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1. Introduction

ABSTRACT

The nicotinic acetylcholine receptors (nAChR) assembled from a4 and 32 subunits are the most densely
expressed subtype in the brain. Concentration-effect curves for agonist activation of a432*-nAChR are
biphasic. This biphasic agonist sensitivity is ascribed to differences in subunit stoichiometry. The studies
described here evaluated desensitization elicited by low concentrations of epibatidine, nicotine, cytisine
or methylcarbachol of brain a4[32-nAChR function measured with acetylcholine-stimulated ®®Rb* efflux
from mouse thalamic synaptosomes. Each agonist elicited concentration-dependent desensitization. The
agonists differed in potency. However, ICsq values for each agonist for desensitization of 8Rb* efflux both
with high (ECsp~ 3 wM) and low (ECso~ 150 wM) acetylcholine sensitivity were not significantly
different. Concentrations required to elicit desensitization were higher that their respective Kp values for
receptor binding. Even though the two components of a432*-nAChR-mediated °Rb* efflux from mouse
brain differ markedly in ECso values for agonist activation, they are equally sensitive to desensitization
by exposure to low agonist concentrations. Mice were also chronically treated with nicotine by
continuous infusion of 0, 0.5 or 4.0 mg/kg/h and desensitization induced by nicotine was evaluated.
Consistent with previous results, chronic nicotine treatment increased the density of epibatidine binding
sites. Acute exposure to nicotine also elicited concentration-dependent desensitization of both high-
sensitivity and low-sensitivity acetylcholine-stimulated 8°Rb* efflux from cortical and thalamic
synaptosomes. Although chronic nicotine treatment reduced maximal 6Rb* efflux from thalamus, ICso
values in both brain regions were unaffected by chronic nicotine treatment.

© 2010 Elsevier Inc. All rights reserved.

overlapping concentration range is observed in the presence of
continuous agonist exposure. The residual activity could be a

Prolonged or repeated exposure of nicotinic acetylcholine
receptors (nNAChR) to nicotine or other agonists elicits desensitiza-
tion of receptor function (reviewed by Quick and Lester [1]).
Desensitization is observed for many nAChR subtypes, but details
of the desensitization differ among subtypes [2]. Desensitization
can be elicited by exposure to agonist concentrations considerably
lower than the concentrations that elicit receptor activation [1-5].
However, there is often a concentration range at which activation
occurs before desensitization is complete leading to an overlap
between the desensitization and activation concentration-effect
curves resulting in a residual or persistent activity analogous to the
“window current” observed for voltage gated ion channels [3]. This
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particularly important contributor to the effects of nicotinic
agonists encountered with the use of tobacco products or the
administration of nicotinic agents therapeutically.

Desensitization of the most widely expressed subtype in the
brain, a4f2*-nAChR, has been investigated in heterologous
systems. Reversible time and concentration-dependent desensiti-
zation following agonist exposure has been observed [2,4,6]. We
have studied agonist-induced desensitization of nAChR-mediated
86Rb" efflux from mouse brain synaptosomes [7,8] and have also
observed that treatment with agonist concentrations generally
lower than those required to stimulate S6Rb* efflux elicits
desensitization. The range of concentrations over which the
persistent activity was observed differed among the agonists with
the range being significantly wider for partial agonists such as
cytisine [8].

Agonist stimulation of a4[32-nAChR is biphasic. Studies using
heterologous expression systems have demonstrated that the
component of agonist-stimulated responses activated at lower
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concentrations is mediated by a432-nAChR with a stoichiometry
of (a4),(32)s, while responses activated at higher concentrations
are mediated by receptors with a stoichiometry of (a4)s(32), [9-
12]. ACh-stimulated #®Rb" efflux in mouse brain is also biphasic
and in most brain regions, including cortex and thalamus, both
components are eliminated by deletion of either the a4 [13] or 32
[14] subunits. Changes in the relative proportion of high-
sensitivity (HS) and low-sensitivity (LS) components observed
for mice heterozygotic for a4 or 32 gene expression are consistent
with the hypothesis that these components reflect the activity of
receptors with different o/3 stoichiometries [15], although the a5
subunit contributes to the HS activity, particularly in thalamus
[16]. Our previous studies of agonist-induced desensitization were
conducted before the biphasic nature of agonist-stimulated 8°Rb*
efflux was appreciated and used only relatively low agonist
concentrations to activate the efflux. Consequently, desensitiza-
tion of the LS component of the response was not investigated.
Such an investigation would evaluate whether the concentration of
agonists required to desensitize the HS and LS components is
similar, reflecting affinity at the ligand binding sites, or different
reflecting the affinities for receptor activation. The outcome of this
investigation would also provide information about potential for
persistent activity of the LS component.

Chronic nicotine treatment alters the expression and activity of
nAChR in mouse brain [17], but the relative sensitivity to
desensitization by nicotine of the a432*-nAChR component with
high-sensitivity (HS) and that with low-sensitivity (LS) to agonist
activation in mouse brain following chronic nicotine treatment has
not been investigated. Chronic treatment does not alter the Ky for
nicotine and other ligands for binding to the high affinity agonist
binding sites [17-19]. It is generally believed that high affinity
agonist binding is to the desensitized state of the receptor and that
functional desensitization of the receptors by exposure to
subactivating concentrations of agonists also involves interaction
with these high affinity sites resulting in a decrease in ground state,
activatable receptors. Consequently, we measured the activation
by ACh and desensitization by nicotine of 8Rb* efflux from cortical
and thalamic synaptosomes of mice chronically treated with
nicotine.

2. Materials and methods
2.1. Materials

NaCl, KCI, MgS0,, CaCl,, glucose and sucrose were obtained
from Fisher Scientific, Pittsburgh, PA. Nicotine free base, nicotine
tartrate, methycarbachol chloride, acetylcholine iodide, cytisine,
(+)-epibatidine, atropine sulfate, tetrodotoxin, bovine serum albu-
min, diiosopropylfluorophosphate (DFP) and polyethylenimine were
obtained from Sigma Chemical Co., St. Louis, MO. HEPES and
NaHEPES, products of BDH, were obtained from VWR International,
West Chester, PA. Glass fiber filters (Type GB) were obtained from
Micro Filtration Systems, Dublin, CA and (Type A/E) were obtained
from Gelman Sciences, Ann Arbor, MI. [*H]Nicotine (78.4 Ci/mmol),
[H] cytisine (38.4 Ci/mmol), [*H] methylcarbachol (78.0 Ci/mmol),
[H] epibatidine (48 Ci/mmol), ['2°I] epibatidine (2200 Ci/mmol) and
86RbCl (average initial specific activity 15 Ci/mg) as well as Optiphase
Supermix scintillation cocktail were purchased from Perkin-Elmer
NEN, Boston, MA. BudgetSolve scintillation cocktail was obtained
from Research Products International, Arlington Heights, IL.

2.2. Mice
C57BL/6] mice were bred at the Institute for Behavioral

Genetics. Following weaning, five mice were housed in each cage
and allowed free access to food (Teklad Lab Blox) and tap water.

