled from cells exposed to 10
uM DHPE than control cells (Fig. 74). Average traces computed
from multiple sweeps further revealed that the higher single-
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Figure 7. Chronic incubation with DHBE increases the frequency of
opening at 100 nm ACh. A, Typical single-channel currents recorded in an
outside-out patch pulled from a control cell (left) or pulled from a cell
incubated for 22 hr in 10 um DHPE (right). The horizontal bars indicate
pulses of ACh. Each trace is the first record of multiple sweeps (16 for the
control cell and 17 for the 10 um DHBE-treated cell). B, Average single-
channel currents confirm the increase observed for whole-cell currents
after DHBE-induced upregulation. Unitary currents including those pre-
sented in 4 were average for a control patch (left; mean of 10 sweeps) or
for a patch pulled from a cell exposed for 22 hr to 10 um DHBE (right;
mean of 10 sweeps). C, Cumulative all-point amplitude histograms cor-
responding to multiple sweeps including and after the ones presented in
A (16 sweeps in control and 17 sweeps for 10 um DHPBE). Surface areas
of the Gaussians for channel openings and setup noise have values of 99
and 1703 (in control) and 288 and 1344 (in 10 uM DHPBE). The open time
probabilities are of 5.8% (control) and of 21.4% (10 um DHBE) for these
two representative patches.

channel activities corresponded to an overall increase of the
computed macroscopic current amplitude (Fig. 7B). It is of value
to stress that single-channel conductances were indistinguishable
between upregulated and control patches (n = 8; data not shown)
and that the rundown at 100 nm ACh remained unchanged after
DHBE exposure. However, at 100 nm Ach, the open probability
showed a threefold increase: from 6.1 = 1.1% in control to 18.3 =
2.3% in DHpBE-treated cells (n = 5) (Fig. 7C). In addition,
openings of longer duration were observed more frequently in
patches pulled from DHBE-exposed cells (Fig. 74). Altogether,
these observations suggest that upregulation corresponds to an
increase of the single-channel activities evoked by a low concen-
tration of ACh.

The use of Table 1 for the computation of the current carried
by the high- and low-affinity components in control or after
DHBE treatment (10 uMm, 22 hr) reveals a large increase (7.6 X)
of the current carried by the high-affinity component, whereas the
fraction carried by the low-affinity component remains approxi-
mately constant (1.09X). The augmentation of the current carried
by the high-affinity component is attributable either to an increase
in the receptor number or to the mean open time, or both.
Outside-out patch recordings yielded a threefold increase of the
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open probability for DHBE-treated cells versus control (Fig. 7C).
Thus, to account for the 7.6-fold increase of the current carried by
the high-affinity component, the number of active receptors in
this state must have increased by at least a factor of 2. A change
in the fraction of the high-affinity component can therefore result
from either the conversion of low-affinity state receptors or the
insertion of new receptors in the membrane.

DISCUSSION
High- and low-affinity «4B82 nAChRs

Since the initial pharmacological characterizations of brain
nAChRs (Clarke et al., 1985; Deutch et al., 1987; Swanson et al.,
1987), a consensus has emerged regarding the fact that the o432
subtype represents the predominant form in the CNS (Whiting et
al., 1987; Schoepfer et al., 1988; Flores et al., 1992) and consti-
tutes the high-affinity binding site for nicotine (Clarke et al., 1985;
Picciotto et al., 1995; Marubio et al., 1999). However, it was
suggested previously that brain nicotine binding sites are heter-
ogeneous and constitute at least two populations of nAChRs that
could isomerize between each other (Romanelli et al., 1988; Bhat
et al., 1994). The natural alkaloid (*)-epibatidine, initially puri-
fied from the skin of the Ecuadoran frog Epipedobates tricolor
(Badio and Daly, 1994), was rapidly identified as a high-affinity
ligand for brain nAChRs (Houghtling et al., 1995). Binding of
labeled (=*)-epibatidine to oocytes or transfected cells expressing
the rat a4 and B2 subunits has revealed low- and high-affinity sites
with biochemical properties identical to low- and high-affinity
(*)-epibatidine binding sites identified in rat brain membranes
(Shafaee et al., 1999). Moreover, high- and low-affinity (*)-
epibatidine binding sites have been identified in the human cortex
(Marutle et al., 1999) where a4-containing nAChRs have been
detected (Wevers et al., 1994, 1999) and where type II currents
were recorded (Alkondon et al., 2000). These currents might
correspond to the activation of native a432 nAChRs (Alkondon
and Albuquerque, 1993; Albuquerque et al., 1995). Although it
was suggested that the &5 subunit may contribute to functional
a4a5B2 nAChRs (Ramirez-Latorre et al., 1996; Kuryatov et al.,
1997), such receptors account for only a very small fraction of the
total a4B2-containing nAChRs in the adult chick or rat brain
(Conroy and Berg, 1998; Shafaee et al., 1999). In conclusion,
binding measurements suggest that a482 nAChRs of the adult
brain or 482 nAChRs reconstituted in heterologous systems
constitute at least a two-component population of receptors.

