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ABSTRACT

Effects of agonists on rat «334 nicotinic acetylcholine receptors
expressed in KXa3B4R2 cells [human embryonic kidney 293-
derived cells] were studied. The potencies of seven agonists
varied over a 7000-fold range, with a rank order of epibatidine
>> A85380 > cytisine =~ 1,1-dimethyl-4-phenyl-piperazinium
iodide (DMPP) =~ nicotine > acetylcholine > carbachol. The
efficacies of all of the agonists studied here were similar except
for DMPP, which seemed to be a partial agonist compared with
nicotine and acetylcholine. Nicotine and carbachol desensi-
tized the receptors in a time- and concentration-dependent
manner. The ECg, values for nicotine and carbachol to desen-
sitize the receptors during a 60-min exposure were 3 and 51
uM, respectively, indicating that these agonists are more po-
tent at desensitizing the receptors than at activating them. The
function of the receptors recovered from agonist-induced de-
sensitization rapidly and almost completely. The half-time for

recovery of function from desensitization after a 60-min treat-
ment with nicotine increased with the concentration of nicotine
used to desensitize the receptors. In contrast, no such concen-
tration dependence for time to recovery of function was found
when carbachol was used to desensitize the receptors. We
propose that this difference may be due to the cell permeability
of nicotine, allowing it to enter and be sequestered inside of
cells and then slowly diffuse out to maintain receptor desensi-
tization. After a 5-day exposure to 100 uM nicotine, the recep-
tors were completely desensitized, but receptor function recov-
ered to 83% of control values with a half-time of about 10.5
min. Although the number of nicotinic receptor binding sites
measured with (*)-[*H]epibatidine was increased during the
chronic treatment with nicotine, no increase in function was
detected.

Neuronal nicotinic receptors are expressed throughout the
CNS and peripheral nervous system. These receptors are
composed of a and B subunits and exist as subtypes defined
by their particular subunit composition. Nine different «
subunits («2—a10) and three different B subunits (82—34)
have been identified in vertebrates to date, indicating signif-
icant structural diversity among these receptor subtypes.
The range of functional properties and pharmacological char-
acteristics among these receptors is primarily a direct reflec-
tion of this structural diversity.

One putative nicotinic receptor is the o384 subtype, com-
posed of a3 and B4 subunits. This subtype or a close variant
of it may be one of the major nicotinic receptors in some
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autonomic ganglia (Conroy and Berg, 1995; Wong et al.,
1995; Poth et al., 1997), sensory ganglia (Flores et al., 1996),
and adrenal gland (Campos-Caro et al., 1997), as well as in
several important regions of the CNS (Mulle et al., 1991;
Winzer-Serhan and Leslie, 1997; Zoli et al., 1998; Quick et
al., 1999).

Recently, we established a transfected HEK 293 clonal cell
line, KXa3B4R2, that stably expresses a high density of func-
tional a3B4 receptors (Xiao et al., 1998; Zhang et al., 1999).
We have used these cells to characterize the pharmacology of
the agonist binding site and the function of the 334 nicotinic
receptor (Xiao et al., 1998). We found, for example, that
although all the nicotinic agonists examined have relatively
high affinity for the a384 receptor binding sites, their affin-
ities were much lower than in rat forebrain, in which o432
receptors predominate (Whiting and Lindstrom, 1987; Flores
et al., 1992). In fact, the equilibrium dissociation constants
for acetylcholine, nicotine, and cytisine at a334 receptors are
200 to 800 nM (Xiao et al., 1998). These affinities are far too
low to allow radioactive versions of these agonists to effec-

ABBREVIATIONS: CNS, central nervous system; 8Rb™, [®Rb]rubidium chloride; EB, (*)-epibatidine; HEK, human embryonic kidney; nAChR,
nicotinic acetylcholine receptor; DMPP, 1,1-dimethyl-4-phenyl-piperazinium iodide.
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tively label these receptors directly, which probably explains
why these ligands have, in general, not been very useful as
radioligands for measuring the nicotinic receptors in ganglia
and adrenal gland, in which a3B4 receptors may predomi-
nate. In contrast, epibatidine binds to these heterologously
expressed a3B4 receptors with a dissociation constant of
about 300 pM and is an excellent radioligand for measuring
them, as well as the receptors in adrenal gland, autonomic,
and central ganglia (Houghtling et al., 1995; Flores et al.,
1996; Davila-Garcia et al., 1997).

In addition to information about the receptor binding site,
studies in these transfected cells showed that receptor func-
tion could be assessed by measurements of [®**Rb]rubidium
chloride (®**Rb™) ion efflux, Ca®" ion imaging, Na™ ion imag-
ing, and with whole-cell patch-clamp methods (Xiao et al.,
1998; Zhang et al., 1999; Hernandez et al., 2000). These
studies indicated that acetylcholine and nicotine are equally
efficacious at activating 334 receptors; that mecamylamine,
hexamethonium, and d-tubocurarine are effective noncom-
petitive blockers; and that dihydro-B-erythroidine is a com-
petitive blocker of a3B4 receptors (Xiao et al., 1998).

Among the important properties of nicotinic receptors are
their propensity to desensitize during exposure to agonists
and their rate of recovery from desensitization. These prop-
erties vary among the different receptor subtypes and may be
critical in determining which nicotinic receptors are able to
respond to stimulation by endogenous acetylcholine or exog-
enous agonists and to what degree they can respond. Both «
and B subunits seem to contribute to the characteristics of
desensitization of nicotinic receptors expressed heterolo-
gously in oocytes (Cachelin and Jaggi, 1991; Gross et al.,
1991). We have used the KXa3B4R2 cells to further study
agonist effects at a3pB4 receptors and to characterize their
desensitization and recovery from desensitization after
short- and long-term exposure to nicotinic agonists.

Experimental Procedures

Materials and Drugs. Tissue culture medium, fetal bovine se-
rum and antibiotics were obtained from Invitrogen (Carlsbad, CA).
(+)-*Hlepibatidine ([PHJEB) and ®°Rb* were supplied by
PerkinElmer Life Science Products (Boston, MA). All other chemi-
cals were purchased from Sigma Chemical (St. Louis, MO) unless
otherwise stated.

Cell Culture. The cell line KXa3B4R2 was established previously
by stably cotransfecting HEK 293 cells with the rat «3 and B4
nAChR subunit genes (Xiao et al., 1998). KXa3B4R2 cells were
grown as described previously (Xiao et al., 1998) in minimum essen-
tial medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin G, 100 pg/ml streptomycin, and 0.7 mg/ml Gene-
ticin (G418) at 37°C with 5% CO, in a humidified incubator.

