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SUMMARY
The a4b2 nicotinic acetylcholine receptors (nAChRs), a major
subtype in the brain, have been shown to be modulated by
chronic treatment with nicotine. In this study, the regulation of
recombinant human a4b2 nAChR subtype by (2)-nicotine and
other cholinergic channel modulators was studied using human
embryonic kidney 293 cells stably expressing this subunit com-
bination. The treatment of transfected cells with (2)-nicotine
and other activator ligands, including (2)-cytisine, 1,1-dimeth-
yl-4-phenylpiperazinium, (S)-3-methyl-5-(1-methyl-2-pyrrolidi-
nyl)isoxazole, and (6)-epibatidine, resulted in concentration-
dependent increases in the levels of a4b2 nAChRs. The
increase in [3H]cytisine binding sites was initiated by low con-
centrations of (2)-nicotine (,100 nM); was maximal at 10 mM

(15-fold), rapid (t0.5 5 4.0 6 0.5 hr), and totally reversible (t0.5 5
11.7 6 0.1 hr); and occurred with no change in ligand binding
affinity. Antagonists, including dihydro-b-erythroidine, d-tubo-
curarine, and methyllycaconitine, also elicited significant in-

creases in receptor levels. A good correlation was observed
between the Ki values for binding inhibition and the EC50 values
for receptor up-regulation. Treatment of cells with mecamy-
lamine, a noncompetitive antagonist, did not change receptor
levels or alter (2)-nicotine-evoked up-regulation. (2)-Nicotine-
evoked up-regulation was blocked by cycloheximide, suggest-
ing a role for protein synthesis. Treatment of cells with (2)-
nicotine or dihydro-b-erythroidine differentially modulated the
efficacy of acetylcholine to activate cation efflux. Both 6-b-
[b9(piperidino)propionyl]forskolin and phorbol-12-myristate-13-
acetate increased [3H]cytisine binding sites and nAChR func-
tion and enhanced the effects of chronic (2)-nicotine treatment
in a synergistic manner. These results collectively demonstrate
that human a4b2 nAChRs can be differentially up-regulated by
chronic treatment with nAChR ligands and activation of protein
kinase A- and protein kinase C-dependent mechanisms.

Neuronal nAChRs, members of the excitatory ligand-gated
cation channel family, are derived from $11 gene products
termed a2–a9 and b2–b4 (1, 2). The hetero-oligomeric a4 and
b2 combination represent one of the most abundant nAChRs
in mammalian brain (3). This subtype embraces those neu-
ronal nAChRs defined by high affinity binding of radiola-
beled ligands such as (2)-nicotine, as suggested by the cor-
respondence between agonist binding sites and brain regions
expressing the a4 and b2 subunits (4, 5) and by studies in cell
lines expressing these subunit combinations (6, 7). The elim-
ination of high affinity [3H]nicotine binding in the mouse
thalamus after deletion of the b2 gene further establishes the
participation of this subunit in forming the high affinity
agonist binding sites in vivo (8). These findings collectively
suggest a fundamental role for the a4b2 nAChR subtype in
mediating some of the neurochemical and behavioral effects
of (2)-nicotine in the brain.

Drug- and disease-induced alterations in a4b2 nAChRs

have been documented in various neuropathological condi-
tions and implicated in the development of tolerance to some
of the effects of (2)-nicotine (9). Altered function and/or num-
ber of nAChRs has been associated with Alzheimer’s disease,
Parkinson’s disease, Tourette syndrome, and schizophrenia
(10–12). For example, in patients with Alzheimer’s disease,
[3H]nicotinic receptor density is markedly decreased in the
brain, and chronic treatment with (2)-nicotine has been
shown to improve cognitive impairment under such condi-
tions. More recent studies have linked mutations in the hu-
man a4 subunit to pathology such as benign familial neona-
tal convulsions (13) and autosomal dominant nocturnal
frontal lobe epilepsy (14). On the other hand, prolonged (2)-
nicotine exposure is associated with an increase in the den-
sity of high affinity [3H]nicotine binding sites in certain brain
regions (3, 15). This is generally associated with a paradox-
ical decline in receptor function, and these changes may
parallel the development of tolerance to some of the behav-
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ioral and locomotor effects of nicotine as revealed by studies
in rodents (16).

Despite such alterations in the expression and/or function
in pathological and tolerant states, little information exists
on the biochemical and pharmacological regulation of human
a4b2 nAChRs. A detailed characterization of the regulation
of human nAChR subtype is of importance because the use of
cholinergic channel modulators in humans with degenerative
diseases such as Alzheimer’s disease and Parkinson’s dis-
ease, attention processes, anxiety, and pain states could in-
volve chronic treatment with these compounds (17). Novel
cholinergic channel modulators that are in various stages of
clinical development include analogs of (2)-nicotine such as
ABT-418, ABT-089, SIB-1508Y, and RJR-1647 and those of
anabaseine, including GTS-21. The availability of human
a4b2 nAChRs stably expressed in a human cell line (7, 18)
has facilitated the first detailed study of the regulation of this
major subtype expressed in the human brain that is altered
in disease states and by chronic treatment with cholinergic
channel modulators.

Experimental Procedures
Materials. Cell culture media, fetal bovine serum, geneticin

(G418), and other antibiotics were purchased from Life Technologies
(Grand Island, NY). Hygromycin was purchased from Boehringer-
Mannheim Biochemicals (Indianapolis, IN). (2)-[3H]Cytisine (specif-
ic activity, 30.5 Ci/mmol) and 86Rb1 (specific activity, 1.7 mCi/mg)
were purchased from DuPont-New England Nuclear (Boston, MA).
ACh chloride, (2)-nicotine hydrogen tartrate, (1)-nicotine di-p-
toluoyltartrate, d-tubocurarine chloride, atropine methylnitrate,
(2)-cytisine, DMPP, and staurosporine were obtained from Sigma
Chemical (St. Louis, MO). Methyllycaconitine citrate,
mecamylamine hydrochloride, DHbE, (6)-epibatidine dihydrochlo-
ride, IBMX, dibutyl cAMP, 6-b-[b9(piperidino)propionyl]forskolin
HCl, PMA, and 4-a-PMA were purchased from Research Biochemi-
cals (Natick, MA). ABT-418 [(S)-3-methyl-5-(1-methyl-2-pyrrolidi-
nyl) isoxazole] and A-85380 [3-(2(S)-azetidinylmethoxy) pyridine]
were synthesized at Abbott Laboratories (Abbott Park, IL).