A functional study performed with brain synaptosomes from
wild-type and B2 knock-out mice has revealed two main S2-
containing populations of brain nAChRs with distinct affinities
for ACh (Marks et al., 1999). The a4B82 nAChRs of chick, rat, and
human have been characterized extensively using different sys-
tems of expression. Published data suggest that ACh apparent
affinities (ECs, values) are distributed either in low- or in high-
micromolar values (Bertrand et al., 1990; Buisson et al., 1996;
Gopalakrishnan et al., 1996; Chavez-Noriega et al., 1997; Kurya-
tov et al., 1997; Zwart and Vijverberg, 1998; Cardoso et al., 1999;
Nelson et al., 1999; Sabey et al., 1999; Covernton and Connolly,
2000). In agreement with previous findings (Covernton and Con-
nolly, 2000), our data indicate that «482 nAChRs may exhibit two
apparent affinities for ACh. The ECy, values that we have deter-
mined by using the sum of two Hill equations correspond to the
high and low ECs, values reported in other studies of the human
a482 nAChR.

Although questioned recently (Nelson et al., 1999), it seems
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that the occurrence of a low or a high ACh apparent affinity is
independent of the host cell type. Indeed, the biphasic profile of
the ACh dose-response curve is not restricted to the cell line
expression system because two-component dose-response curves
could be observed repetitively with oocytes expressing the human
482 nAChR (S. Bertrand and D. Bertrand, unpublished obser-
vations). In addition, this phenomenon is not species specific and
was also observed for the rat a482 nAChR expressed in tsA-201
cells (Buisson et al., 2000) or in the oocyte (Zwart and Vijverberg,
1998; Covernton and Connolly, 2000). We emphasize that the
observation of a monophasic dose—response curve is likely re-
stricted by experimental parameters (such as the use of a perfu-
sion system that is too slow or the performance of measurements
with too few concentration points) rather than by the use of a
specific expression system. Moreover, depending on the affinity
for the two nAChR populations and the number of concentration
points, an agonist could display dose-response curves that look
shallower or steeper.

Consistent with the macroscopic current data, single-channel
data also suggest that o432 nAChRs constitute a heterogeneous
population of receptors. Consequently, we have chosen to apply
the conclusions of the macroscopic current analysis to the micro-
scopic current analysis. Thus far, our investigations have shown
that at a low ACh concentration (100 nm), the 38—43 pS conduc-
tances were the main conductances observed. In contrast, at a
higher ACh concentration (30 um), lower conductance levels
(1623 pS) were observed more frequently. Two hypotheses
could explain these observations. First, the different conductance
levels might correspond to the activation of different pools of
nAChRs (low- vs high-affinity receptors). Second, the same pop-
ulation of receptors could undergo different transitions depending
on the ACh concentration. Moreover, the possible influence of
subunit phosphorylation cannot be ruled out. As an example, the
calcium/calmodulin kinase II is able to enhance the conductance
of glutamate AMPA receptors (Derkach et al., 1999). Additional
experiments will be needed to further characterize the relation-
ships between single-channel and whole-cell currents. Strategies
that could prevent or slow down the rundown (Liu and Berg,
1999) would be very helpful in this task.

Human a4pB2 nAChR functional upregulation

Investigations performed with «482 nAChRs expressed in oo-
cytes have shown that long-term exposure to nicotine induced a
progressive loss of receptor function (Peng et al., 1994; Fenster et
al., 1999b). By contrast, our data indicate that after a chronic
exposure to 100 nM nicotine, human o482 nAChRs expressed in
HEK-293 cells can be activated even in the continuous presence
of nicotine. Moreover, after nicotine removal, o482 nAChRs are
“hyperfunctional,” with an overall higher apparent affinity for
ACh and currents of higher amplitudes with less desensitization.
Thus, long-term exposure effects to nicotine may depend on the
host cell system investigated. First is the type of cell-expressing
system: Xenopus oocytes versus mammalian cell lines. Second is
the temperature for protein expression: 18°C for oocytes versus
37°C for cell lines. Third is the absence (oocytes) or presence
(cell lines) of serum in the culture medium. Fourth is the endog-
enous activity of intracellular factors such as kinases or phospha-
tases that could be different in oocytes and in cell lines. Indeed,
protein kinase A and protein kinase C can interfere with the
upregulation mechanism (Gopalakrishnan et al., 1997; Fenster et
al., 1999a,b). Extensive investigations of the effect(s) of each of
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these factors could provide further insights into the mechanisms
that modulate the upregulation of 432 nAChRs.