86Rb* Efflux Assay. Functional properties of the nAChRs ex-
pressed in the KXa3B4R2 cells were assessed by measurements of
nicotinic agonist-stimulated %Rb* efflux, as described previously
(Xiao et al., 1998). In brief, aliquots of cells in the selection growth
medium were plated into 24-well plates coated with poly-D-lysine.
The plated cells were grown at 37°C for 18 to 24 h to reach 70 to 95%
confluence. The cells were then incubated in growth medium (0.5
ml/well) containing ®*RbCl (2 uCi/ml) for 4 h at 37°C, the loading
mixture was aspirated, and the cells were washed four times with
HEPES buffer (15 mM HEPES, 140 mM NaCl, 2 mM KCl, 1 mM
MgSO,, 1.8 mM CaCl,, 11 mM glucose, pH 7.4; 1 ml/well). One
milliliter of buffer, with or without agonists, was then added to each
well. After incubation for 2 min, the assay buffer was collected and
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the amount of *Rb™ in the buffer was determined. Cells were then
lysed by adding 1 ml of 100 mM NaOH to each well, and the lysate
was collected for determination of the amount of #Rb™ in the cells at
the end of the efflux assay. Radioactivity of assay buffer samples and
lysates was measured by liquid scintillation counting. Total amount
of Rb ™ loaded (counts per minute) was calculated as the sum of the
assay buffer sample and the lysate of each well. The amount of 8*Rb*
efflux was expressed as a percentage of ®*Rb* loaded. Stimulated
86Rb ™" efflux was defined as the difference between efflux in presence
of nicotinic agonists and basal efflux measured in the absence of
agonists. Basal ®*Rb* efflux ranged from 3 to 6% and maximal
stimulated efflux was approximately 45% of loaded 3*Rb ™. Nonlinear
regression analyses and statistical analyses were performed using
Prism software (GraphPad Software, San Diego, CA).

In assays to measure agonist-induced desensitization and recov-
ery of receptor function, agonists were added to the 5*Rb™ loading
media and the wash buffer for the times indicated in the figure
legends. Nicotine-stimulated 3*Rb™ efflux was then either measured
immediately after removal of the desensitizing agonists or after the
periods of recovery indicated in the figure legends. In most assays to
measure desensitization and recovery, the amount of **Rb* loaded in
presence of desensitizing agonists was not significantly diminished
by agonist-induced efflux because the ion, which is taken up by a
sodium-potassium ATPase, continues to enter the cell long after
receptor desensitization has occurred. However, after short periods
of agonist-induced desensitization (e.g., less than 10 min in the
experiment shown in Fig. 2), the amount of **Rb* remaining in the
cells at the start of the measurements of receptor function was
reduced by about 40% compared with control cells loaded in the
absence of agonists. To account for this, as well as the variations in
the amount of cells in each well, basal and receptor-mediated efflux
were normalized to the amount of 3Rb* loaded, as described above.
We have found that, over a wide range of loaded ®*Rb™* (20,000—
200,000 cpm/well), the amount of basal and nicotine-stimulated
86Rb ™ efflux is proportional to the amount of the ion in the cell at the
beginning of stimulation.

The 8%6Rb* efflux assay obviously does not have the temporal
resolution of patch clamp measurements; over the 2-min period
during which the measurements were made, however, nicotine-stim-
ulated efflux from these cells reflects receptor stimulation with a
high degree of reproducibility. Moreover, we find essentially the
same concentration-response relationships for nicotinic agonist stim-
ulation of 8*Rb™ efflux from these cells whether we use a 1- or 2-min
stimulation period (Y. Xiao and K. J. Kellar, unpublished observa-
tions).

Radioligand Binding Assay. To measure effects of long-term
treatment with nicotine on o334 receptor density, cells were cultured
in the presence or absence of nicotine for the times indicated. Bind-
ing of [PH]EB to receptors was then measured as described previ-
ously (Xiao et al., 1998), with minor modifications. Briefly, the cells
were harvested in 50 mM Tris'HCI, pH 7.4, washed, homogenized
with the use of Brinkmann polytron homogenizer (Brinkmann In-
struments, Westbury, NY), and centrifuged at 35,000g. The pellets
were washed three times by suspension in fresh buffer and centrif-
ugation at 35,000g. The resulting washed membranes were then
incubated with approximately 3 nM [*H]EB for 4 h at 24°C in a final
volume of 1 ml. Nonspecific binding was assessed in parallel incu-
bations in the presence of 300 uM nicotine. Bound and free ligands
were separated by vacuum filtration through Whatman GF/C filters
(Whatman, Clifton, NJ) treated with 0.5% polyethylenimine. The
filter-retained radioactivity was measured by liquid scintillation
counting. Specific binding was defined as the difference between
total binding and nonspecific binding.

Results

Agonist Stimulation of &34 Nicotinic Receptors.
Concentration response curves for seven nicotinic agonists
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stimulating 8°Rb™ efflux via a3p4 receptors in KXa3B4R2
cells are shown in Fig. 1 and the potency (EC;,) and relative
efficacy (E,,,,) for each drug is shown in Table 1. The poten-
cies of the agonists varied over a 7,000-fold range, from 60
nM for EB to 440 uM for carbachol (Table 1). The rank order
of potency for stimulating Rb* efflux in these studies was
EB > A85380 > cytisine ~ DMPP ~ nicotine > acetylcho-
line > carbachol (Table 1). Nicotine was approximately 4
times more potent than acetylcholine but 500 times less
potent than EB. Interestingly, A85380, which has very high
affinity for a432 nicotinic receptor binding sites (Sullivan et
al., 1996; Xiao et al., 1998; Mukhin et al., 2000) but about 750
times lower affinity for a3B4 receptor binding sites (Xiao et
al., 1998; Mukhin et al., 2000), was nevertheless the second
most potent agonist at activating a3B4 receptors; in fact,
A85380 was about 5 times more potent than nicotine, al-
though it was still about 90 times less potent than EB.
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Fig. 1. Concentration-response relationships for nicotinic agonists to
stimulate 3Rb™ efflux from KXa3B4R2 cells. **Rb* efflux was measured
as described under Experimental Procedures. The data were fit to the
equation for a sigmoidal concentration-response relationship. Each data
point represents the mean of quadruplicate determinations. A, concen-
tration-response curve for nicotine-stimulated **Rb™* efflux. The amount
of 8*Rb™" efflux was expressed as percentage of total **Rb* loaded. Data
from a representative experiment are shown. B, comparison of concen-
tration-response relationships of different nicotinic agonists. To account
for variations among experiments done on different days, data were
expressed as a percentage of the maximum response to nicotine, which
was determined with each group of assays. Baseline efflux (=5%) has
been subtracted. Data from a single set of representative experiments are
shown. See Table 1 for EC;, and E,, values from all experiments. Carb,
carbachol; Cyt, cytisine.

Most of the agonists tested here, including cytisine, stim-
ulated a maximum response similar to that of nicotine and
acetylcholine. The exception was DMPP, which acted as a
partial agonist producing a maximum response approxi-
mately 67% of that elicited by nicotine (P < 0.05). The ap-
parently slightly greater maximum response to epibatidine
compared with nicotine may result from its very high po-
tency, which allows it to evoke a maximal response before
any significant agonist blockade of the channel occurs (Xiao
et al., 2000a).