Animals were housed in a vivarium maintained at 23 & 2 °C with
lights on between 7 AM and 7 PM. Experimental procedures were
evaluated and approved by the Animal Care and Utilization
Committee of the University of Colorado, Boulder.

2.3. Surgery and chronic nicotine treatment

Cannulas constructed of silastic tubing were inserted into the
right jugular veins of female C57BL/6] mice. Briefly, mice were
anesthetized by intraperitoneal injection of pentobarbital (55 mg/
kg) and chloral hydrate (100 mg/kg). An incision was made and the
right jugular vein was exposed. A small hole was made in the vein
and a cannula filled with isotonic saline containing 0.3% citric acid
was inserted 8 mm into the vein and secured to the underlying
tissue with surgical thread. The cannula tubing was subsequently
passed through the skin at the nape of the neck and secured with a
stainless steel wound clip. A head mount constructed of polyacrylic
dental cement was affixed to the skull. The mouse was gently
warmed until fully awake and active.

Following recovery from surgery, each mouse was transferred
toa 15 cm x 15 cm Plexiglas cage and its cannula was attached to
tubing connected to a 1 mL glass syringe mounted on a Harvard
Infusion Pump. Sterile saline was continuously infused at a rate of
35 pl/h. Following 2 days of saline infusion, nicotine treatment
was begun. Final nicotine treatment doses of 0, 0.5 or 4.0 mg/kg/h
(free base) were administered to three groups of mice for 8 days.
The nicotine solutions were prepared from liquid nicotine
dissolved in sterile saline and neutralized with HCIl. Flow rates
were maintained at 35 wl/h.

2.4. Tissue preparation

Following the 8-day treatment, each mouse was disconnected
from the infusion pump, its cannula was checked for free flow, and
following a 2-h period (to allow metabolism of nicotine) it was
killed by cervical dislocation. The brain was removed and placed
on an ice-cold platform. Thalamus was dissected from naive mice
and thalamus and cerebral cortex were dissected from nicotine-
treated mice.

Brain regions were placed in ice-cold 0.32 M sucrose buffered to
pH 7.4 with HEPES and homogenized by hand in a glass-Teflon
tissue grinder. This homogenate was centrifuged at 20,000 x g for
20 min. The resulting pellet was resuspended in isotonic salt
solution (NaCl, 140 mM; KCl, 1.5 mM; CaCl,, 2 mM; MgSOg4, 1 mM;
glucose, 25 mM; HEPES (Na), 25 mM; pH = 7.5). This suspension of
crude synaptosomes was used for measuring 8°Rb* efflux.

Synaptosomes remaining that were not used for the functional
assay were used for ligand binding. These synaptosomes were
lysed by dilution in hypotonic buffered salt solution (NaCl, 14 mM;
KCl, 0.15mM; CaCl,, 0.2 mM; MgSO, 0.1 mM; HEPES (Na),
2.5 mM; pH=7.5) and centrifuged at 20,000 x g for 20 min. The
resulting pellet was resuspended in hypotonic salt solution and
centrifuged at 20,000 x g for 20 min. Following three more cycles
of resuspension and centrifugation, the pellets were stored frozen
underneath fresh hypotonic buffer until assay.

2.5. 85Rb* efflux

86Rb* efflux was measured essentially as described previously
[14,17]. Samples were loaded with 8Rb* by incubating a 25 .l
aliquot of the crude synaptosomal suspension with 10 wl of buffer
containing approximately 4 .Ci of carrier-free 8°Rb* for 25 min at
22 °C. Following this incubation, DFP was added to a final
concentration of 10 wM and the incubation was continued for 5
more min to irreversibly inhibit AChE. Subsequently samples were
filtered onto an 8-mm glass fiber filter disk and washed once with
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500 .l of buffer. The filter paper containing the loaded synapto-
somes was transferred to a platform and perfusion buffer (NaCl,
135 mM; CsCl, 5 mM; KCl, 1.5 mM; CaCl,, 2 mM; MgSO,4, 1 mM;
glucose, 25 mM; tetrodotoxin, 50 nM; atropine, 1 M; bovine
serum albumin, 0.1%; HEPES (Na), 25 mM; pH = 7.5) was applied to
the top of the filter at a flow rate of 2.5 ml/min with a peristaltic
pump. Buffer was actively removed from the bottom of the filter
with a second peristaltic pump running at a flow rate of 3.5 ml/
min. Samples were superfused with buffer for 7 min before 86Rb*
efflux was monitored by passing the effluent through a 200 .l
Cherenkov cell mounted in an IN/US 3-ram radioactivity detector.
The efflux was monitored for 3 min with data points collected
every 3s. nAChR-mediated efflux was elicited by exposing the
samples to ACh for 5 s. Each sample was stimulated only once with
one of the following ACh concentrations: 0.1, 0.3, 1.0, 3.0, and 10,
30, 100, 300, 1000 or 3000 wM. In order to evaluate the effects of
prior exposure to low concentrations of the agonists nicotine,
epibatidine, methylcarbachol or cytisine samples were exposed to
a single concentration of the agonist during the prewash and the
entire sample collection period (an 8-min treatment) before
stimulation by ACh.

Time courses for the desensitization produced by exposure to
each of the four agonists were determined by exposing samples to
one of two different concentrations of each agonist for various
times up to 8 min. Responses were measured following stimula-
tion with either 30 .M or 1000 wM ACh.

2.6. ['®I]Epibatidine binding

The binding of ['?°I]epibatidine was measured using a
modification of previously published procedures [17,20]. Final
incubation volume was 30 L and the incubations were conducted
in 96-well polystyrene plates with buffer of the same composition
as that used to measure 2°Rb* efflux. The specific activity of the
['?°I]epibatidine was adjusted from 2200 to 220 Ci/mmol by
dilution with unlabeled I-epibatidine (a gift from Kenneth Kellar,
Georgetown University, Washington, DC). Samples were incubated
for 3 h at 22 °C. Blanks were determined by including 100 uM
nicotine in some incubations. The binding reaction was terminated
by filtration of the samples onto glass fiber filters that had been
soaked in 0.5% polyethylenimine using an Inotech Cell Harvester.
Two filters were used to collect the samples: the top filter was type
MFB and the bottom filter was type A/E. Filters were then washed
five times with an isotonic salt solution buffered to pH = 7.5 with
HEPES. Radioactivity was measured at 80% efficiency with a
Packard Cobra Autogamma counter.

Inhibition of [*H]epibatidine binding by cytisine, epibatidine,
methylcarbachol or nicotine was determined by including one of
several concentrations of the potential inhibitor in the incubation.
Inhibition studies were done using 200 pM [>H]epibatidine to
determine ligand affinity at higher affinity [!?°I]epibatidine
binding sites.