Cell culture. HEK 293 cells stably expressing the human a4b2
nAChRs were maintained in DMEM supplemented with 10% fetal
bovine serum, 100 units/ml penicillin, 100 mg/ml streptomycin, 0.25
mg/ml amphotericin B, 250 mg/ml geneticin, and 100 mg/ml hygromy-
cin in a humidified atmosphere (5% CO2/95% air) at 37° as previously
described (K177 cell line; Ref. 7). Briefly, this cell line was obtained
after cotransfection of HEK 293 cells with the human a4 and b2
nAChR subunits, both of which were subcloned in the expression
vector pRcCMV, followed by appropriate antibiotic selection and
propagation. During initial evaluation, this cell line was found to
express high levels of specific [3H]cytisine binding and hence chosen
for further studies, including [3H]cytisine binding, mRNA analysis,
cation efflux, and patch-clamp. Previous studies have demonstrated
stable expression of the a4b2 nAChR subtype in this cell line with
appropriate pharmacological and biophysical properties (7, 18).

Measurement of a4b2 nAChR expression. [3H]Cytisine bind-
ing was used to measure a4b2 nAChR expression. Cells were plated
onto six-well culture dishes or 75 cm2 flasks and incubated with
various test compounds for the duration indicated. At the end of the
treatment period, cells were rinsed twice with ice-cold assay buffer
(composed of 50 mM TriszHCl, 120 mM NaCl, 5 mM KCl, 1 mM MgCl2,
and 2.5 mM CaCl2, pH 7.4 at 4°), scraped, and homogenized using a
Polytron homogenizer (Brinkmann Instruments, Westbury, NY) for
10 sec. The homogenate was centrifuged at 45,000 3 g for 20 min at
4°, and the pellet washed two times by repeated centrifugation and
kept frozen at 280°. Radioligand binding was carried out as previ-
ously described (7) in a total volume of 0.5 ml using a single concen-

tration of [3H]cytisine (6 nM) and 15–25 mg of protein/tube. Nonspe-
cific binding was defined by the addition of 10 mM unlabeled (2)-
nicotine to a duplicate set of tubes. In some studies, the cell
homogenate itself was used in binding assays. Bound radioactivity
was quantified by liquid scintillation spectroscopy at an efficiency of
45% (LS 5000 TD; Beckman Instruments, Somerset, NJ).

Measurement of a4b2 nAChR activity. An isotopic 86Rb1 ef-
flux assay was used to assess the functional activity of a4b2 nAChRs.
Assays were carried out using cells grown attached to 24-well culture
dishes (Nunc, Naperville, IL) in serum-free medium at 21° as previ-
ously described (7, 19). Briefly, cells were plated in poly-L-lysine-
coated 24-well culture dishes at a density of 2.5 3 105 cells/well.
When cells were 60–80% confluent, the culture media was replaced
with fresh media containing the test compounds and incubated in a
cell incubator at 37°. Ligand-containing medium was removed at the
end of 20 hr and replaced with 86Rb1 (2 mCi/well)-containing medium
supplemented with ligands at the appropriate concentrations to ini-
tiate the 86Rb1 loading process for an additional 4 hr. After chronic
treatments, washout of the ligand was performed as previously de-
scribed (20) with some modifications to minimize variations as a
result of culture conditions, 86Rb1 loading, incubation temperature,
and so on that may influence the magnitude of the efflux response.
Briefly, at the end of the 24-hr treatment period, ligand-containing
medium was removed by gentle aspiration, and cells were subjected
to two cycles of rinses with 250 ml of DMEM at 37°. This wash
procedure was repeated two more times at 15-min intervals. After
the final cell rinse, 86Rb1 efflux was assessed by incubating the cells
with 250 ml of DMEM containing ACh for 5 min. This protocol was
chosen because initial time course studies showed no appreciable
recovery from down-regulation during this washout period. Atropine
(1.5 mM) was included in the assay medium to eliminate any con-
founding responses evoked by activation of endogenous muscarinic
receptors. After exposure to the agonist, radioactivity in the assay
medium was detected by g-counting (Gamma 5500; Beckman Instru-
ments, Fullerton, CA).

The nAChR ligands used included (2)-nicotine, (1)-nicotine,
DMPP, (2)-cytisine, (6)-epibatidine, ABT-418, A-85380, DHbE,
mecamylamine, d-tubocurarine, and methyllycaconitine. In radioli-
gand binding studies, the concentration dependence of effects were
examined, although in some cases, the maximum concentrations of
the compounds used were limited by their solubility in culture me-
dium or by adverse effects on cell survival. Fresh media-containing
ligands were replaced every 48 hr wherever appropriate. In some
studies, cells were also treated with forskolin, dibutyl cAMP, IBMX,
PMA, and staurosporine. Compounds were dissolved in water or
100% dimethylsulfoxide, and equal volumes of solvents were added
to control cultures as appropriate.

Data and statistical analysis. Significant differences between
groups of means were assessed by the unpaired Student’s t test using
Instat (GraphPAD Software, San Diego, CA). A value of p , 0.05 was
considered significant. The concentration dependence of up-regula-
tion of [3H]cytisine binding and for ACh-stimulated 86Rb1 efflux and
the time course data were analyzed by nonlinear least-squares re-
gression analysis using Inplot (GraphPAD). In cases in which max-
imal responses were not attainable due to limits of solubility or
adverse effects on cell viability, the estimated EC50 values were
calculated by nonlinear least-squares regression analysis using vari-
able maximal response. The correlation coefficient values were de-
termined by linear regression analysis. Values are expressed as
mean 6 standard error unless otherwise indicated.

Results
Characterization of (2)-nicotine-evoked up-regula-

tion of human a4b2 nAChRs. Treatment of HEK 293 cells
stably expressing the human a4b2 nAChRs with (2)-nicotine
resulted in an increase in the levels [3H]cytisine binding. Fig.
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1A shows the time-dependency of the (2)-nicotine-evoked
increase in [3H]cytisine binding levels. Cells were incubated
with 1 mM (2)-nicotine for 2–168 hr, and [3H]cytisine binding
levels were assessed at the time intervals indicated. A sig-
nificant increase in [3H]cytisine binding was observed as
early as 2 hr after treatment of cells with 1 mM (2)-nicotine
(control, 1410 6 293 fmol/mg; 2 hr (2)-nicotine, 3636 6 155
fmol/mg). Nonlinear regression analysis of the data revealed
that the time course kinetics did not differ significantly when
fitted for one or two sites (p , 0.0.5), indicating that the
response to (2)-nicotine could be a monophasic process. The
t0.5 value of (2)-nicotine-evoked up-regulation was deter-
mined to be 4.0 6 0.5 hr (four experiments). The maximal
increase in binding levels was sustained in the continuous
presence of (2)-nicotine for $168 hr (Fig. 1A). The reversibil-
ity of this effect was examined by treating the cells with 1 mM

nicotine for 168 hr, followed by removal of the ligand by
washout at different time intervals. As shown in Fig. 1B, the
recovery from (2)-nicotine-evoked up-regulation was a rela-
tively slower process, with a t0.5 value of 11.7 6 0.1 hr (four
experiments), and was complete with a return to pretreat-
ment values by 48 hr after removal of (2)-nicotine from the
media.