Time Course- and Concentration-Dependence of
a3pB4 Receptor Desensitization by Agonists. Nicotinic
receptors desensitize during exposure to agonists. This loss of
responsiveness is usually both time- and concentration-de-
pendent (Marks et al., 1994), but these parameters vary
according to the receptor subtype (Fenster et al., 1997). To
examine the time course of desensitization of the a334 recep-
tors, we treated the cells with nicotine for different time
periods and then, after removing the nicotine-containing me-
dia, immediately measured the receptor-mediated 3*Rb™ ef-
flux response elicited by 100 uM nicotine, a nearly maximally
effective concentration. When the receptor response was
measured immediately after exposure to 10 or 100 uM nico-
tine for different time periods, the response decreased in an
exponential manner with half-times of about 11 min after
exposure to 10 uM nicotine and 1 min after exposure to 100
uM nicotine (Fig. 2). The response to nicotine was decreased
by approximately 90% after exposure to 10 uM nicotine for 60
min, and by at least 94% after exposure to 100 uM nicotine
for 60 min (Fig. 2). In contrast, after exposure to 1 uM
nicotine for 60 min, the response was decreased by only about
27% (Fig. 2), and nonlinear regression analysis projected it to
reach plateau at approximately 58% of control with a half-
time of 41 min.

The concentration-dependence of desensitization of a334
receptors by nicotine and by carbachol was examined by
treating cells with a wide range of concentrations of these
agonists for 60 min and then, immediately after removing the
agonists, measuring the ®*Rb™" efflux response elicited by 100
uM nicotine. As shown in Fig. 3, the EC;, values for nicotine
and carbachol to desensitize these 334 receptors during the
60-min exposure were about 3 and 51 uM, respectively, and
receptor function was completely eliminated by treatment
with 100 uM nicotine or 1000 uM carbachol. For both drugs,
the slope of the Hill function was close to 1 (Fig. 3).

Recovery from Desensitization. We next examined the
rate at which these @384 nicotinic receptors recover from

TABLE 1
Comparison of pharmacological properties of nAChR agonist
stimulation of *Rb™ efflux from KXa3B4R2 cells

Values shown are the mean = S.E.M. of at least three independent experiments
measured in quadruplicate. See Figure 1 for description of data analyses and curve
fittings.

Agonist EC5q Relative E .,
uM % of nicotine E,, ..
(£)EB 0.06 = 0.01 112 £ 1
A-85380 5.7+ 0.3 101 = 2
Cytisine 24 + 74 90 = 4
DMPP 28 = 3.9 67 = T*
(—)-Nicotine 3115 100 £ 9
Acetylcholine 110 = 11 99 =3
Carbachol 442 + 81 86 =5

* Different from nicotine (P < 0.05 by unpaired ¢ test).
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desensitization and whether that rate is dependent upon the
concentration of the agonist that induced the desensitization.
The receptors were desensitized by incubation of the cells
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Fig. 2. Time course of nicotine-induced desensitization of «334 receptor
function. Cells were treated with 1, 10, or 100 M nicotine for the times
shown during the end of the ®**Rb* loading procedure and/or during the
four washes to remove the **Rb* not taken up by the cells. Immediately
after removing the last nicotine-containing wash buffer, fresh buffer
containing 100 uM nicotine was added for 2 min to measure nicotine-
stimulated %¢Rb™* efflux, as described under Experimental Procedures.
Results are expressed as the percentage of control samples incubated for
the same times in media alone before measuring nicotine-stimulated
efflux. The nicotine-stimulated response decreased with time of prior
treatment with nicotine as a single exponential function described by Y =
Y, . Half-time of the decay was calculated by ¢,, = 0.693/k. Each
data point represents the mean of quadruplicate determinations. The
results shown are from a single representative experiment. The half-
times for desensitization after exposure to 10 and 100 uM nicotine were
11.1 = 0.4 min and 1.3 = 0.1 min, respectively (mean = S.E.M., n = 4).
After exposure to 1 uM nicotine, function was projected to reach plateau
at 58% of control with a half-time ~41 min (n = 1).
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Fig. 3. Concentration-dependence for desensitization of 334 receptors
by treatment with nicotine and carbachol for 60 min. Cells were treated
with nicotine or carbachol at the concentrations shown for 60 min (during
the last 50 min of the ®**Rb* loading procedure and during a 10-min
washing procedure). Immediately after removing the last wash buffer,
fresh buffer containing 100 uM nicotine was added for 2 min to measure
nicotine-stimulated ®*Rb™* efflux, as described under Experimental Pro-
cedures. Results are expressed as a percentage of nicotine-stimulated
efflux in control samples, which were loaded with ®*Rb™ and washed in
the absence of nicotine. Data were fit to the equation for a sigmoidal
concentration-response relationship. The results shown are from a single
representative experiment carried out in quadruplicate. The EC;, values
(mean + S.E.M.) for induction of desensitization by nicotine and carba-
chol were 3.2 = 0.3 uM (n = 7) and 51 += 6 uM (n = 5), respectively. The
Hill slopes were 1.1 + 0.1 and 1.2 + 0.1, respectively.
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with either 100 or 300 uM nicotine or 1000 or 3000 uM
carbachol for 60 min. The agonists were then removed and
86Rb* efflux stimulated by 100 uM nicotine was measured
either immediately or after the cells were washed and al-
lowed to recover in buffer for increasing amounts of time.

Immediately after the 60-min exposure to 100 or 300 uM
nicotine, the response to the subsequent test stimulation
with 100 uM nicotine was reduced by at least 95% (see Fig.
3). As shown in Fig. 4, after the nicotine was removed and the
cells were washed four times, the sensitivity of the a3B4
nicotinic receptors began to return almost immediately, and
within 40 min in recovery buffer reached about 75% of the
response measured in control cells that had been preincu-
bated for 60 min in the absence of nicotine. The recovery of
receptor response after the 60-min exposure to 100 and 300
uM nicotine seemed to reach a plateau at approximately 93%
and 83% of control responses, respectively (Table 2 and Fig.
4). However, the rate of return of receptor sensitivity was
related to the concentration of nicotine used to induce desen-
sitization (Fig. 4). Thus, as shown in Table 2, the half-times
for the recovery of the nicotinic receptor-mediated response
after cells were treated with 100 or 300 wM nicotine were 7 or
12 min, respectively (P < 0.01).