2.7. Time courses for [°H]epibatidine, [°H]nicotine, [°H]cytisine and
[PH]methylcarbachol binding

Particulate fractions were prepared from homogenates of whole
C57BL/6 mouse brains. All samples were arranged in a 96-well
format. Final incubation volumes of 100 L were used for [*H]nico-
tine, [*H]cytisine and [*H]methylcarbachol and a final incubation
volume of 500 pL was used for [*H]epibatidine. Incubations were
conducted at room temperature (22 °C) in an isotonic salt solution
(NaCl, 140 mM; KCl, 1.5 mM; CaCl,, 2 mM; MgS0,4, 1 mM; HEPES
(Na), 25 mM; pH=7.5) and were initiated by the addition of
homogenate. Incubation times were: 0.25,0.5,0.75,1,1.5, 2, 2.5, 3,4,
5,10, and 20 min. The binding reaction was terminated by filtration

using the Inotech harvester as described above. Samples were
washed five times with ice-cold binding buffer. Nonspecific binding
was determined by including 10 wM nicotine in the incubation.
Filters were placed in 4 mL vials and radioactivity was measured at
45% efficiency using a Packard 1600 liquid scintillation spectrometer
after the addition of Budget Solve scintillation cocktail. Association
kinetics was measured using two concentrations of each ligand, one
near the Kp and a second higher concentration. [*H]Nicotine was
purified as described previously [21].

2.8. Data calculations

The algorithms in Sigma Plot were used for all curve fitting.

ACh-stimulated 86Rb* efflux was expressed as the increase in
signal above basal efflux. A nonlinear least squares curve fit to a first
order equation (C; = Co*e*%), where C; is the basal efflux counts at
time, t, Gy is the estimated efflux counts at t =0's, and k is the first
order decay constant) was used to estimate basal efflux for each
sample. Counts in fractions preceding and following the peak were
used for curve fitting. ACh-stimulated efflux was calculated by
summing the counts in the fractions exceeding basal efflux during
ACh exposure and dividing by the corresponding basal efflux counts.
This value represents total peak relative to baseline. Concentration-
effect curves for ACh-stimulated 8°Rb* efflux were calculated for all
data sets individually using a two-component model:

g _ [ Ens=ACh Eis + ACh
ACh = |ECys + ACh ECis + ACh|’

where Eacp is the total 86Rb* efflux measured at each concentration
of ACh, Eys and E; s are the maximal rates of 8Rb* efflux with higher
and lower sensitivity to stimulation by ACh (ECys and ECgs,
respectively).

Eys and E;s values were calculated for each concentration of
nicotine, cytisine, epibatidine and methycarbachol to which the
samples were exposed for 8 min (approximately equilibrium) and
ICsp values were calculated using the following equation:

E — Emax
€T 15 C/ICs’

where Ec is the 86Rb* efflux measured for either the higher or lower
sensitivity component after preexposure to an agonist concentra-
tion, C, and E,ax is the maximal efflux measured when C=0.

The complete data set at equilibrium was also subjected to
curve fitting using the following equation:

Eys * ACh
B Ah] * /(1 + C/lCsonus)]

E]_s * ACh
ECis + ACh

Each = [
} * [1/(1 + C/I1C50-15)],

where Each is the amount of 8Rb* efflux measured at a given
concentration of ACh and prexposing agonist, C (other parameters
as defined above). These curve fits were conducted using each
individual datum point.

When results for chronically treated mice were analyzed, data
from each brain region and nicotine treatment dose were initially
calculated independently, followed by constraints on the variables
within and between the treatment groups.

Inhibition of ['?°I]epibatidine binding by cytisine, nicotine,
epibatidine and methycarbachol was measured using an['?°I]epi-
batidine concentration of 400 pM, since agonist inhibition of at high
affinity ['2°I]epibatidine binding is heterogeneous owing to multiple
binding sites, the data were fit using the following equation:

B, :.H,/‘fﬁ+mﬁﬁ.wherg B, is l?inding a.t inhibitor. con-
centration, I, and By is the density of high affinity and By is the
density of low affinity sites in the absence of inhibitor and ICsq_y4
and ICsq_ are the concentration yielding 50% inhibition, respec-
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tively. Apparent K; values were subsequently calculated from the
ICs0 values using the Cheng-Prussoff equation.

Time courses for association of [*H]nicotine, [>H]cytisine,
[3H]methylcarbachol and [3H]epibatidine were fit to a two-
component model as described previously [7,8,22,23]) using the
equation:

Bi = By + (1 — exp 1) + B« (1 — exp ),

where binding at any time, t (B;) is described by the sum of binding
occurring rapidly (Bf) with an apparent rate constant, k1 and
binding occurring slowly (Bs) with an apparent rate constant, k2.

Time courses for the onset of desensitization elicited by
exposure to nicotine, cytisine, methycarbachol and epibatidine
were fit to the following equation:

E; = Eq xexp ! + E;

where E, is the 36Rb* efflux measured at time t, E4 is the total
amount of efflux desensitized at the test agonist concentration
occurring with a rate constant, k, and E; is the residual efflux not
desensitized under those conditions.

SPSS was used for statistical analyses.

3. Results

3.1. Working model for evaluation of desensitization of HS and LS
ACh-stimulated 3°Rb™ efflux

The schemes in Fig. 1 illustrate the approach used to investigate
the desensitization of ACh-stimulated 8°Rb* efflux in mouse brain
synaptosomes. The biphasic concentration-effect curve for ACh-
stimulated 8°Rb" efflux is shown in Fig. 1A. The concentration—
effect curves can be resolved into two components with different
sensitivity to ACh stimulation. In this illustration an ECsq value of
2.2 £ 0.5 pM was calculated for the high-sensitivity (HS) component
and an ECso value of 120 + 35 wM was calculated for the low-
sensitivity (LS) component. The investigation of the desensitization of
the HS and LS components was based on a Katz and Thesleff model
[24] for both the HS and LS components as illustrated by the cyclical
schemes in Fig. 1B. The results to follow focus on the desensitization
elicited by exposure to relatively low agonist concentrations at
steady-state. It should be noted that equilibrium constants are shown
rather than rate constants since most of the studies were conducted at
or near equilibrium.

Fig. 1. Concentration—effect curve for ACh simulated ®Rb* efflux and Katz-Thesleff models for HS and LS activity. The upper panel of this figure shows the ACh concentration-
effect curves for stimulation of 8°Rb* efflux. Each data point represents the mean + SEM for six independent studies. The solid line is the fit of the data to a two-component model
as described in Section 2. The two dashed lines are the individual theoretical curves for the HS and LS components. The cyclical Katz-Thesleff diagrams in the boxes below the main
figure illustrate the model used to evaluate the desensitization data. HS and LS #Rb* efflux observed following stimulation at each [ACh] are designated E;;s and E; s, respectively. The
ACh concentrations that elicit 50% maximal HS and LS 86Rb* efflux are designated, ECys and ECys, respectively. The apparent Kp, for binding of the ligand (D) to the unliganded
desensitized state of the receptor subtypes (Rys* and R;s*) are designated Kp_ys and Kp_ys. Kyn-us and Kyn.is are the equilibrium constants between the unliganded ground state (Rys
and R;s) and unliganded desensitized state (R*ys and R*;s) and Kpes-ys and Kpes.1 s are the equilibrium constants between the liganded active receptors (Rys.ach and Ris_ach) and the

liganded desensitized receptors.
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Fig. 2. Time courses for the binding of [*H]epibatidine, [*H]-cytisine, [*H]-nicotine and [*H]-methylcarbachol to mouse brain samples. Whole mouse brain particulate
fractions were incubated for the times shown with two concentrations of the indicated ligand as indicated. Binding at the lower concentration is illustrated with open circles
(O)and binding at higher concentrations is illustrated with closed circles (@). Each point represents the mean =+ SEM of three separate experiments. Curves were determined by
nonlinear least squares fitting of the data as a two-component process as described in Section 2.