The effects of (2)-nicotine were concentration dependent.
As shown in Fig. 2A, a significant increase in [3H]cytisine
binding levels was observed at concentrations as low as 100
nM, and maximal 15-fold increase from control values was
observed at 10 mM (2)-nicotine. The EC50 value for (2)-
nicotine-evoked up-regulation was 0.49 6 0.1 mM (four exper-
iments). Saturation studies revealed that this increase in
binding sites was due to an increase in the Bmax value of
[3H]cytisine bound with no significant effect on the KD value
of the radioligand (1 mM (2)-nicotine: Bmax 5 7660 6 1196
fmol/mg; KD 5 0.60 6 0.15 nM; control, Bmax 5 1480 6 191
fmol/mg; KD 5 0.21 6 0.08 nM; three experiments). Treat-
ment of cells with the (1)-enantiomer of nicotine also elicited

significant increases in [3H]cytisine binding (EC50 5 4.6 6
1.1 mM; five experiments), although the maximal increase
attained was only 5-fold over that of untreated cells (Fig. 2A).

Regulation of human a4b2 nAChRs by other activa-
tor ligands. To examine whether the increase in receptor
levels was unique to nicotine, [3H]cytisine binding levels
were examined after treatment with other activator ligands;
treatment with (2)-cytisine, DMPP, (6)-epibatidine, ABT-
418, and A-85380 for 168 hr resulted in concentration-depen-
dent increases in [3H]cytisine binding levels (Fig. 2A). The
estimated EC50 values for up-regulation for these ligands are
summarized in Table 1 with binding affinities at this nAChR
subtype. (1)-Epibatidine and A-85380, two potent ligands (Ki

5 40–50 pM) that are known to interact with the human a4b2
nAChRs (21), increased [3H]cytisine binding levels with EC50

values of 10.2 6 0.6 nM (three experiments) and 8.2 6 0.1 nM

(three experiments), respectively. The maximal increase in
receptor levels observed with (1)-epibatidine was signifi-
cantly lower than those elicited by (2)-nicotine. Although
both (2)-cytisine and DMPP are partial agonists at this sub-
type (7), these compounds increased [3H]cytisine binding to
levels equal to those maximally elicited by (2)-nicotine. The
relative potencies for the various activators for up-regulation
of the human a4b2 subtype are (6)-epibatidine ; A-85380 .
(2)-nicotine . (1)-nicotine . (2)-cytisine . ABT-418 ;
DMPP.

Effects of antagonists on human a4b2 nAChRs. In a
previous study, Peng et al. (23) showed that (2)-nicotine-
evoked up-regulation of the avian a4b2 nAChRs could be
attenuated by nAChR antagonists such as d-tubocurarine. In
the current study, when cells were treated with d-tubocura-
rine (100 mM) in presence of 1 mM (2)-nicotine, no blockade of
(2)-nicotine-evoked up-regulation was observed. Interest-
ingly, treatment of cells with d-tubocurarine alone resulted
in significant up-regulation of a4b2 nAChRs (Fig. 2B). Treat-
ment of cells for 168 hr with 100 and 300 mM d-tubocurarine

Fig. 1. Time course of human
a4b2 nAChR regulation. A, On-rate
of up-regulation by (2)-nicotine.
HEK 293 cells stably expressing
human a4b2 nAChRs were treated
with 1 mM (2)-nicotine for 2–168 hr.
B, Time course of recovery from
(2)-nicotine-evoked nAChR up-
regulation. Cells were treated for
168 hr with 1 mM (2)-nicotine, after
which nicotine was removed for the
time intervals indicated. C, Time
course of up-regulation of nAChRs
by methyllycaconitine. Cells were
treated with 100 mM methyllyca-
conitine for the time periods indi-
cated. Binding assays were carried
out with 6 nM [3H]cytisine using cell
membranes prepared from each
sample as described in Experimen-
tal Procedures. Error bars, stan-
dard error of three or four experi-
ments.
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increased [3H]cytisine binding by 72 6 9% (three experi-
ments) and 185 6 76% (three experiments), respectively,
over control values. To confirm that these effects were not
unique to d-tubocurarine, we examined the effect of DHbE, a
competitive antagonist at this subtype (6). As shown in Fig.
2B, a concentration-dependent increase in [3H]cytisine bind-
ing levels were observed after treatment of cells with DHbE.
Furthermore, treatment of cells with methyllycaconitine, a
potent a7 nAChR antagonist (22) that inhibits the a4b2
subtype at 1–2 mM concentrations (18), also significantly in-
creased [3H]cytisine binding levels (100 mM methyllycaconi-
tine: 6826 6 67 fmol/mg; control, 940 6 19 fmol/mg; three
experiments).

To examine whether the patterns of up-regulation of an-
tagonists differed from those observed with (2)-nicotine, we
studied the time course of up-regulation by methyllycaconi-
tine. Cells were treated with 100 mM methyllycaconitine for

2–168 hr, and [3H]cytisine binding was assessed. The t0.5

value of methyllycaconitine-evoked up-regulation, 4.4 6 0.5
hr (three experiments), was not significantly different from
that observed with (2)-nicotine (Fig. 1C). In addition, the
time course of up-regulation did not differ significantly when
fitted to a one- or two-site model, indicating that the response
to chronic antagonist treatment could be a monophasic pro-
cess similar to that observed with (2)-nicotine.

A comparison of the logarithms of the EC50 values for
evoking up-regulation of a4b2 nAChRs and the correspond-
ing [3H]cytisine binding site affinities for the series of acti-
vator and antagonist nAChR ligands is depicted in Fig. 2C.
Analysis of the data reveal a linear correlation with a coeffi-
cient value (r) of 0.91.

No significant change in [3H]cytisine binding levels were
observed after treatment of cells with the open channel
blocker mecamylamine (100 mM; Table 2). Mecamylamine
treatment also did not alter the up-regulation elicited by 1 mM

(2)-nicotine, which is in contrast to the effects reported for
the avian homologs (23). Furthermore, no significant change
in [3H]cytisine binding was observed when mecamylamine
was used over a wider concentration range (i.e., 0.01–100
mM).

Fig. 2. Concentration-dependence of up-regulation of human a4b2 nAChRs in HEK 293 cells by (A) activator [(2)-nicotine, (1)-nicotine,
(6)-epibatidine, DMPP, (2)-cytisine] or (B) antagonist (DHbE, d-tubocurarine). Cells were treated with varying concentrations of ligands as
indicated for 168 hr [3H]Cytisine (6 nM) binding to membranes were performed as described in Experimental Procedures. Values are mean 6
standard error of three experiments, each assayed in quadruplicate. The estimated EC50 values are summarized in Table 1. C, Correlation between
binding affinities (Ki values) and up-regulation potencies (EC50 values) of cholinergic channel ligands in cells stably transfected with human a4b2
nAChRs. The Ki values are from Ref. 7, except for A-83580, which is from Ref. 21. Solid line, linear regression through the data points. Dashed
line, 1:1 correlation.