Because nicotine easily crosses cell membranes and thus
may be sequestered within the cells, it is possible that the
slower return of function after exposure to the higher con-
centrations of nicotine reflects a slower effective removal of
the drug. If this were the case, as nicotine left the cells during
washout, it might reach extracellular concentrations high
enough to rebind a significant number of surface receptors
and prolong desensitization. To address this possibility, we
examined desensitization and recovery of receptor function
after exposure of cells for 60 min to carbachol, which, as a

x v
3 100+ 0O
E
D >

ta 8 75-
¥ 3

8 9
B - 507 A carbachol 1,000 uM
k] \2 v carbachol 3,000 pM
2T 27 O nicotine 100 M
a 0 ¢ nicotine 300 uM

T T T 1 T T T T T
0 10 20 30 40 50 60 70 80
Recovery time (min)

Fig. 4. Time course of recovery of a3p4 receptor function after desensi-
tization by 60-min treatment with nicotine or carbachol. Cells were
treated with nicotine (100 or 300 M) or carbachol (1000 or 3000 uM) for
a total time of 60 min. They were then washed rapidly three times in
fresh buffer and incubated in a fourth wash buffer to allow recovery. At
the times shown, the last wash buffer was removed, and nicotine-stimu-
lated ®*Rb™ efflux was measured. To measure the responses at the 0 time
point (no recovery), agonists were included in the wash buffer and nico-
tine-stimulated ®Rb" efflux was measured immediately after the fourth
wash. Results are expressed as a percentage of recovery of function,
which was based on the nicotine-stimulated efflux in control samples
incubated for the same time periods in buffer alone. The recovery of
receptor function increased with time as a single exponential function
described by Y = Y,,.. (1-e ). The results shown are from a single
representative experiment measured in quadruplicate. The experiment
was repeated five times. See Table 2 for the half-times of recovery.
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charged quaternary ammonium compound, does not readily
cross cell membranes. Immediately after the 60-min expo-
sure to 1000 or 3000 uM carbachol, function was reduced by
at least 95% (see Fig. 3). As with nicotine, after carbachol was
removed and the cells were washed, receptor function began
to return almost immediately (Fig. 4). But compared with
nicotine, recovery of function was faster and more complete,
returning to essentially 100% of control responses within 80
min (Fig. 4 and Table 2). Moreover, in contrast to the rate of
recovery of function after exposure to nicotine, the rate of
recovery after carbachol was essentially independent of the
carbachol concentration used to induce desensitization (Fig.
4). Thus, the half-times for recovery of nicotinic receptor
function after exposure to 1000 or 3000 uM carbachol were
estimated to be 3.5 or 4.1 min, respectively (Table 2). These
recovery rates are not different from each other, but both are
significantly faster than the rate after 300 uM nicotine (P <
0.01).

Effects of Chronic Treatments with Nicotine on «334
Receptor Function. Prolonged exposure of some nicotinic
receptors to high concentrations of nicotinic agonists is some-
times associated with loss of function that persists well be-
yond the presumed removal of the agonist. This phenomenon,
referred to as receptor inactivation (Aoshima, 1984), has
been seen in a wide variety of cell types. To determine
whether these a334 receptors are subject to inactivation, we
grew cells in medium containing nicotine for up to 5 days
before measuring receptor function. As expected based on the
results from the 60-min exposure to nicotine shown in Fig. 3,
when cells were exposed to 100 uM nicotine for 1, 3, or 5 days
and assayed immediately after removal of the nicotine-con-
taining medium, nicotine-stimulated ®*Rb™ efflux was essen-
tially abolished (Fig. 5). Studies of the concentration-depen-
dence of this loss of receptor function during a 5-day exposure
to nicotine yielded an EC;, value of 1.3 = 0.1 uM (Fig. 6),
which, although statistically different (p < 0.01) from that
seen after incubation with nicotine for 60 min (3.2 + 0.3 uM;
see legend to Fig. 3), is surprisingly similar considering the
different times of exposure. An important test for inactiva-
tion of receptors is whether or not the loss of receptor func-
tion is irreversible over a period of time that would exclude
synthesis of new receptors as an explanation for return of
function. To examine this, we grew cells for 5 days in the
presence of 100 uwM nicotine and then measured nicotine-
stimulated function after washing the cells and allowing
them to recover in nicotine-free medium for increasing peri-
ods of time, up to 1 day. Immediately after this 5-day expo-
sure to nicotine, no receptor function was measurable. How-

TABLE 2

Comparison of recovery of a3B4 receptor function after 60-min
treatments with nicotine or carbachol

Values shown are the mean = S.E.M. of five independent experiments measured in

quadruplicate. See Figure 4 for description of experimental procedure and curve
fittings.

Agonist concentration  Half-time for Relative maximum

Agonist for 60-min treatment recovery recovery
M min % of non-treated cells

(—)-Nicotine 100 7.0 0.5 93+ 2

(—)-Nicotine 300 12 + 2% 83 +t4

Carbachol 1000 3.5*+05 103 £3

Carbachol 3000 41*+05 98 + 2

*P < 0.01 compared with half-time for recovery after 100 uM nicotine or after
1000 or 3000 uM carbachol.