3.2. Time courses for the binding of nicotine, cytisine, methylcarbachol
and epibatidine

In order to determine whether binding of the ligands to the
desensitized conformation (R’ + D « R’D) of the receptor is more
rapid than the transition between unliganded ground state and
unliganded desensitized state (R < R*), the rates of binding of the
four ligands were measured. Previously published studies have
shown that the time courses for the association of [*H]-nicotine to
brain preparations are biphasic, with an initial fast phase
postulated to correspond to binding to the high affinity desensi-
tized conformation and a slower phase corresponding to isomeri-
zation from the ground state to the desensitized state [8,22-23].
This route corresponds to the lower left corners of the Katz-
Thesleff schemes in Fig. 1B. Desensitization elicited by exposure to
low concentrations of nicotinic agonists is postulated to be
dependent on the binding of the agonist to the desensitized state
of the receptor followed by a conformational change from
unliganded ground state to unliganded desensitized state. Thus,
time courses for association of the four agonists to whole brain
particulate samples were measured at two concentrations of each
ligand to determine the rates of fast (binding) and slow
(isomerization) processes (Fig. 2). Biphasic association curves

were clearly observed for nicotine (A), cytisine (B) and epibatidine
(C) but to a lesser extent with methylcarbachol (D). Apparent rate
constants for fast and slow phase binding are compiled in Table 1.
The rate constants measured for fast phase binding for the four
ligands differ by less than a factor of 2. With the exception of
epibatidine, these constants tended to be larger at the higher
ligand concentrations, as expected. These rate constants indicate
that the ty, for fast phase binding ranged from 8 to 16's, and is at
least 10 times greater than the rate constants measured for slow
phase binding.

3.3. Time courses for desensitization of $°Rb* efflux ACh-stimulated by
low agonist concentrations

Since the experiments described below are intended to measure
the extent of desensitization at equilibrium, the desensitization
rates observed following exposure to each of the four agonists were
measured. The effect of time of exposure to the nicotinic agonists
on subsequent stimulation of 8°Rb* efflux by either 30 or 1000 ..M
ACh was measured to evaluate whether the rate and/or extent of
desensitization varied as a function of stimulating ACh concentra-
tion. These two ACh concentrations were chosen to provide
estimates of the 86Rb* efflux mediated by nAChR sensitive to
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Table 1
Estimated rate constants for ligand binding and desensitization.
Agonist Binding
Time courses for agonist binding
K; (nM) Concentration (nM) Kfase (min~—1)t ksiow (min~1) Concentration Kfase (min—1) Ksiow (min—1)
Epibatidine 0.024 +0.008 0.07 29+1.36 0.11+0.01 0.52 2.85+0.29 0.23+0.03
Cytisine 0.32+0.02 0.85 2.61+1.03 0.13+£0.01 6.13 3.96 +£0.82 0.16 £0.01
Nicotine 2.0+0.2 33 2.92+0.69 0.23+0.03 12.8 4.99 +0.60 0.20+0.02
Methylcarbachol 7.9+1.7 3.8 3.68 +£0.77 0.29+0.13 18.5 5.22+0.51 0.39+0.15
Agonist Binding
Time courses for functional desensitization
Concentration  Kpes 30 WM % des Kpes 1mM % des Concentration  Kpes 30 uM % des Kpes 1 mM % des
(nM) (min_;) (min~1) (nM) (min~1) (min~1)
Epibatidine 0.3 0.29 +0.06 69.9+6.1 041+0.17 64.5+11.7 3 54+19 96.7+8.9 3.1+£0.7 93.8+74
Cytisine 20 0.65+0.17 66.0+10.6 0.53+0.16 655+7.1 200 29+05 852+152 098+0.22 78.4+14.7
Nicotine 10 0.30+0.34 20.1+9.9 030+0.27 41.4+147 200 0.81+0.10 98.6+5.0 0.84+0.21 95.1+838
Methylcarbachol 100 0.41+0.13 509+8.8 0.36+0.14 56.0+8.1 500 0.77 £0.16 943+73 0.82+0.16 88.7+6.4

Binding and kinetic parameters for epibatidine, cytisine nicotine and methylcarbachol are summarized. Binding affinities were determined by inhibition of [*H]epibatidine
binding. Rate constants for agonist binding at the indicated agonist concentrations were determined from data shown in Fig. 2. Rate constants and the extent of
desensitization at the indicated concentrations were calculated from the data shown in Fig. 3. All values are mean + SEM.

stimulation by low ACh (high-sensitivity = HS responses) and the
86Rb* efflux mediated by both nAChR HS and LS (responses
requiring higher ACh concentrations, that is low-sensitivity = LS).
These studies also were used to select an appropriate exposure
time for the construction of the dose-response curves described in
the following section. The effect of exposure time on subsequent
ACh-stimulated 8°Rb" efflux is illustrated in Fig. 3 for nicotine (A),
cytisine (B), epibatidine (C) and methylcarbachol (D). A time-
dependent decrease in 8Rb* efflux stimulated by either 30 or
1000 uM ACh was observed. Rate constants and extents of
decrease in ACh-stimulated 86Rb" efflux calculated from the data
in Fig. 3 are summarized in Table 1. No significant differences in
either the rate constants for decrease in activity or the extent of the
decrease were noted for responses stimulated by 30 and 1000 uM
ACh following treatment with the lower concentration of any
agonist indicating that HS and LS components desensitized at
similar rates. It should be noted, however, that the rate constants
for cytisine were higher than those for the other three agonists.
While the extent of desensitization observed following treatment
with the higher concentrations of any of the agonists were not
significantly different, faster desensitization rates were measured
for responses stimulated with 30 wM ACh than for responses
stimulated with 1000 wM ACh following treatment with either
200 M cytisine or 3 wM epibatidine. The lowest desensitization
rate measured in these time course studies was 0.29 min—!, which
corresponds to a t1/; of 2.37 min and results in 90% desensitization
following an 8-min exposure, and 95% desensitization following a
10-min exposure.

The rate of desensitization is significantly slower than the rate
of fast phase binding of the agonists, but is similar to that for slow
phase binding. This result is consistent with the predictions of the
Katz-Thesleff model [24] (Fig. 1) that postulates that the decrease
of the unliganded desensitized receptor (R*) by binding of agonist
(forming R*D) disrupts the equilibrium between R and R* leading
to the relatively slow conformational transition from R to R*. This
decrease in R lowers ground state receptor available for activation
[1,3,25].