TABLE 1
Regulation of human a4b2 nAChRs in HEK 293 cells by
cholinergic channel ligands
Values are mean 6 standard error from three to five separate determinations,
each performed in duplicate. Cells were grown in six-well multiwell plates and
treated with varying concentrations of the compounds for 168 hr. Binding assays
were performed with [3H]cytisine, (6 nM) using membranes prepared from the
samples as described in Materials and Methods.

Compound Concentration Up-regulation (EC50) Binding affinitya

mM Ki nM

Activator
A-85380 0.0001–10 0.008 6 0.001 0.05
ABT-418 0.001–100 10.47 6 4.50 7.89
(2)-Cytisine 0.001–10 4.00 6 1.94 0.44
DMPP 0.001–100 12.47 6 2.40 10.71
(6)-Epibatidine 0.0001–10 0.010 6 0.002 0.07
(1)-Nicotine 0.01–100 4.61 6 1.10 26.25
(2)-Nicotine 0.001–100 0.49 6 0.18 1.05

Antagonist
d-Tubocurarine 0.001–300 .300 3481
DHbE 1–1000 107.0 6 38.51 60.13
Mecamylamine 0.01–100 N.E.b .10,000
a Ki values are from Ref. 7 except for A-85380, which is from Ref. 21.
b N.E., no effect.

TABLE 2
Effect of mecamylamine and d-tubocurarine on (2)-nicotine-
evoked up-regulation of a4b2 nAChRs in HEK 293 cells
HEK 293 cells stably expressing human a4b2 nAChRs were treated with
mecamylamine or d-tubocurarine in presence or absence of 1 mM (2)-nicotine, for
168 hr. [3H]Cytisine binding to membranes was performed as described in Ma-
terials and Methods.

Treatment
Condition

Absence of nicotine Presence of nicotine

% over control

Control 100 630 6 97
Mecamylamine, (100 mM) 99 6 5 671 6 125
d-Tubocurarine, (100 mM) 171 6 9a 675 6 132

a Significantly different from the corresponding controls.
Values are mean 6 standard error of three observations.
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Effect of nAChR modulators on human a4b2
nAChRs. Considerable evidence points to the existence of
binding sites distinct from those defined classically by ACh
on a4b2 nAChRs that can be activated by ligands such as
physostigmine (24). Accordingly, it was of interest to examine
whether physostigmine or other cholinesterase agents, such
as tacrine, elicit effects similar to those of (2)-nicotine. The
treatment of cells with physostigmine (0.01–100 mM) or ta-
crine (0.01–1 mM) did not result in up-regulation of nAChRs.
Furthermore, methoxyverapamil (D600) and nimodipine,
both of which are antagonists of the L-type voltage-sensitive
calcium channels but have been shown to interact with cer-
tain neuronal nAChRs (31), did not significantly alter [3H]cy-
tisine binding after chronic treatment of the cells. The mus-
carinic cholinergic antagonist atropine failed to elicit changes
in receptor levels, indicating that up-regulation of a4b2
nAChRs is not a consequence of heterologous influences.

Role of protein synthesis. To investigate whether (2)-
nicotine-evoked up-regulation of the human a4b2 nAChRs
involves de novo protein synthesis, we examined the effect of
protein synthesis inhibition on [3H]cytisine binding. In the
presence of 7 mM cycloheximide, a concentration previously
shown to completely inhibit [3H]leucine incorporation into
HEK 293 cells (25), the treatment of cells with (2)-nicotine (1
mM) for 24 hr failed to produce an increase in [3H]cytisine
binding (control, 1436 6 51 fmol/mg; (2)-nicotine, 6094 6 89
fmol/mg; cycloheximide and nicotine, 1703 6 53 fmol/mg; Fig.
3). It was observed that treatment of cells with cycloheximide
alone led to a small, but significant, decline of 39% (875 6 38
fmol/mg) in the basal level of [3H]cytisine binding, which was
absent when (2)-nicotine was present.

Membrane localization of nAChRs up-regulated by
(2)-nicotine. After exposure of cells to 1 mM nicotine, [3H]cy-
tisine binding was measured in both the heavy membrane
fraction (40,000 3 g) and the total cell homogenate. The
number of binding sites measured in the membrane prepa-
ration was increased 5.3-fold; the total number of binding

sites measured in the homogenate increased similarly (5.8-
fold). The increase in binding sites measured by [3H]cytisine
could therefore be largely attributed to an increase in the
presence of receptors in the membranes.

Role of PKA and PKC pathways. Compounds interact-
ing with protein kinase pathways were evaluated for their
effects on the up-regulation of a4b2 nAChRs. It was found
that treatment of cells with either forskolin (10 mM) or nico-
tine (1 mM) for 24 hr elicited increases in [3H]cytisine binding
sites of ;2- and ;4-fold, respectively, compared with un-
treated cells (control, 1065 fmol/mg, forskolin, 1870 fmol/mg;
nicotine, 4254 fmol/mg; Fig. 4). When cells were coincubated
with both (2)-nicotine (1 mM) and forskolin (10 mM) for 24 hr,
it was found that the resulting increase in [3H]cytisine bind-
ing was enhanced ;8-fold compared with control values. This
indicates that the observed effects are synergistic and not
just additive (Fig. 4). Other agents that activate PKA, includ-
ing the membrane-permeant cAMP analog dibutyl cAMP and
the phosphodiesterase inhibitor IBMX, elicited similar ef-
fects, indicating that this phenomenon was not unique to
forskolin. Thus, treatment of cells with dibutyl cAMP (100
mM) alone for 24 hr led to a significant increase in [3H]cytisine
binding of 38% (1574 6 145 fmol/mg; control, 1139 6 112
fmol/mg; three experiments), respectively, whereas treat-
ment with both dibutyl cAMP and (2)-nicotine significantly
enhanced the response of (2)-nicotine by ;87% (7898 6 172
fmol/mg; nicotine, 4212 6 284 fmol/mg; three experiments)
respectively. Similar results were obtained when studies
were carried out for 168 hr (data not shown).

Because it was found that (2)-nicotine and PKA activation
were synergistic in causing substantial increases in the den-
sity of a4b2 nAChRs, antagonist-induced increase was exam-
ined in presence of forskolin to determine whether the pat-
tern differed from those observed with (2)-nicotine. The
treatment of cells with both methyllycaconitine and forskolin
for 24 hr increased [3H]cytisine binding levels in a synergistic
manner, by ;8-fold compared with those observed with un-
treated cells, although the use of each compound alone
evoked only a 4- and 2-fold increase in nAChR levels, respec-
tively (untreated, 1015 6 46 fmol/mg; 100 mM methyllyca-
conitine, 4935 6 249 fmol/mg; methyllycaconitine and fors-
kolin, 7982 6 472 fmol/mg; three experiments). These results
are quite similar to the effects observed with (2)-nicotine.