ever, as shown in Fig. 7, even after this prolonged exposure to
nicotine, receptor function began to return within a few min-
utes in recovery buffer and reached approximately 80% of the
responses in control cells within 2 h. The half-time for return
of function was 11 * 0.6 min, which, although statistically
different (P < 0.01) from that seen after treatment of cells
with the same concentration of nicotine for only 60 min (7.0 =
0.5 min), is surprisingly similar. Recovery of receptor func-
tion after 5 days’ exposure to nicotine was incomplete (Fig. 7),
and even after 24 h of recovery in nicotine-free medium,
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Fig. 5. Loss of a34 receptor function after long-term treatment with 100
uM nicotine. Cells were grown in culture medium containing 100 uM
nicotine for 24, 72, or 120 h. They were then loaded with 3RbCl for 4 h
(still in the presence of nicotine). After removing the nicotine-containing
loading medium, the cells were washed three times with buffer contain-
ing nicotine. Fresh buffer containing 100 uM nicotine was then immedi-
ately added for 2 min to measure nicotine-stimulated **Rb* efflux. Re-
sults are expressed as a percentage of control cells never exposed to
nicotine before measurement of nicotine-stimulated efflux. No nicotine-
stimulated efflux was measurable in cells grown for 24, 72, or 120 h in the
presence of 100 uM nicotine. Values are mean = S.E.M. from three
independent measurements that were made in quadruplicate.
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Fig. 6. Concentration-dependence for loss of a3B4 receptor function by
treatment with nicotine for 5 days. Cells were grown in culture medium
containing the indicated concentration of nicotine for 5 days. They were
then loaded with ®*RbCl for 4 h (still in the presence of nicotine) and, after
removing the nicotine-containing loading medium, washed three times
with nicotine-containing buffer. **Rb efflux stimulated by 100 uM nico-
tine was then measured as described under Experimental Procedures.
Results are expressed as a percentage of control samples never exposed to
nicotine before the measurement of nicotine-stimulated efflux. Data were
fit to an equation for a simple concentration-response relationship. The
results shown are from a single representative experiment measured in
quadruplicate. This experiment was replicated three times. The ECy,
value for loss of function by the 5-day treatment with nicotine was 1.3 =
0.1 uM (mean * S E.M., n = 3).
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function remained at 83 = 1.2% of that in control cells. The
difference in the degree of recovery of function after treat-
ment with 100 uM nicotine for 60 min (93 = 2%, Table 2)
versus 5 days was statistically significant (P < 0.01).
Effects of Chronic Treatments with Nicotine on
[*HIEB Binding Sites. The density of some, but not all,
nicotinic receptor subtypes is increased after chronic expo-
sure of rats or mice to nicotine in vivo (Marks et al., 1983;
Schwartz and Kellar, 1983; Flores et al., 1992, 1997). Simi-
larly, the density of some nicotinic receptor subtypes ex-
pressed in cultured cells is increased by exposure to nicotine
for several days, but the degree of increase is subtype-depen-
dent (Peng et al., 1997; Wang et al., 1998; Xiao et al., 2000b).
In particular, the B subunit seems to be an important deter-
minant of whether or how much the receptor increases dur-
ing exposure to nicotine (Wang et al., 1998). To determine
whether «334 receptors in these cells are increased by expo-
sure to nicotine, [’H]EB binding was measured in cells grown
for 5 days in the presence of nicotine at concentrations of 1 to
1000 pM. Binding was measured at a single high concentra-
tion of [*'H]EB (3 nM), which provides a good estimate of the
density of receptor binding sites. As shown in Fig. 8A, con-
tinuous exposure of cells to concentrations of nicotine as low
as 1 uM for 5 days significantly increased the density of a334
receptor binding sites labeled by [PHJEB. The increase was
concentration-dependent and ranged from about 200% of con-
trol to more than 350% of control. Examination of the time
course of changes in [*'H]EB binding during incubation with
100 uM nicotine indicated that within 24 h of exposure to
nicotine, the number of receptor binding sites was signifi-
cantly increased to 174% of control and that the receptors
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Fig. 7. Time course of recovery of a334 receptor function after treatment
with 100 uM nicotine for 5 days. Cells were grown in culture medium
containing 100 uM nicotine for 5 days. They were then loaded with
86RbCI (still in the presence of nicotine) for 4 h and, after removing the
nicotine-containing loading medium, washed three times with buffer
containing 100 uM nicotine. **Rb efflux stimulated by 100 uM nicotine
was then either measured immediately (recovery time 0), or the cells were
washed and allowed to recover in fresh medium in the absence of nicotine
for the times shown (3 min to up to 24 h) before nicotine-stimulated **Rb
efflux was measured. Results are expressed as a percentage of recovery of
function, which was based on the nicotine-stimulated efflux in parallel
control samples incubated for 5 days and prepared in the absence of
nicotine. Recovery of receptor function increased with time as a single
exponential function described by Y = Y, (1-e”**). The half-time of the
recovery was calculated by ¢,, = 0.693/k. The results shown are from a
single representative experiment measured in quadruplicate. After expo-
sure to 100 uM nicotine for 5 days, function returned to a maximum of
83 = 1.2% of control function with a ¢, of 11 = 0.6 min (mean + S.E.M.,
n = 3).
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continued to increase during the next 4 days of continuous
exposure to nicotine, so that after 5 days of exposure to
nicotine, the density of receptors had tripled (Fig. 8B).

Discussion

The KXa3pB4R2 cells express a high density of @334 nico-
tinic receptors and provide a good model system for the study
of receptor function (Xiao et al., 1998; Zhang et al., 1999).
Here we examined the pharmacological profile of a334 recep-
tor activation by nicotinic agonists and studied some of the
characteristics of receptor desensitization and recovery of
function after short-term (up to 60 min) and during long-term
(1 to 5 days) exposures to agonists.

The seven nicotinic agonists studied here exhibited a
>7000-fold range of potencies in stimulating °Rb™ efflux.
EB is by far the most potent of the drugs examined, being 95
times more potent than the second ranked drug, A85380, 500
times more potent than nicotine, and >1000 times more
potent than acetylcholine. The rank order of potency is con-
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Fig. 8. Nicotine-induced increase in [*H]EB binding sites in KXa384R2
cell membranes. A, effect of nicotine concentration. Cells were grown in
the presence of 1 to 1000 uM nicotine for 5 days before measurement of
[PHJEB binding sites. B, time course of nicotine-induced increase in
binding sites. Cells were grown in the presence of 100 uM nicotine for 1
to 5 days before measurement of [PHJEB binding sites. Results are ex-
pressed as a percentage of control samples grown in parallel in the
absence of nicotine. Values are mean *= S.E.M. from three independent
measurements. * Values are significantly different from controls (P <
0.01 by one-factor analysis of variance and Dunnett’s test).
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sistent with that found previously in measurements of whole-
cell currents mediated by rat recombinant a334 receptors
transiently expressed in HEK 293 cells (Wong et al., 1995),
and it is very similar to that found in measurements of
whole-cell currents mediated by human «334 receptors ex-
pressed in Xenopus laevis oocytes (Gerzanich et al., 1997), as
well as in measurements of calcium influx mediated by the
human «3p4 receptor expressed in HEK 293 cells (Stauder-
man et al., 1998).

Compared with nicotine, all of the agonists studied here
appeared to be full or nearly full agonists at the 334 recep-
tor, except for DMPP, which produced about 67% of the
response elicited by nicotine. This result agrees with a pre-
vious study that measured whole-cell currents in cells tran-
siently expressing rat a3B4 receptors (Wong et al., 1995).
However, in studies with human recombinant a334 recep-
tors, DMPP seemed to be as efficacious as nicotine in stimu-
lating calcium influx (Stauderman et al., 1998). Whether this
represents a true species difference or a difference attribut-
able to the methods used to assess function is not known. The
full agonist activity of cytisine at these a334 receptors agrees
with previous measurements in frog oocytes expressing rat
a3 B4 receptors (Luetje and Patrick, 1991; Papke and Heine-
mann, 1994), as well as in mammalian cells transfected with
rat (Wong et al., 1995) and human (Stauderman et al., 1998)
a3B4 receptors. Taken together, the pharmacological profile
of these recombinant receptors should help to provide a
framework useful for identifying a334 receptors in native
tissues.

Both nicotine and carbachol desensitize these receptors in
a time- and concentration-dependent manner. As would be
expected, the half-times for desensitization were inversely
related to the concentration of nicotine; thus, at 1 uM nico-
tine, the time for half-maximal desensitization was esti-
mated to be about 41 min; at 10 uM nicotine, it was 11 min,;
and at 100 uM nicotine, it was just over 1 min. The ECy,
values for nicotine and carbachol to desensitize a334 recep-
tors were 3 and 51 uM, respectively, when the incubation
time was 60 min. These concentrations are approximately 10
and 9 times lower, respectively, than the ECj, values for
activation of the receptor by these agonists. In fact, at the
EC;, concentrations for desensitization, the «334 receptor
would barely be activated (<10%, see Fig. 1). Thus, nicotinic
agonists are more potent at desensitizing these receptors
than at activating them. A similar conclusion has been drawn
from previous studies of nicotinic receptors in other systems
in vitro (Boyd, 1987; Marks et al., 1994; Rowell and Hill-
ebrand, 1994) and in vivo (Hulihan-Giblin et al., 1990a).
However, activation occurs in the millisecond to second time
frame, whereas desensitization probably takes place over a
longer time frame.