3.4. Concentration dependence for desensitization of ACh-stimulated
86Rb™ efflux by exposure to low concentrations of nicotinic agonists

The concentration-response curve for ACh-stimulated 6Rb*
efflux from mouse brain synaptosomes is biphasic [13-15] (Fig.
1A). ACh-stimulated 26Rb* efflux can be resolved into two
components differing in apparent ECso for ACh: a higher sensitivity

component (HS, ECso ~ 2 wM) and a lower sensitivity component
(LS, ECsp ~ 120 wM). The time course experiments presented in
Fig. 3 and summarized in Table 1 indicate that treatment with a
low concentration of agonist for 8 min elicits over 90% steady-state
desensitization. Thus, a 10 min exposure to agonist was used to
investigate the concentration dependence of the agonist-induced
desensitization. This exposure time elicits extensive desensitiza-
tion, but the extent of desensitization may not be complete,
especially when low agonist concentrations are used. For illustra-
tion, the effects of acute exposure to relatively low concentrations
of nicotine on 8°Rb* efflux stimulated by various concentrations of
ACh are presented in Fig. 4A. ACh elicits a concentration-
dependent increase in 2°Rb* efflux. However, exposure to nicotine
for 10 min decreases the response. The percentage decrease
elicited by nicotine treatment is similar at each ACh concentration
as illustrated for the ACh concentration-effect curve for samples
exposed to 20 nM nicotine in Fig. 4B. The curve for samples
exposed to 20 nM nicotine is also biphasic. The ECsq values for ACh
for the two components (3.4 and 134 M) are similar to those of
the samples that were not exposed to nicotine.

The families of ACh concentration-effect curves shown in Fig. 5
show that desensitization of ACh-stimulated 56Rb* efflux was
elicited by exposure to relatively low concentrations of nicotine
(A), cytisine (B), epibatidine (C) and methylcarbachol (D). Exposure
to each of these agonists produces a concentration-dependent
decrease in 36Rb* efflux, but the concentrations that elicit
desensitization varied among the compounds.

In order to provide estimates of the inhibitory concentrations
for each agonist, the maximal efflux for the HS and LS components
of 8Rb* efflux was calculated by nonlinear least squares fitting of
the full ACh concentration-effect curves at each concentration of
nicotine, epibatidine, cytisine and methylcarbachol. Exposure to
the agonists did not significantly affect the ECsq values for ACh at
either the high-sensitivity (average ECso ~ 3.3 wM) or the low-
sensitivity (average ECsg ~ 250 uM) component at any concentra-
tion of the desensitizing agonist. Concentration-effect curves for
the desensitization of the high-sensitivity and low-sensitivity
components by the four agonists generated by calculating maximal
efflux for the two components at each concentration are shown in
Fig. 6. Although the effective concentrations of the four agonists
that induce desensitization differ, the ICsq values for desensitiza-
tion of the HS and LS components are similar for each agonist
(nicotine (Fig. 6A): 20.6 &+ 6.0 and 18.5 + 3.4 nM; cytisine (Fig. 6B):
2.7+ 0.6 and 5.4 4 1.4 nM; epibatidine (Fig. 6C): 0.33 +0.09 and
0.38 +0.09 nM; and methylcarbachol (Fig. 6D): 78.6 +17.8 and
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Fig. 3. Time courses for the inhibition of ACh-stimulated ®Rb* efflux elicited by exposure to epibatidine, cytisine, nicotine or methylcarbachol. Mouse thalamic synaptosomes
loaded with ®°Rb* were exposed to two concentrations of the each agonist for the indicated times (0-8 min) and then stimulated by exposure to either 30 uM ACh (filled
symbols: (@) lower agonist concentration; (M) higher agonist concentration) or 1000 wM ACh (open symbols: (O) lower agonist concentration; (1) higher agonist
concentration). The agonist concentrations used for exposure prior to stimulation were: nicotine; 10 and 200 nM; cytisine; 20 and 200 nM; epibatidine 0.3 and 3 nM and
methylcarbachol; 100 and 500 nM. Each data point represents the mean + SEM of 3-5 separate experiments. Curves were determined by nonlinear least squares fitting of the

data as an exponential decay with residual activity as described in Section 2.

45.2 £+ 7.6 nM, for the components with high and low ACh sensitivity,
respectively).

The complete data set for ACh-stimulated 86Rb* efflux assayed
after exposure to low concentrations of each agonist was fit as
described in Section 2 based on the following equation:

[ Eus+ACh s Eis + ACh
Eacn = {Ecs(,_Hs +ach * 1/ + 0 /1Cso-ms)l + g = —ach

#[1/(1+ C™ /ICs0-15)]

This equation formally treats the steady-state desensitization
occurring following exposure to low agonist concentrations as a
noncompetitive process, that is, the effects restricted to the
maximal efflux rates, Eys and Ers. The most general form of this
equation includes eight possible independent variables: Eys,
ECus, ICs0-ms, nHS, Eis, ECso-1s, ICs0.1s, and nLS. As mentioned
above, pretreatment with any concentration of the four agonists

did not significantly affect either ECso.ys (average 3.3 wM) or
ECso.1s (average 250 wM). Consequently, these two variables
were fixed in all calculations. The simplest model assumes that
ICs0-1 = IC50-2 and that n"'S = n'S = 1 (agonists desensitize HS and
LS 8Rb* efflux equally and noncooperatively), while the most
complex model allows that ICsg.ys#ICs0.1s and that
nS£n'S£1. The more complex models did not provide
significant improvements in the curve fits. Indeed, the ICsg
values for the HS and LS components of 8°Rb* efflux calculated
by fitting each individual curve do not differ significantly
indicates that the simpler model is sufficient. Therefore, results
obtained from the simpler model are presented as the lines on
the concentration-effect curves in Fig. 5. Using this model, the
following ICso values were obtained: nicotine: 21.5 + 1.7 nM;
cytisine: 2.7 + 0.2 nM; epibatidine: 0.37 +0.02 nM; and methyl-
carbachol: 50.7 8.3 nM. These values are similar to those
obtained from the inhibition curves in Fig. 6.
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Fig. 4. ACh-stimulated 3°Rb" efflux after acute exposure to nicotine. Panel A: Mouse thalamic synaptosomes loaded with 8°Rb* were superfused with buffer containing the
concentrations of nicotine indicated at the top of each panel (0, 5, 20, 50 or 200 nM) for 10 min before stimulation with ACh. Each 3-s datum point represents 8°Rb* efflux
(normalized to baseline) stimulated by a 5 s exposure to the ACh concentrations indicated at the right of the figure (1, 10, 100 or 1000 wM). Panel B. Concentration-effect
curves for ACh-stimulated 3°Rb* efflux measured after exposure to 0 nM (@) or 20 nM (O) nicotine are shown. Each point represents the mean + SEM of 4-6 individual
experiments. Curves were obtained by nonlinear least squares fitting of the data to a two-component process as described in Section 2.

In order to provide a comparison between the agonist concen-
trations that elicit desensitization and the affinities of the four
ligands for their binding sites, inhibition of [>H]epibatidine binding
was measured. Apparent K; values are summarized in Table 2. The
rank order for the potency of these four agonists as inhibitors of
[3H]epibatidine binding and desensitizers of °Rb* efflux was the
same (epibatidine > cytisine > nicotine > methylcarbachol). How-
ever, the apparent affinities for each of the agonists were significantly
higher (approximately 10-fold) as inhibitors of [>H]epibatidine
binding sites than for desensitization of ACh-stimulated 8°Rb* efflux.