We next examined the effects of PMA on nAChR up-regu-
lation. The treatment of transfected cells with PMA (100 nM)
for 24 hr elicited a 2-fold increase in [3H]cytisine binding
(Fig. 4A). However, when cells were treated with both PMA
and (2)-nicotine, nicotine-evoked up-regulation of a4b2
nAChRs was found to be enhanced by ;8-fold with respect to
control (Fig. 4B). This synergistic effect is similar to that
observed with forskolin. The treatment of cells with the in-
active phorbol ester a-PMA (100 nM) did not elicit up-regu-
lation alone (control, 1231 6 36 fmol/mg; a-PMA, 1380 6 22
fmol/mg; three experiments) or modify the effects of (2)-
nicotine, 1 mM (nicotine, 4682 6 156 fmol/kg; a-PMA, 4948 6
200 fmol/mg; three experiments). This lack of effect of 4-a-
PMA, the stereoisomer of PMA that neither binds nor acti-
vates PKC, on a4b2 nAChR levels indicates specificity of the
observed effects. Because the possibility exists that exposure
to PMA could desensitize/down-regulate PKC levels and thus
inhibit PKC, the effects of the PKC inhibitor staurosporine
were examined. Staurosporine at 20 nM was previously

Fig. 3. Influence of protein synthesis inhibition on (2)-nicotine-evoked
nAChR up-regulation. a4b2 nAChR-expressing HEK 293 cells were
treated for 24 hr without (CON) or with (NIC) 1 mM (2)-nicotine and with
7 mM cycloheximide alone (CYC) or in the presence of nicotine 1 mM

(NIC 1 CYC). p, Significantly different from untreated cells. Values are
mean 6 standard error from triplicate culture dishes, each assayed in
quadruplicate.
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shown to be effective in inhibiting PKC-mediated changes in
nicotinic receptor levels in neuroblastoma cells (26). The
treatment of cells with 50 nM staurosporine for 24 hr did not
significantly alter (2)-nicotine-evoked up-regulation (nico-
tine, 7337 6 450 fmol/mg; nicotine and staurosporine, 7589 6
203 fmol/mg; three experiments). Similarly, (2)-nicotine-
evoked increase in binding levels were not affected by two
other PKC inhibitors: sphingosine (100 nM sphingosine and
nicotine, 7565 6 254 fmol/mg) and chelerythrine HCl (10 mM

chelerythrine and nicotine 7512 6 199 fmol/mg).
Functional consequences of human a4b2 nAChR

regulation. We assessed a4b2 nAChR function after chronic
treatments by ACh-evoked cation efflux. In initial experi-
ments, it was established that ligand washout was effective
and the observed effect could not be attributed to residual
ligand. Previous studies by Lukas (20) have shown that mo-
mentary exposure of cells to nicotine has no effect on func-
tional inactivation provided removal of the ligand-containing
medium was followed by two cycles of superficial rinses of the
culture dish. In the current study, the washout protocol was
more rigorous, with cells subjected to two cycles of rinses
with 250 ml of fresh ligand-free medium-lacking serum fol-
lowed by two similar rinses at 15-min intervals before ACh-
evoked cation efflux was initiated. We used a radioreceptor
assay to measure residual levels of (2)-nicotine present, if
any, after washout. The evidence that (2)-nicotine was effec-
tively removed is derived from these experiments, in which
the supernatant collected after centrifugation of the cell ho-
mogenate after the final rinse was tested for its effect on dose
inhibition by nicotine of [3H]cytisine binding. No shift was
observed in the dose- response curve (data not shown). Had
residual nicotine been present in the supernatant (at a con-
centration .1 nM), the dose response should have shifted to
the left, which did not occur. In addition, had residual (2)-
nicotine been present in the assay, a change in the EC50

value of ACh should also have been observed, which was not
the case (vide infra).

ACh activated cation efflux from transfected cells with an

EC50 value of 14.3 6 1.4 mM (five experiments) and a maxi-
mum efficacy at 1 mM, which is consistent with previous
observations (7). When cation flux was assessed after the
treatment of cells with 0.1 and 1 mM (2)-nicotine for 24 hr and
washout, a significant increase in the maximal efficacy of
ACh (1 mM) to activate 86Rb1 efflux was observed compared
with untreated cells. Under these conditions, the EC50 values
for ACh, however, did not significantly differ after treatment
with (2)-nicotine (1 mM (2)-nicotine, EC50 5 16 6 1.9 mM; six
experiments) compared with control (EC50 5 14.3 6 1.4 mM;
five experiments). When cells were treated with higher con-
centrations of (2)-nicotine (i.e., 10, 100, and 1000 mM), the
maximal ACh-evoked efflux showed a concentration-depen-
dent decrease compared with untreated cells, although
[3H]cytisine binding levels were elevated (Fig. 5A). Interest-
ingly, a significant increase in the efficacy of ACh (1 mM) to
activate cation efflux was observed when cells were chroni-
cally treated with the competitive antagonist DHbE. Impor-
tantly, this increase was observed at all concentrations of
DHbE examined (1–1000 mM). As shown in Fig. 5B, signifi-
cant increases in efflux were observed after treatment with 1
mM DHbE, and a maximal enhancement in efficacy of 90 6
5% (four experiments) was observed at a concentration of 100
mM DHbE.

The significant increase in receptor density observed after
treatment with PMA and forskolin was accompanied by an
enhancement in the effect of ACh to evoke cation efflux. As
depicted in Fig. 6, cells treated with PMA (100 nM) or fors-
kolin (10 mM) elicited a significant increase in the maximal
ACh-evoked ion efflux response by 49 6 7.6% (five experi-
ments) and 78 6 19% (n 5 6), respectively, compared with
untreated cells without a significant change in the EC50

value of ACh (Table 3). The treatment of cells with (2)-
nicotine (1 mM) and PMA (100 nM) or forskolin (10 mM) re-
sulted in an enhancement in the maximal ACh-evoked efflux
by 100 6 3% and 45 6 9%, respectively. When cells were
treated with DHbE (300 mM) and PMA or forskolin, the
efficacy of ACh to evoke cation efflux was significantly in-

Fig. 4. Influence of PKA and PKC activation on a4b2 nAChR levels stably expressed in HEK 293 cells. A, Effects on [3H]cytisine binding after
treatment of cells for 24 hr with piperidino-propionyl forskolin (10 mM) or PMA (100 nM). [3H]Cytisine binding was assessed at a radioligand
concentration of 6 nM. B, Effect of PKA and PKC activation on the up-regulation evoked by (2)-nicotine (NIC). Cells were treated with 1 mM

(2)-nicotine alone or in the presence of 10 mM piperidino-propionyl forskolin or 100 nM PMA for 24 hr, after which [3H]cytisine binding was assessed
as described. Values are mean 6 standard error of three or four determinations, each performed in duplicate. p, Significant (p , 0.05) differences
with respect to untreated cells.
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creased by 189 6 7% and 112 6 22%, respectively. The
results from 86Rb1 efflux studies are summarized in Table 3.