The a3p4 receptor function began to recover from nicotine-
induced desensitization nearly immediately after the cells
were washed and placed in recovery buffer. After a 60-min
treatment of cells with 300 and 100 uM nicotine, function
recovered to 83 and 93% of control values, respectively. Al-
though in both cases recovery seemed to be nearly complete
at about 80 min after placing the cells in nicotine-free me-
dium, the rate of recovery was related to the concentration of
nicotine used to induce desensitization. The influence of con-
centration of agonist on the rate of recovery from desensiti-
zation is not immediately predictable from the classic model

of desensitization derived from studies of the muscle nicotinic
receptor (Katz and Thesleff, 1957), although it is not neces-
sarily irreconcilable with that model. It could, for example,
indicate that induction of and recovery from desensitization
involve more than one process (Marks et al., 1994; Rowell
and Duggan, 1998). To investigate this further, we examined
the rate of recovery from carbachol-induced desensitization.
Immediately after a 60-min treatment of cells with 1000 or
3000 uM carbachol, receptor function was decreased by
>95%, indicating that the receptors were desensitized. As
was seen after the 60-min treatment with nicotine, when the
cells were washed and placed in recovery buffer, receptor
function began to return almost immediately. However, the
recovery from carbachol-induced desensitization was not
only faster and more complete than that from nicotine but
also was independent of the concentration of carbachol used
to induce desensitization. This suggests that recovery from
carbachol-induced desensitization involves a simple process,
rather than a more complex mechanism.

One plausible explanation for the differences in recovery
from similar degrees of desensitization induced by nicotine
and carbachol is that recovery is related to the agonist’s
dissociation rate from the receptor. On this basis alone, nic-
otine, because of its higher affinity, would be expected to
have a slower rate of dissociation from the receptor, and
receptor recovery would therefore be slower. In addition,
nicotine is lipophilic and easily crosses cell membranes, so it
may be sequestered inside cells. When the cells are washed
and placed in nicotine-free medium, the nicotine inside the
cells would be expected to diffuse down its concentration
gradient to the extracellular medium, where it could then
bind to cell-surface receptors and maintain a certain degree
of desensitization. This would, of course, be concentration
dependent, and when the extracellular concentration of nic-
otine dropped below the threshold for receptor desensitiza-
tion, recovery would be complete. This hypothesis is consis-
tent with a recent observation by Cohen and colleagues who
found that nicotine can accumulate in and diffuse from X.
laevis oocytes at concentrations high enough to desensitize
a4 B2 receptors expressed in oocytes not previously exposed to
nicotine (B. Cohen, University of California, Riverside, per-
sonal communication). This hypothesis is also consistent
with a recent finding indicating that changes in sensitivity of
nicotinic receptors expressed in X. laevis oocytes upon long-
term exposure to nicotine result from effects at the extracel-
lular domain of the « subunit (Kuryatov et al., 2000). Carba-
chol, on the other hand, is a lower affinity, charged
quaternary ammonium agonist that does not readily cross
cell membranes. Consequently, it is not sequestered inside
cells and should be removed rapidly and completely by the
washing procedure. According to this explanation, a334 re-
ceptor desensitization and recovery of function after expo-
sure to nicotinic agonists for up to 60 min are probably
governed by simple processes directly related to agonist oc-
cupancy of and removal from the receptor.

There are other possible explanations for the observed
differences in recovery of receptor function after exposure to
nicotine and carbachol. But if, in fact, nicotine in the brain
could be sequestered in and diffuse out of neurons and glial
cells, it would have important consequences for its pharma-
cological actions and the interpretation of its effects. Thus,
for example, it could allow nicotine to maintain neuronal
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nicotinic receptors in a fully or partially desensitized state for
prolonged periods by simple diffusion out of the cell. More-
over, because nicotine’s affinity for the a4B2 receptor sub-
type, which is one of the major nicotinic receptors in brain, is
5- to 8-fold higher than for the 384 subtype, desensitization
would be expected at nicotine concentrations lower than
those seen here.

In addition to desensitization, which occurs and reverses
over a time-frame of seconds to minutes, the function of some
nicotinic receptors may be inactivated by a much less revers-
ible process, which usually becomes apparent only during
longer-term exposure to nicotinic agonists. Inactivation of
nicotinic receptors to varying degrees has been found in
studies in a variety of tissues, including electric tissue
(Aoshima, 1984), neuronal cell lines (Simasko et al., 1986;
Boyd, 1987; Lukas, 1991), X. laevis oocytes (Kuryatov et al.,
2000), and in brain slices and synaptosomes (Marks et al.,
1994; Rowell and Duggan, 1998). One in vivo manifestation
of receptor inactivation may be the long-term loss (hours to
days) of nicotine-induced hormonal responses in rats chron-
ically treated with nicotine (Sharp et al., 1987; Hulihan-
Giblin et al., 1990b). The a334 receptors studied here recover
more than 80% of their function within 2 h after removal
from a 5-day continuous exposure to a high concentration of
nicotine. Furthermore, the half-time for return of receptor
function after this 5-day exposure to nicotine is similar to
that after exposure to nicotine for only 60 min (11 min versus
7 min). Based on this, these a334 receptors do not seem to
undergo extensive inactivation. To the extent that this resis-
tance to inactivation is also a characteristic of native o334
receptors, it could have important consequences. For exam-
ple, even in tissues and CNS areas in which the a334 recep-
tor is less dense than other nicotinic receptor subtypes, it
may exert a disproportionate influence on cell function if the
other subtypes undergo extensive inactivation.

There was, however, a 17% loss of receptor function that
seemed to be irreversible within the 24-h recovery period
that was examined. Whether this irreversible loss of receptor
function reflects the process of inactivation, a shift in the
equilibrium between the resting (activatable) conformation
of the receptor and the desensitized conformation, or a cellu-
lar process such as receptor internalization is not known.

The number of 334 receptors in these cells was increased
by exposure to nicotine in a time- and concentration-depen-
dent manner; thus, receptor binding sites doubled after a
5-day exposure to 1 uM nicotine and were increased by more
than 3-fold in cells exposed to higher concentrations of nico-
tine. This increase in a3B4 receptor binding sites contrasts
with a recent report that found that human «334 nicotinic
receptors expressed in cells derived from the HEK 293 cell
line were not significantly increased by exposure to nicotine
for up to 48 h (Wang et al., 1998). There are certain method-
ological differences between the two studies, such as binding
to total cell membrane preparations versus binding to soluble
nAChRs, but we cannot exclude the possibility of a species
difference between rat and human receptor. However, we
believe a likely explanation for the difference is that the
nicotine-induced increase of receptors in the cells used here
reflects a faster rate of receptor turnover.