3.5. 85Rb” efflux and desensitization by nicotine following chronic
nicotine treatment

C57BL/6 mice were chronically treated with 0, 0.5 or 4.0 mg/kg/
h nicotine by continuous intravenous infusion for 10 days. The
mice were removed from the infusion chamber and their cannulas
checked for patency. Two hours later the mice were sacrificed and
crude synaptosomes were prepared from cortex and thalamus.
Subsequently, ACh concentration—effect curves were constructed
for both brain regions and each nicotine treatment. Samples were
superfused with buffer containing one of the following nicotine
concentrations of 0, 10, 20, 50 or 200 nM before stimulation with
ACh. The curves are shown in Fig. 7. Results from all experiments at

each chronic nicotine treatment dose were analyzed. The ECsq
values for the HS and LS components of the ACh concentration-
effect curves did not differ among the treatment groups (average
0.55 and 135 pM for cortex and 2.1 and 180 wM for thalamus for
the high and low-sensitivity ECso values, respectively). Therefore,
these ECsq values were fixed for the subsequent analyses.

ACh activation and nicotine desensitization of 8Rb* efflux from
cortical synaptosomes of mice chronically treated with nicotine
treatment are shown in the panels on the left of Fig. 7. The ICsq
values for nicotine calculated from these curves from mice treated
with saline (Fig. 7A). 0.5 mg/kg/h (Fig. 7B) and 4.0 mg/kg/h (Fig. 7C)
were not significantly different, although the ICs, for the saline
mice tended to be somewhat higher than that for the nicotine-
treated mice (23.7 +2.4,15.0 + 1.3 and 16.4 + 1.8 nM, respectively).
No significant differences in ECsq values for either the high-sensitivity
or low-sensitivity components were observed (average ECsq values
were 0.55 and 135 wM). Values summarized in Table 3 represent the
averages of the high- and low-sensitivity components obtained each
individual experiment with fixed kinetic constants. Chronic nicotine
treatment did not significantly affect either HS or LS components as
determined by one-way ANOVA (F,,7 = 0.27 and F, 57 = 1.12,p > 0.05
HS and LS components, respectively).

ACh activation and nicotine desensitization of 3Rb* efflux from
thalamic synaptosomes of mice chronically treated with nicotine
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Fig. 5. Concentration—effect curves for ACh-stimulated 3°Rb* efflux after acute exposure to cytisine, epibatidine, methylcarbachol or nicotine. Mouse thalamic synaptosomes
loaded with 86Rb* were superfused with buffer containing nicotine (0, 5, 20, 50 or 200 nM), cytisine (0, 2, 5, 10, 20 or 100 nM), epibatidine (0, 0.1, 3, 10 or 30 nM), or
methylcarbachol (0, 10, 30, 100, 300 or 1000 nM) for 10 min prior to stimulation with the indicated concentration of ACh (0.1-1000 wM) for 5 s. Each point represents the
mean + SEM of 6-separate experiments. Symbol shading becomes less intense with increasing agonist concentration. Curves represent the fit of the entire data set to the two-
component activation curves (high ACh sensitivity and low ACh sensitivity) with the simplifying assumption that the ICsq for each agonist is the same for the high and low ACh

sensitive components as described in Sections 2 and 3.

are shown in the panels on the right of Fig. 7. As was the case with
cortex, the ICsq values for nicotine calculated from these curves in
thalamus from mice treated with saline (Fig. 7D), 0.5 mg/kg/h
(Fig. 7E) and 4.0 mg/kg/h (Fig. 7F) were not significantly different,
although the ICs, for the saline mice tended to be somewhat higher
than that for the nicotine-treated mice (19.5 +1.8, 12.3 £+ 1.2, and
14.5 + 1.9 nM, respectively). No significant differences in ECsq values
for either the high-sensitivity or low-sensitivity components were
observed (average ECsq values were 2.1 and 190 wM). Values
summarized in Table 3 represent the averages of the high- and
low-sensitivity components obtained each individual experiment
calculated by fixing the two ECsq values and the ICsq value at 2.1 pM,
190 pM and 15 nM, respectively. A chronic nicotine dose-dependent
decrease in maximal HS #6Rb* efflux was noted (one-way AVOVA:
F>18=9.58, p=0.001) and the activity measured following chronic
treatment with 4.0 mg/kg/h nicotine was approximately one-half
that for the saline group. Although there was a tendency for response

of the LS component to decrease, this was not statistically significant
(F218 = 0.93, p > 0.05).

3.6. Epibatidine binding following chronic nicotine treatment

In order to compare the effects of chronic nicotine treatment on
function to changes in nAChR density, binding sites were measured
using [*H]epibatidine binding to particulate samples prepared from
synaptosomes used to measure 8°Rb* efflux. Bnay values for both
cortex and thalamus are shown in Table 3. Chronic nicotine
treatment increased maximal [>H]epibatidine binding in cortex
(F216=21.56, p < 0.001) and Bp,,x values following treatment with
0.5 or 4.0 mg/kg/h nicotine were significantly higher than B,,x for
saline-treated mice. Apparent Kp values were unaffected by chronic
nicotine treatment (F,,6=0.67, p > 0.05). While B, values in
thalamus tended to be higher following chronic nicotine treatment,
these apparent changes were not statistically significant
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Fig. 6. Inhibition curves for acute desensitization of ACh-stimulated 8Rb* efflux by nicotine, epibatidine, cytisine or methylcarbachol. Individual ACh concentration-effect
curves obtained in the presence of the indicated concentrations of agonists were fit to the two-site model and HS and LS components of the curves were calculated. ICso values
for inhibition of maximal HS and LS responses determined following exposure to agonists were then calculated as described in Section 2. Each point is the mean + SEM
calculated from the fits of the ACh concentration-effect curves at each agonist concentration [HS (@), LS (H)]. Lines are theoretical inhibition curves for HS (solid) or LS (dashed).

(F2,13=2.71, p > 0.05). Chronic nicotine treatment did not signifi-
cantly affect apparent Kp values in thalamus (F, 1, = 0.61, p > 0.05).

4. Discussion

The current study indicates that exposure of mouse brain
synaptosomes to nicotine, epibatidine, cytisine or methylcarbachol
at concentrations that elicit little if any activation of «432*nAChR
desensitize ACh-stimulated %°Rb* efflux. Although the four
agonists differ in potency, the concentrations of each agonist that
elicited desensitization of HS and LS a4B2*nAChR-mediated 3Rb*
efflux were not significantly different. The concentrations required
to desensitize the functional responses were approximately 10-
fold higher than the K; values for inhibiting high affinity
[3H]epibatidine binding. Furthermore, the concentration depen-
dence for desensitization by nicotine of ACh-stimulated 26Rb*
efflux was not significantly affected by chronic nicotine treatment,
indicating that exposure to nicotine in vivo did not alter steady-
state desensitization of ®432*-nAChR in either cortical or thalamic
synaptosomes.

Table 2
Summary of desensitization and binding properties of four nicotinic agonists.