Discussion
Results of the current study confirm, as previously re-

ported (23, 27, 28), that the elements necessary for nicotine-
evoked up-regulation of a4b2 nAChRs are constitutively con-
tained in cells of non-neuronal origin; the transfected cells
that we used were derived from the human kidney cell line

HEK 293. Expression studies in mammalian cell lines have
previously shown that the recombinant a4 and b2 subunits
coassemble to form functional ion channels exhibiting
[3H]agonist ligand binding, pharmacological and biophysical
properties that are consistent with those of native brain
nAChRs (6, 7, 18).

Previous studies have shown that chronic (2)-nicotine
treatment elicits increased levels of high affinity nicotinic
receptors in the mammalian brain as measured by radioli-
gands or antibodies (3, 5, 29). The current study extends

Fig. 5. Influence of (2)-nicotine
(A) and DHbE (B) on the func-
tional activity and [3H]cytisine
binding levels in HEK 293 cells
stably expressing a4b2 nAChRs.
Cells were treated with varying
concentrations of (2)-nicotine (A)
or DHbE (B), as indicated. Solid
lines, functional activity of a4b2
nAChRs is expressed as percent
cation efflux relative to that
evoked by 1 mM ACh from un-
treated cells (taken as 100%).
Vertical bars, [3H]cytisine binding
values expressed in fmol/mg of
protein.

Fig. 6. Influence of nicotinic cho-
linergic ligands and protein kinase
activators on the functional activity
of a4b2 nAChR levels in HEK 293
cells stably expressing a4b2
nAChRs. Cells were treated with
100 nM PMA or 10 mM forskolin (A),
1 mM (2)-nicotine or 300 mM DHbE
(B), and combinations of forskolin
(C) or PMA (D) with nicotine or
DHbE for 24 hr, after which func-
tional activity was assessed by
86Rb1 efflux as described in Exper-
imental Procedures The responses
evoked under various conditions
were expressed as the function of
efflux evoked by a maximally effec-
tive concentration of ACh (1 mM) in
untreated cells.
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these findings to human recombinant a4b2 nAChRs and
provides clear evidence that this nAChR subtype stably ex-
pressed in a human cell line is up-regulated by treatment
with both activator and competitive antagonist ligands. In
this study, the a4b2 nAChRs were up-regulated maximally
;15-fold by (2)-nicotine in a rapid (within ;10–12 hr) and
totally recoverable manner. Moreover, the threshold level for
significant up-regulation (100 nM) is consistent with circulat-
ing levels of (2)-nicotine present in smokers (150 nM; Ref.
30). The EC50 value of (2)-nicotine (0.49 mM) is in excellent
agreement with those reported previously for up-regulation
of the chick homologs stably expressed in mouse fibroblasts
(M10 cells, 0.2 mM; Ref. 23). (2)-Nicotine-evoked up-regula-
tion is homologous because parallel treatment with musca-
rinic or voltage-sensitive calcium channel ligands failed to
alter [3H]cytisine binding sites. It is also interesting to note
that (2)-nicotine-evoked up-regulation in transfected HEK
293 cells occurs in the absence of any transcriptional factors
or receptor gene promoter elements that are likely associated
with the expression of these subunits in intact neurons.
Therefore, the minimal structural elements involved in the
up-regulation process resides within the a4b2 nAChR sub-
units expressed in these cells. The maximal up-regulation by
(2)-nicotine in transfected HEK 293 cells of ;15-fold above
control levels is higher than those reported with native tis-
sues or endogenously in cell and $10-fold higher than those
reported with the M10 cells (27). Because we have not exam-
ined nAChR up-regulation in other isolated a4b2 clones, the
possibility remains that the magnitude of up-regulation ob-
served here is somehow a consequence of the particular clone
that was isolated. In another cell line stably expressing the
a7 nAChR subtype (22), a 6-fold increase in [125I]a-bungaro-
toxin binding levels was observed after treatment with nico-
tine (1000 mM).1

Examination of the pharmacology of up-regulation revealed
that other activator ligands, including DMPP, (2)-cytisine,
ABT-418, A-85380, and (6)-epibatidine, elicited up-regulation
in a concentration-dependent manner. Competitive antagonists
at the a4b2 nAChR, such as DHbE and d-tubocurarine, were

also capable of receptor up-regulation, although with a lower
magnitude than (2)-nicotine within the concentration range
examined. The EC50 values for up-regulation by both activators
and antagonists showed a good correlation with their binding
affinities (Fig. 2C), although the EC50 values were generally
;100-fold higher than their corresponding binding affinities at
the a4b2 nAChRs (7). Such close correlation between the EC50

values and the binding affinities suggests that receptor up-
regulation may be related to the interaction of these ligands
with the high affinity desensitized state of the nAChRs. How-
ever, in a comparison of the efficacies of up-regulation, (1)-
nicotine and (1)-epibatidine showed lower maximal effects rel-
ative to the other activator ligands evaluated, indicating that
the degree of up-regulation may not be related to the binding
affinities of these ligands.

Up-regulation elicited by (2)-nicotine and other activator
ligands could not be prevented by treatment with competitive
antagonists such as d-tubocurarine, which is in contrast to
the previous observations of Peng et al. (23), who reported
attenuation of nicotine-evoked up-regulation of avian a4b2
nAChRs by d-tubocurarine. Although concentrations of d-
tubocurarine and nicotine used in our study are similar to
that used by Peng et al., no attenuation of the effect of
nicotine was observed in our study. The inability of this
compound to attenuate the effects of (2)-nicotine (Table 2)
may be related to the differences in a4b2 nAChR binding
affinities (;1000-fold) of these two ligands (6, 7). Interest-
ingly, in contrast to previous observations (23), treatment of
cells with d-tubocurarine alone elicited a modest increase in
binding levels. Similarly, increases in [3H]cytisine binding
sites observed after chronic treatment with DHbE or meth-
yllycaconitine indicate that antagonist-evoked up-regulation
is not unique to d-tubocurarine. Both DHbE and methylly-
caconitine have been shown to inhibit ACh-evoked currents
or cation efflux in this cell line, with IC50 values in the low
micromolar range (7, 18). The up-regulation evoked by an-
tagonists was smaller than that of (2)-nicotine at the con-
centrations tested. The fact that up-regulation is observed
regardless of whether agonists or antagonists were used for
chronic treatment indicates that receptor occupancy, by ei-
ther activator or competitive antagonist, may be sufficient to
trigger an increase in receptor levels. The observation that
d-tubocurarine failed to attenuate the effect of (2)-nicotine is
also consistent with this hypothesis. The membrane-imper-
meable quaternary amines DMPP and d-tubocurarine also
evoked up-regulation of nAChRs, supporting an extracellular
site of action, which is consistent with previous studies (23).
In the current study, it was also found that treatment of cells
with the open channel blocker mecamylamine did not elicit
changes in the level of nAChRs or modify (2)-nicotine-evoked
up-regulation. This observation is in agreement with in vivo
studies using chlorisondamine, another noncompetitive an-
tagonist, which did not elicit up-regulation by itself and did
not prevent (2)-nicotine-evoked up-regulation of [3H]nicotine
binding sites in rat brain (29). Our results differ from the
observations of Peng et al. (23), who reported a 2-fold in-
crease in [3H]nicotine binding by 50 mM mecamylamine in
M10 cells stably expressing the avian subunits. In addition to
mecamylamine, noncompetitive activator ligands such as
physostigmine and tacrine, whose binding sites are distinct
from those for ACh or ACh-competitive ligands (allosteric