The B subunit seems to be an important determinant of the
degree of up-regulation of the nicotinic receptor binding site.
For example, in transfected cells, receptors containing B2
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subunits are, in general, increased much more than those
containing 34 subunits (Wang et al., 1998; Xiao et al., 2000b).
This may reflect a more pronounced effect of nicotine on the
assembly and/or turnover of B2-containing receptors than on
B4-containing receptors (Wang et al., 1998). Although it is
difficult to make a precise comparison between receptors in
transfected cells and native receptors in mammalian nervous
system, it is notable that whereas a482 nicotinic receptors in
rat brain are increased by chronic administration of nicotine
(Flores et al., 1992), the nicotinic receptors in adrenal gland,
superior cervical ganglia, and pineal gland, which seem to be
predominantly a334 receptors, are not increased (Flores et
al., 1997, Davila-Garcia and Kellar, 1998). One explanation
for the failure of chronic nicotine administration to increase
neuronal nicotinic receptors in these peripheral tissues is
that the increase may be directly related to the turnover rate
of the receptors. Thus, if the receptor turnover rate in periph-
eral neurons was low compared with the rate in these cells,
there would be a proportionately smaller increase in the
receptor density over the time period of chronic administra-
tion.

The increased density of receptors found in the studies
here did not lead to a measurable increase in receptor func-
tion in the cells. Previous studies demonstrated that [PH]EB
binds not in cells expressing either a3 or 4 subunits alone,
only in cells expressing both subunits (Xiao et al., 1998).
Furthermore, although expression of both subunits in a sin-
gle binding entity is the minimum requirement for endowing
the cell with functional nicotinic receptors, it does not assure
function. Thus, although the «a3B4 receptors normally ex-
pressed in these cells function at a high level (Xiao et al.,
1998; Zhang et al., 1999), it is possible that the additional
[PHIEB binding sites reflect a pool of assembled receptors
that are no longer, or possibly never were, on the cell surface.
Such a nicotine-induced increase in an intracellular pool of
receptors in cells expressing a4B2 receptors has been re-
ported (Whiteaker et al., 1998). If the differences between the
functional and nonfunctional pools of nicotinic receptors are
better understood, it could open the possibility to increasing
nicotinic receptor function in conditions thought to involve
these receptors, including Alzheimer’s disease, Tourette’s
syndrome, attention deficit disorder, and nicotine addiction.

Acknowledgments

We thank Parul Mehta and Heather Davis for their assistance
with tissue culture.

References

Aoshima H (1984) A second, slower inactivation process in acetylcholine receptor-
rich membrane vesicles prepared from electrophorus electricus. Arch Biochem
Biophys 235:312-318.

Boyd ND (1987) Two distinct kinetic phases of desensitization of acetylcholine
receptors of clonal rat PC12 cells. J Physiol (Lond) 389:45-67.

Cachelin AB and Jaggi R (1991) B subunits determine the time course of desensiti-
zation in rat a3 neuronal nicotinic acetylcholine receptors. Pflueg Arch Eur
J Physiol 419:579-582.

Campos-Caro A, Smille FI, Dominguez del Toro E, Rovira JC, Vicente-Agullé F,
Chapuli J, Juiz JM, Sala S, Sala F, Ballesta JJ, et al. (1997) Neuronal nicotinic
acetylcholine receptors on bovine chromaffin cells: cloning expression and genomic
organization of receptor subunits. J Neurochem 68:488—497.

Conroy WG and Berg DK (1995) Neurons can maintain multiple classes of nicotinic
acetylcholine receptors distinguished by different subunit compositions. J Biol
Chem 270:4424-4431.

Davila-Garcia MI and Kellar KJ (1998) Regulation of nicotinic receptors in superior
cervical ganglia, retina and pineal: effects of chronic exposure to nicotine. Soc
Neurosci Abstr 24:338.

Davila-Garcia MI, Musachio JL, Perry DC, Xiao Y, Horti A, London ED, Dannals RF

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

aspew

576  Meyer et al.

and Kellar KJ (1997) [*2°I]IPH, an epibatidine analog, binds with high affinity to
neuronal nicotinic cholinergic receptors. J Pharmacol Exp Ther 282:445—-451.

Fenster CP, Rains MF, Noerager B, Quick MW and Lester RA (1997) Influence of
subunit composition on desensitization of neuronal acetylcholine receptors at low
concentrations of nicotine. J Neurosci 17:5747-5759.

Flores CM, Davila-Garcia MI, Ulrich YM and Kellar KJ (1997) Differential regula-
tion of neuronal nicotinic receptor binding sites following chronic nicotine admin-
istration. J Neurochem 69:2216-2219.

Flores CM, DeCamp RM, Kilo S, Rogers SW and Hargreaves KM (1996) Neuronal
nicotinic receptor expression in sensory neurons of the rat trigeminal ganglion:
demonstration of 334, a novel subtype in the mammalian nervous system.
JJ Neurosci 16:7892-7901.

Flores CM, Rogers SW, Pabreza LA, Wolfe BB and Kellar KJ (1992) A subtype of
nicotinic cholinergic receptor in rat brain is composed of a4 and 2 subunits and
is up-regulated by chronic nicotine treatment. Mol Pharmacol 41:31-37.

Gerzanich V, Kuryatov A, Anand R and Lindstrom J (1997) “Orphan” a6 nicotinic
AChR subunit can form a functional heteromeric acetylcholine receptor. Mol
Pharmacol 51:320-327.

Gross A, Ballivet M, Rungger D and Bertrand D (1991) Neuronal nicotinic acetyl-
choline receptors expressed in Xenopus oocytes: role of the alpha subunit in agonist
sensitivity and desensitization. Pflueg Arch Eur J Physiol 419:545-551.

Hernandez S, Bertolino M, Xiao Y, Pringle KE, Caruso FS and Kellar KJ (2000)
Dextromethorphan and its metabolite dextrorphan block @334 neuronal nicotinic
receptors. J Pharmacol Exp Ther 293:962-967.

Houghtling RA, Davila-Garcia MI, Hurt SD and Kellar KJ (1995) Characteristics of
[*H]epibatidine binding to nicotinic cholinergic receptors in rat and human brain.
Mol Pharmacol 48:280—287.

Hulihan-Giblin BA, Lumpkin MD and Kellar KJ (1990a) Acute effects of nicotine on
prolactin release in the rat: agonist and antagonist effects of a single injection of
nicotine. J Pharmacol Exp Ther 252:15-20.

Hulihan-Giblin BA, Lumpkin MD and Kellar KJ (1990b) Effects of chronic admin-
istration of nicotine on prolactin release in the rat: inactivation of prolactin
response by repeated injections of nicotine. J Pharmacol Exp Ther 252:21-25.

Katz B and Thesleff S (1957) A study of desensitization produced by acetylcholine at
the motor end plate. J Physiol (Lond) 138:63—86.

Kuryatov A, Olale FA, Choi C and Lindstrom J (2000) Acetylcholine receptor extra-
cellular domain determines sensitivity to nicotine-induced inactivation. Eur
J Pharmacol 393:11-21.