The fact that we measured an approximate 10-fold difference in
the affinity for the binding site and the concentration required to
desensitize the functional response is somewhat unexpected since
induction of desenstitization likely occurs through binding to the
high affinity desensitized state of the receptor with a subsequent
depletion of ground state receptors. Indeed a close correspondence
between these variables has been noted in heterologously
expressed a4f32-nAChR [6]. Our study of the desensitization of
HS responses noted a smaller difference of about 3-fold between
binding site affinity and desensitizing concentrations that were
highly correlated [8]. In that study we postulated that these small
differences could occur as a result of the cyclical nature of the
Katz-Thesleff desensitization model that is influenced by the
initial equilibrium between activatable and desensitized confor-
mations of the receptor. Another contributor to the difference
could be strictly procedural. If desensitization had not completely
reached equilibrium the extent of desensitization elicited espe-
cially at low agonist concentrations may not yet be complete.
Consequently, the concentration-effect curve would be shifted
to the right resulting in apparently higher ICsq values for

Agonist ICso desensitization K, high affinity Ratio: K; high affinity Ratio: HS ECso/ Ratio: LS ECso/
(nM) epibatidine binding (nM) binding/desensitization ICso desensitization ICsq desensitization ICsq
Epibatidine 0.37 +£0.02 0.024£0.008 0.065 +0.022 154+44 6000+ 870
Cytisine 2.7+0.2 0.32+£0.02 0.119+0.011 4.8+4.1 56000 -+ 23000
Nicotine 21.5+1.7 2.0+0.2 0.093+0.012 65+20 6000 +930
Methylcarbachol 50.7+8.3 79+1.7 0.156 £0.042 380+120 14400 + 2800

ICso for desensitization for each agonist was determined by fitting all data to the equation given in Sections 2 and 3. KI were determined by inhibition of [3H]epibatidine
binding and converting the resulting ICsq values to K;. Ratios between the indicated values and ICs, values for desensitization were calculated and errors estimated using
Taylor’s expansion. ECsg values for HS and LS ACh-stimulated ®6Rb* efflux were obtained from Marks et al. [14].
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Fig. 7. Concentration—effect curves for ACh-stimulated 8°Rb* efflux after chronic nicotine treatment and effect of acute nicotine desensitization. C57BL/6 mice were
chronically treated with saline, 0.5 mg/kg/h nicotine or 4 mg/kg/h nicotine. Mice were withdrawn from treatment for 2 h and crude synaptosomes were then prepared from
cortex and thalamus and loaded with 86Rb*. Samples were subsequently treated with various concentrations of nicotine (0, 5, 20, 50 or 200 nM) for 10 min before a 5-s
stimulation with the indicated concentrations of nicotine. Each point represents the mean 4 SEM for 9-11 separate experiments for cortex and 7 separate experiments for
thalamus. Symbol shading becomes less intense with increasing nicotine concentration. Curves represent the fit of the entire data set for each region and each treatment dose to the
two-component activation curves (high ACh sensitivity and low ACh sensitivity) with the simplifying assumption that the ICs, for each agonist is the same for the high and low ACh
sensitive components as described in Sections 2 and 3. The ECso values for ACh were fixed while the ICso value for nicotine were allowed to float.

Table 3
Maximal HS and LS ACh-stimulated 86Rb* efflux and cytisine-sensitive ['2°I]epi-
batidine binding in cortex and thalamus of mice chronically treated with nicotine.

Nicotine infusion dose 0.0mg/kg/h 0.5 mg/kg/h 4.0mg/kg/h
Cortex

High-sensitivity *°Rb* efflux ~ 2.11+0.11 2064019  1.88+0.11
Low-sensitivity S6Rb* efflux 6.81+0.59 6.80+0.50 5.63 +0.80
[125]|Epibatidine bound 88.2+0.7 127.9+1.1 139.0+1.2
Thalamus

High-sensitivity 2Rb* efflux 13.07 +£0.89 10.19+0.99 6.76+1.19
Low-sensitivity 8°Rb* efflux 1626+1.27  13.84+248  12.52+1.96
[125]|Epibatidine bound 198.4+2.7 240.7+25  256.8+29

HS and LS ACh-stimulated 3°Rb* efflux were calculated as described in Section 2.
Values represent mean+SEM for 9-11 individual experiments for cortex and 7
individual experiments for thalamus. 8°Rb* efflux data are presented as total efflux
normalized to baseline. ['?°I|Epibatidine binding is given as fmol/mg protein.

desensitization. Comparison of concentration-effect curves fol-
lowing different times of exposure to low agonist concentrations
will address this question. It should be noted that the ICsq values
measured for nicotine in the current study are similar to those
determined with transfected cells (=10 nM) [4] and dopaminergic
cells in the ventral tegmental areal (~20nM) [5], which also
desensitized at a very similar rate to that reported here.

The ECs values for ACh activation of the HS and LS responses
mediated by a432-nAChR differ by a factor of approximately 100
both in the heterologous systems [9-12,26-28] and in mouse brain
synaptosomes [13-15]. Differences in ECsq values for stimulation
of HS and LS responses in mouse brain synaptosomes also have
been observed for nicotine (94-fold), epibatidine (39-fold), cytisine
(11,500-fold) and methylcarbachol (38-fold) [14], the agonists
investigated for their desensitization properties in the current



M.J. Marks et al./Biochemical Pharmacology 80 (2010) 1238-1251 1249

study. Both the HS and LS components of nAChR-mediated 8°Rb*
efflux in as well as high affinity epibatidine binding in thalamus
and cortex of mouse brain are mediated by the a4(32*-nAChR
subtype as demonstrated by elimination of ACh-stimulated 8Rb*
efflux and epibatidine (or nicotine) binding following deletion of
either the a4 or the 32 subunit in knockout mice [13,14,29-31]
Considerable evidence using heterologous expression systems
supports the proposal that the HS and LS a432-nAChR responses
are mediated by receptors differing in subunit stoichiometry (HS
component (a4),(32); and LS component (a4)3([32);) [9-12,26-
28]. Functional and immunochemical evidence with cortical and
thalamic tissue is generally consistent with the contention that
stoichiometric differences also underlie the heterogeneous agonist
stimulation of 8°Rb* efflux mediated by «4B2*-nAChR in mouse
brain [15]. However, a significant reduction of HS function in
thalamus and a smaller fraction in cortex occurs in o5 knockout
mice, indicating the role of the a5 subunit in nAChR-mediated HS
86Rb" efflux in these regions that is thought to be mediated by an
receptor with an implied stoichiometry of (a4)(82)x(a5) [16].
The gene dose-dependent reduction in the expression of o5
subunit protein upon deletion of the both the a4 and [32 genes
supports the contention that the a5 subunit protein is expressed in
a subset of a432*-nAChR [15]. Inclusion of the a5 subunit could
possibly modify the pharmacology of the HS component. Deletion
of the a5 subunit did reduce the amount of HS 86Rb" efflux, but had
no significant effect on the ECso for agonists [16]. This result is
similar to the observation made after coassembly of the a5 subunit
with a4 and 32 subunits in a heterologous expression system in
which only HS responses with ECsy values similar to or slightly
higher than those for HS receptors assembled with only o4 and 32
subunits [32]. Immunochemical experiments have also demon-
strated that a5 subunit protein in rat cortex and thalamus as well
as measureable amounts of a3 and 34 contribute to epibatidine
binding and therefore receptors composed of this subunits are
likely to contribute functional nAChR [33]. The fact that no
detectable 8Rb" efflux persisted in either a4 or B2 null mutants
indicates that the contribution of non-a4f32*-nAChR to ACh-
mediated 85Rb* efflux in the mouse cortical and thalamic
synaptosomes evaluated here is unlikely. However, 8°Rb* efflux
mediated by a3B4-nAChR has been measured in other brain
regions [34].