1 M. Gopalakrishnan, E. J. Molinari and J. P. Sullivan, unpublished obser-
vations.

TABLE 3
Effect of chronic ligand treatment on cation efflux in HEK 293
cells stably expressing human a4b2 nAChRs
86Rb1 efflux assays were carried out using HEK 293 cells stably expressing the
human a4b2 nAChRs grown attached to 24-well culture dishes after treatment for
24 hr under conditions indicated as described in Materials and Methods. The
efficacy values shown are relative to the efflux observed with 1 mM ACh in
untreated cells.

Condition EC50 Efficacy n

mM %

Control 14.3 6 1.4 100 5
(2)-Nicotine, 1 mM 16.0 6 1.9 125.9 6 6.0 6
DHbE, 300 mM 44.8 6 5.3a 167.8 6 10.0 5
PMA, 100 nM 13.8 6 2.2 178.0 6 19.0 4
Forskolin, 10 mM 6.9 6 0.5 149.3 6 7.6 5
(2)-Nicotine 1 PMA 14.0 6 1.9 200.0 6 3.1 3
(2)-Nicotine 1 forskolin 10.3 6 0.8 145.3 6 8.9 3
DHbE 1 PMA 51.5 6 4.6a 288.7 6 7.3 3
DHbE 1 forskolin 39.1 6 1.9a 211.7 6 21.6 3

Values are mean 6 standard error of separate determinations as indicated,
each carried out in duplicate.

a Significantly different from untreated cells.
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modulators; Ref. 24), also failed to modify nAChR levels in
our study.

The similar increase in the levels of [3H]cytisine binding
sites observed in both homogenate and membrane prepara-
tions after chronic (2)-nicotine treatment indicates there is
no contribution from cytosolic components to the up-regula-
tion process. However, [3H]cytisine binding does not distin-
guish between nAChRs present on cell surface or in cellular
membrane components because the intracellular receptors
present in the membranes of endoplasmic reticulum or of
vesicular bodies would also sediment with the plasma mem-
brane when homogenized. Other approaches to direct quan-
tification of receptors on cell surface that use labeled ligands
that do not cross the cell membrane or antibody probes (23)
will be necessary to address the issue of intracellular versus
cell surface localization of up-regulated nAChRs.

To examine the mechanisms by which nicotine induces a
rapid increase in receptor number, studies were performed
using cycloheximide to prevent protein synthesis while mea-
suring the existing receptor levels with and without exposure
to (2)-nicotine. The observation that (2)-nicotine treatment
prevented the steady state decline in receptor levels observed
in cells treated with cycloheximide alone (Fig. 3) is consistent
with previous studies (23) in which nicotine treatment of
dexamethasone-induced M10 cells decreased the rate of deg-
radation of a4b2 nAChRs in the presence of protein synthesis
inhibition. However, the (2)-nicotine-induced increase in
[3H]cytisine binding was also inhibited by cycloheximide,
suggesting that the up-regulation process may in part re-
quire de novo a4b2 nAChR synthesis (27). It is unlikely that
(2)-nicotine regulates nAChR expression by altering the
transcriptional activities because both the a4 and b2 subunit
genes lack transcriptional regulatory elements and are under
the control of the cytomegalovirus promoter, which is consti-
tutively active. This, together with the previously docu-
mented lack of effects on steady state mRNA levels after
chronic nicotine treatment both in vivo (5) and in vitro (23,
27, 28), indicates that post-transcriptional mechanisms are
involved in nAChR up-regulation. These processes may in-
volve, for example, altered translation rates, increased effi-
ciency of receptor assembly from its constituent subunits as
reported for the muscle nAChRs (32), and/or altered rates of
receptor degradation (23; current study).

We then assessed the roles of cAMP and PKC, two signal-
ing pathways that have been known to regulate neuronal
nAChR function (33). The increase in [3H]cytisine binding
sites seen after chronic treatment with cholinergic channel
ligands was mimicked by forskolin (also dibutyl cAMP and
phosphodiesterase inhibitor IBMX) and PMA. The lack of
effect of 4-a-PMA, a stereoisomer of PMA that neither binds
nor activates PKC, on [3H]cytisine binding levels indicates
specificity of the observed effects. It was also found that
cotreatment of cells with (2)-nicotine (or DHbE) plus forsko-
lin or PMA led to a synergistic enhancement in the up-
regulation compared with those elicited by nAChR ligands
alone. These synergistic (or multiplicative) effects on a4b2
nAChR levels indicate that distinct pathways may exist for
protein kinases and nicotinic ligands. This is further sup-
ported by the observation that staurosporine, sphingosine, or
chelerythrine, all inhibitors of PKC, failed to alter nicotine-
evoked up-regulation. Our results suggest that there are at
least two mechanisms by which a4b2 nAChR levels can be

regulated: one is mediated by ligand interaction at the
nAChR, and the other occurs in response to activation of PKA
and PKC. It is possible that these two pathways may be
linked as, for example, the phosphorylation of the nAChR by
PKA and PKC. Previous studies of the peripheral-type
nAChRs from muscle and electric organ have provided evi-
dence that alterations in cAMP levels could lead to receptor
phosphorylation, a process involved in desensitization (33).
cAMP, through activation of PKA, has been shown to up-
regulate muscle-type nAChRs by increasing the efficiency of
receptor assembly from its constituent subunits through
phosphorylation of the g subunit (32) and through prevention
of receptor degradation (32, 34). Agents that activate the
phosphoinositide pathway, such as substance P, have been
shown to alter nAChR desensitization in both chick ciliary
and sympathetic ganglion neurons (35). It is noteworthy that
the cytoplasmic loop connecting transmembrane segments
III and IV in the human a4 subunit possesses consensus
sequence for phosphorylation by both PKA (Ser362) and PKC
(Ser334, Ser421, Thr532, Thr545, Ser550, and Ser586). The
existence of these multiple consensus phosphorylation sites
raises the issues of whether phosphorylation of these sites by
kinases, including PKA and PKC, could be important to
nAChR turnover and localization (33) and whether phosphor-
ylation of these sites is required for receptor up-regulation.
Previous studies in chick ciliary ganglion neurons have
shown that cAMP analogs regulate the levels of functional
nAChRs and increase the phosphorylation of the a3 subunit
(35, 36). More recently, phosphorylation of rat brain a4 sub-
unit by PKA in vitro has been directly demonstrated (37).
Future site-directed mutagenesis experiments will be needed
to investigate the role of these residues in the regulation of
a4b2 nAChR expression and function.