Because competitive antagonists induce upregulation of a4p2
nAChRs, a transmembrane signal has to trigger the incorporation
of presynthesized receptors into the membrane, if we suppose
that upregulation corresponds to an increase of the receptor
number within the cell membrane (Wonnacott, 1990). Different
mechanisms could be proposed for the transduction mechanism.
The receptors could interact with cytoskeletal elements (Liu and
Berg, 1999; Shoop et al., 2000) or could be coupled with metabo-
tropic receptors such as those described recently for GABA
receptors (Liu et al., 2000).

Recent studies indicate that after a long-term exposure to
nicotine, a4 and B2 mRNA levels do not change in the mouse
brain (Marks et al., 1992) and that 482 proteins remain constant
in the membrane of cell lines (Whiteaker et al., 1998; Vallejo et
al., 1999). Our data, together with other studies (Zwart and
Vijverberg, 1998; Marutle et al., 1999; Shafaee et al., 1999; Vallejo
et al., 1999; Covernton and Connolly, 2000), indicate that surface
a4B2 nAChRs are distributed in at least two populations. In the
light of previous observations (Romanelli et al., 1988; Bhat et al.,
1994; Vallejo et al., 1999), we propose that long-term exposure to
nicotine could induce a fraction of low-affinity nAChRs to
isomerize into high-affinity nAChRs by slow conformational tran-
sitions (time scale in hours). Such a hypothesis has the advantage
of providing a coherent framework to explain the full reversibility
of the upregulation process.

The eventuality that intracellular high-affinity receptors could
be incorporated into the cell membrane cannot be ruled out with
the present study. Reversibility of upregulation (Fig. 5) supposes,
however, that newly incorporated nAChRs must be removed
preferentially or shut down selectively within a few hours after
the removal of the upregulating compound.

The small but consistent increase in the ACh-evoked current
observed in cells treated with the protein inhibitor cycloheximide
alone (Table 1) indicates a possible influence of this drug on the
receptor number or equilibrium. In agreement with this observa-
tion, a small increase in the fraction of the high-affinity compo-
nent was also observed. Although presently unexplained, this
observation suggests a possible role of the protein synthesis in the
regulation of the receptor at the cell surface.

Detailed examination of the amount of current carried by the
high-affinity component between control and DHBE-treated cells
revealed a 7.6-fold increase, whereas an increase of only threefold
of the open probability was observed in corresponding outside-
out patches. This would suggest that the number of highly acti-
vatable receptors must have at least doubled. That the amount of
current carried by the low-affinity component remains approxi-
mately constant makes it tempting to conclude that new receptors
must have been inserted into the membrane. Because of technical
limitations (channel rundown), this important point cannot be
resolved at present by electrophysiology alone. Therefore, further
measurements are necessary before a final conclusion can be
reached.

Our observations raise a fundamental question concerning the
properties of native 482 nAChRs. It is conceivable that in the
brain, a chronic low concentration of ACh could displace the
equilibrium between low- and high-affinity a4B82 nAChRs. This
mechanism could provide a molecular basis for the so-called
“volume transmission” (Agnati et al., 1995; Bertrand and Chan-
geux, 1995); that is, a neurotransmitter may diffuse in the extra-
cellular space and act on receptors present outside the synaptic
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process. Moreover, we reveal that in vitro upregulation induces
ACh-evoked currents of higher amplitudes that desensitize more
slowly. Consistent with this observation, 432 nAChRs present in
presynaptic or postsynaptic membranes could promote enhanced
synaptic transmissions after their upregulation by low concentra-
tions of ACh or nicotine. Consequently, a432-linked pathologies,
such as autosomal dominant nocturnal frontal lobe epilepsy,
might be investigated within this new paradigm (Kuryatov et al.,
1997; Bertrand et al., 1998; Bertrand, 1999). Finally, pharmaco-
logical strategies targeted to 432 nAChRs (Lloyd and Williams,
2000) might take into account the unexpected properties of this
receptor subtype.
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