Luetje CW and Patrick J (1991) Both «- and B-subunits contribute to the agonist
sensitivity of neuronal nicotinic acetylcholine receptors. J Neurosci 11:837—845.
Lukas RJ (1991) Effects of chronic nicotinic ligand exposure on functional activity of
nicotinic acetylcholine receptors expressed by cells of the PC12 rat pheochromo-

cytoma or the TE671/RD human clonal line. J Neurochem 56:1134-1145.

Marks MdJ, Burch JB and Collins AC (1983) Effects of chronic nicotine infusion on
tolerance development and nicotinic receptors. J Pharmacol Exp Ther 226:817—
825.

Marks MJ, Grady SR, Yang J-M, Lippiello PM and Collins AC (1994) Desensitization
of nicotine-stimulated 3°Rb ™ efflux from mouse brain synaptosomes. J Neurochem
63:2125-2135.

Mukhin AG, Giindisch D, Horti AG, Koren AO, Tamagnan G, Kimes AS, Chambers
J, Vaupel DB, King SL, Picciotto MR, et al. (2000) 5-Iodo-A-85380, an «432
subtype-selective ligand for nicotinic acetylcholine receptors. Mol Pharmacol 57:
642-649.

Mulle C, Vidal C, Benoit P and Changeux JP (1991) Existence of different subtypes
of nicotinic acetylcholine receptors in the rat habenulo-interpeduncular system.
J Neurosci 11:2588-2597.

Papke RL and Heinemann SF (1994) Partial agonist properties of cytisine on neu-
ronal nicotinic receptors containing the 2 subunit. Mol Pharmacol 45:142—-149.

Peng X, Gerzanich V, Anand R, Wang F and Lindstrom J (1997) Chronic nicotine
treatment up-regulates «3 and «7 acetylcholine receptor subtypes expressed by
the human neuroblastoma cell line SH-SY5Y. Mol Pharmacol 51:776-784.

Poth K, Nutter TJ, Cuevas J, Parker MdJ, Adams DJ and Luetje CW (1997) Heter-
ogeneity of nicotinic receptor class and subunit mRNA expression among individ-
ual parasympathetic neurons from rat intracardiac ganglia. J Neurosci 17:586—
596.

Quick MW, Ceballos RM, Kasten M, McIntosh JM and Lester RAJ (1999) 334

subunit-containing nicotinic receptors dominate function in rat medial habenula
neurons. Neuropharmacology 38:769-783.

Rowell PP and Duggan DS (1998) Long-lasting inactivation of nicotinic receptor
function in vitro by treatment with high concentrations of nicotine. Neurophar-
macology 37:103-111.

Rowell PP and Hillebrand JA (1994) Characterization of nicotine-induced desensi-
tization of evoked dopamine release from rat striatal synaptosomes. J Neurochem
63:561-569.

Schwartz RD and Kellar KJ (1983) Nicotinic cholinergic receptor binding sites in
brain: regulation in vivo. Science (Wash DC) 220:214-216.

Sharp BM, Beyer HS, Levine AS, Morley JE and McAllen KM (1987) Attenuation of
plasma prolactin response to restraint stress after acute and chronic administra-
tion of nicotine to rats. J Pharmacol Exp Ther 241:438—442.

Simasko SM, Soares JR and Weiland GA, et al (1986) Two components of carbam-
ylcholine-induced loss of nicotinic acetylcholine receptor function in the neuronal
cell line PC12. Mol Pharmacol 30:6-12.

Stauderman KA, Mahaffy LS, Akong M, Velicelebi G, Chavez-Noriega LE, Crona JH,
Johnson EC, Elliott KJ, Gillespie A, Reid RT, et al. (1998) Characterization of
human recombinant neuronal nicotinic acetylcholine receptor subunit combina-
tions 2p4, a3B4 and a4B4 stably expressed in HEK 293 cells. J Pharmacol Exp
Ther 284:777-789.

Sullivan JP, Donnelly-Roberts D, Briggs CA, Anderson DJ, Gopalakrishnan M,
Piattoni-Kaplan M, Campbell JE, McKenna DG, Molinari E, Hettinger AM, et al.
(1996) A-85380 [3-(2(S)-azetidinylmethoxy) pyridine]: in vitro pharmacological
properties of a novel, high affinity «4p2 nicotinic acetylcholine receptor ligand.
Neuropharmacology 35:725-734.

Wang F, Nelson ME, Kuryatov A, Olale F, Cooper J, Keyser K and Lindstrom J
(1998) Chronic nicotine treatment up-regulates human 332 but not «34 acetyl-
choline receptors stably transfected in human embryonic kidney cells. J Biol Chem
2173:28721-28732.

Whiteaker P, Sharples CG and Wonnacott S (1998) Agonist-induced up-regulation of
«a4p2 nicotinic acetylcholine receptors in M10 cells: pharmacological and spatial
definition. Mol Pharmacol 53:950-962.

Whiting PJ and Lindstrom JM (1987) Purification and characterization of a nicotinic
acetylcholine receptor from rat brain. Proc Natl Acad Sci USA 84:595-599.

Winzer-Serhan UH and Leslie FM (1997) Co-distribution of nicotinic acetylcholine
receptor subunit a3 and f4 mRNAs during rat brain development. J Comp Neurol
386:540-554.

Wong ET, Holstad SG, Mennerick SJ, Hong SE, Zorumski CF and Isenberg KE
(1995) Pharmacological and physiological properties of a putative ganglionic nic-
otinic receptor, a3p4, expressed in transfected eucaryotic cells. Mol Brain Res
28:101-109.

Xiao Y, Mach AM, Davis HE and Kellar KJ (2000a) Analysis of agonist concentra-
tion-response of the rat a334 neuronal nicotinic receptor function: maximum
responses, potencies for activation and potencies for inhibition. Soc Neurosci Abstr
26:371.

Xiao Y, Meyer EL, Houghtling RA, Thompson JM and Kellar KJ (2000b) Generation
of mammalian cell lines that stably express rat neuronal nicotinic acetylcholine
receptor subtypes, in Tobacco: The Growing Epidemic (Lu R, Mackay J, Niu S and
Peto R eds) pp 125-128, Springer-Verlag, London.

Xiao Y, Meyer EL, Thompson JM, Surin A, Wroblewski J and Kellar KJ (1998) Rat
a3p4 subtype of neuronal nicotinic acetylcholine receptor stably expressed in a
transfected cell line: pharmacology of ligand binding and function. Mol Pharmacol
54:322-333.

Zhang J, Xiao Y, Abdrakhmanova G, Wang W, Cleemann L, Kellar KJ and Morad M
(1999) Activation and Ca?* permeation of stably transfected a384 neuronal nico-
tinic acetylcholine receptor. Mol Pharmacol 55:970-981.

Zoli M, Lena C, Picciotto MR and Changeux JP (1998) Identification of four classes
of brain nicotinic receptors using 2 mutant mice. J Neurosci 18:4461-4472.

Address correspondence to: Kenneth J. Kellar, Department of Pharmacol-
ogy, Georgetown University School of Medicine, Washington, DC 20007.
E-mail: kellark@georgetown.edu

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wolj papeojumod


http://molpharm.aspetjournals.org/