Up-regulation of nAChRs has been shown to be accompa-
nied by decreased nicotinic functional response in rodents
receiving repeated, long term treatment with nicotine. In the
current study, despite the substantial increases in a4b2
nAChR levels, a consistent decline in maximal ACh-evoked
ion flux was observed when cells were treated with concen-
trations of (2)-nicotine of .1 mM. This is consistent with
previous studies showing inactivation of nicotinic functional
responses after pretreatment with nicotine measured bio-
chemically as attenuation of hormone/neurotransmitter re-
lease or behaviorally as tolerance to some of the effects of
(2)-nicotine, including behavioral effects, decreases in loco-
motor activity, and decreases in body temperature (9, 16).
Although nAChR levels remain elevated ;10–15-fold by (2)-
nicotine treatment, the observed decline in functional re-
sponse, perhaps indicative of the failure to recover from a
desensitized state, may underlie the development of toler-
ance seen in vivo after long term (2)-nicotine treatment.
However, when cells were treated with low concentrations of
(2)-nicotine (100 nM and 1 mM), although unitary flux per
nAChR was diminished, the overall net cation flux evoked by
ACh showed a significant increase with respect to untreated
cells, with a maximal increase observed with 1 mM (2)-nico-
tine. It is interesting to note that the range of concentrations
of (2)-nicotine that elicited enhancement in nAChR function
is comparable with the levels present in the serum of smok-
ers (150 nM; Ref. 30). It is tempting to speculate that such
enhancement in nAChR function after treatment with low
concentrations of (2)-nicotine mediates some of the beneficial
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neurochemical and behavioral effects of (2)-nicotine,
whereas the down-regulation of function observed after
treatment with high concentrations of (2)-nicotine could un-
derlie the development of tolerance (16).

In contrast to (2)-nicotine, treatment with DHbE showed a
somewhat differential profile in modulating the functional
activity of ACh. The maximal efficacy of ACh to activate
cation efflux showed significant increases compared with
untreated cells at all concentrations of DHbE tested (Fig.
5B). Although DHbE, unlike (2)-nicotine, does not produce
inactivation, the net maximal increase in ion flux was only
;90% (i.e., ,2-fold) compared with the nearly 7-fold maximal
increase in binding levels. This lack of correlation between
the receptor density and function may be attributed to the
fact that much of the up-regulated [3H]cytisine binding sites
may represent nAChRs located in intracellular compart-
ments and, accordingly, unavailable to contribute to ion flux
measurements. Chronic DHbE treatment in vivo has been
shown to increase the number of [3H]cytisine binding sites
without concomitant development of behavioral tolerance as
opposed to nicotine, and it has been suggested that receptor
up-regulation by chronic agonist, but not antagonist, admin-
istration is associated with behavioral desensitization or tol-
erance (38). Such a differential modulation of a4b2 nAChR
function by chronic drug treatment, as observed in the cur-
rent study, may underlie some of the beneficial effects of
cholinergic channel ligands in neurodegenerative diseases
such as Alzheimer’s disease, in which one of the most consis-
tent neurochemical abnormality is a decrease in cholinergic
transmission arising from the degeneration of the basal fore-
brain cholinergic system (39).

The availability of functional human a4b2 nAChRs stably
expressed in a mammalian cell line has facilitated the study
of the regulation of this major neuronal nAChR in the human
brain. Results of the current study demonstrate that treat-
ment with cholinergic channel ligands can rapidly up-regu-
late human a4b2 nAChRs and differentially modulate their
functional activity by processes that do not require receptor
activation or ion flow through the channel. Clearly, differ-
ences are apparent between human and avian homologs,
especially in the regulation by antagonist ligands. The mag-
nitude and kinetics of up-regulation with the human a4b2
subtype also seem to be different from those observed in
dexamethasone-induced M10 cells expressing the avian a4b2
nAChRs, in which a maximal 2–2.5-fold increase over 4 days
of (2)-nicotine treatment has been reported (23, 27). Whether
these variations arises from the choice of different expression
systems (e.g., constitutive versus inducible) or cell line types
or are due to differences in the amino acid sequences of the
avian and human subunits remains to be investigated. For
example, the M10 cells require induction with the glucocor-
ticoid dexamethasone for a4b2 nAChR expression (6), and it
is possible that dexamethasone alone modifies receptor ex-
pression, as reported for the muscle-type nAChRs expressed
in myotubes (40). In addition, differences are noted at the
amino acid level between the chick and the human a4 se-
quences adjacent to the highly conserved disulfide loop
(Cys161–Cys175) and in the long cytoplasmic domain of the
a4 subunit, which contains multiple phosphorylation sites
and shows only ;55% identity between human and avian
homologs. For example, compared with the human sequence,

the chick a4 subunit possesses additional potential PKC
phosphorylation sites.

There is emerging evidence that activation of nAChRs
mediates a diversity of responses, including neurotransmit-
ter release, neurogenic control of cerebral blood flow, cogni-
tive enhancement, neuroprotection, and analgesia (1, 17).
Although it is not clear which subunit combinations form
nAChRs in situ to mediate these diverse effects (for a discus-
sion, see Ref. 2), the identification of compounds that selec-
tively modulate heterologously expressed nAChR subtypes
has been a major focus of research for the past decade. Such
efforts have led to the development of novel cholinergic chan-
nel ligands, including ABT-418, ABT-089, RJR-1647, SIB-
1508Y, and GTS-21, with beneficial effects on cognition, at-
tention processes, anxiety, and neurodegenerative diseases
(17). It is possible that chronic treatment with subtype-selec-
tive ligands may differentially regulate various nAChR com-
binations. Further understanding of the regulation of
nAChRs by the various novel cholinergic channel modulators
could considerably strengthen the basis for the development
of novel cholinergic therapeutics lacking tolerance liabilities
and with potential for long term use in ameliorating some of
the deficiencies associated with degenerative and other dis-
eases.
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