It has been known for over 50 years that prolonged or repeated
exposure of nAChR to agonists desensitizes the receptors [24].
Exposure to nicotine also effectively desensitizes a432-nAChR
[1,2,4]. We have reported that desensitization of the HS component
of 85Rb* efflux by nicotine and several other agonists occurs at
concentrations significantly below those required for activation by
these agonists [8]. We have reported here that desensitizing
concentrations do not differ between HS and LS, while activating
concentrations differ markedly [14]. This result is consistent with
the proposal that agonist binding to the desensitized state of both
HS and LS stoichiometries is the same [35], which would be
expected given that the o/f interface at which ligand binding
occurs is likely to be very similar if not identical for the receptors
with alternate a4/(32 subunit stoichiometries or containing an
accessory subunit such as «5. The observation that desensitization
by prolonged exposure to low agonist concentrations does not
differ between HS and LS forms of a4f32*-nAChR also has
implications for the degree of residual activity observed in the
presence of low agonist concentrations. The ratios of ECsq for HS
stimulation of 8Rb" efflux to ICsq for desensitization range from
4.8 for cytisine to 380 for methylcarbachol, while the ratios of ECsq
for LS stimulation of 36Rb* efflux to ICso for desensitization are
much higher and range from 6000 for epibatidine and nicotine to
56,000 for methylcarbachol. If the relative potency for these and
other nicotinic agonists are similar in vivo, little or no residual LS

activity for a given agonist would persist, while some HS activity
may persist.

The wide range of ratios between concentrations leading to
desensitization and those eliciting functional activity for the HS
sites suggests that the activity persisting with prolonged exposure
would differ markedly among agonists. The small ratio observed
for cytisine, a partial ®432-nAChR agonist, is comparable to that
reported for ABT-089, which is also a partial agonist [36]. It
remains to be determined if the high degree of persistent activity is
a common property of partial agonists and, if so, whether this
explains, in part, the therapeutic efficacy of compounds such as
varenicline [37-39].

The observation that prolonged exposure to nicotinic agonists
induces desensitization for the HS and LS forms of a432*-nAChR
could also have important consequences for receptor responses to
nicotine following tobacco use. Chronic exposure to nicotine
increases the numbers of a432*-nAChR in brain of rodents [17-
19,40-43] humans [44-46] and cell lines [47-49]. The increases
observed in cell lines are generally greater than those observed in
brain, but the extent of the increase of a432*-nAChR binding sites
also varies among brain areas [17,19,42,50-53]. It has been
proposed that chronic receptor desensitization is an important
factor underlying the nicotine-induced increases in receptor
expression [6,19,54], perhaps by inducing a conformational change
or receptor state that decreases the turnover of the receptors [47].
Consequently, the fact that nicotine is equally effective in
desensitizing both HS and LS responses implies that the a4f32*-
nAChR subtypes mediating these responses will have similar
extents of desensitization during chronic nicotine exposure and
potentially respond similarly to chronic treatment. However,
chronic exposure to nicotine elicited differential changes in the
expression of HS and LS forms of heterologously expressed o432-
nAChR [27,55]. Furthermore, the a4[32a.5-nAChR that displays HS
pharmacology is resistant to upregulation in vivo [33] but perhaps
not for heterologously expressed receptors [32]. These results
suggest that the simple desensitization hypothesis may not
adequately account for all the data. While the concentration of
nicotine required to desensitize and upregulate o432-nAChR
expressed in Xenopus oocytes is virtually identical [6], considerably
higher agonist concentrations have been reported to be required to
elicit upregulation of this subtype in transfected cells [35,49]. We
have compared the plasma levels of nicotine observed with chronic
treatment to the extent of upregulation of a432*-nAChR binding
sites in mice treated chronically with different nicotine doses and
observed that the average dose for half-maximal upregulation was
0.44 mg/kg/h, which gave an estimated plasma concentration of
22 ng/mL (0.13 wM) [17]. Half-maximal upregulation of high
affinity binding sites in rats occurred at a very similar plasma
concentration [40]. The plasma concentration eliciting half-
maximal upregulation is approximately three times higher than
the nicotine concentration inducing 50% desensitization. This
difference could occur because there is a temperature-dependent
affinity difference between 21 °C (functional measurements) and
37 °C (body temperature) as noted for [>H]nicotine binding [56] or
a higher nicotine concentration in brain compared to plasma [40].
Perhaps a fundamentally different mechanism operates such as
nicotine serving as a molecular chaperone with somewhat lower
affinity for less mature receptors [35,57]. Nevertheless, interaction
with the agonist binding site seems to be an important component
of upregulation [58].

Data presented in the current study indicate that chronic
nicotine treatment did not significantly change the ability of
nicotine (ICs9 values) to elicit desensitization nor did chronic
treatment significantly affect the ECsq values for ACh stimulation
of either HS or LS forms of the receptor. However, consistent with
our previous studies [17,59] a dose-dependent decrease in
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maximal response was noted for the HS component in thalamus.
Although activity tended to decrease with nicotine treatment no
statistically significant changes in HS in cortex or LS in either
cortex or thalamus were observed. When total functional
responses are normalized to the density of a4[32*-nAChR binding
sites a decrease of approximately 50% is noted for both regions
investigated here, suggesting that the upregulated receptors are
not fully functional. Although this could occur as a result of
continued desensitization by residual nicotine, the 2-h withdrawal
period from nicotine treatment before sacrifice and the extensive
washing of the synaptosomes before stimulation makes this
unlikely. However, the continued persistence of deeply desensi-
tized receptor states cannot be discounted. There is also evidence
that upregulated receptors may be retained intracellularly where
they are measurable with ligand binding, but are not functional
owing to their absence from the cell surface [35].

Differing results have been obtained about the extent of
receptor function following chronic nicotine treatment. Similar to
our results, decreases in function per unit binding site have been
reported [6,48,60]. Gopalakrishnan et al. [48] noted decreased
function per binding site following treatment of a cell line stably
expressing a432-nAChR. Kuryatov et al. [35] reported a small
decrease in the function/binding ratio for surface receptors. In
contrast, absolute increases in function after chronic nicotine
treatment have also been observed [10,35,48,55,61]. For example,
Nguyen et al. [61] reported that function increased in proportion to
the number of binding sites following chronic nicotine treatment
in rats. Thus, the consequences of chronic nicotine treatment on
receptor function are unresolved. Differences in the results could
occur because of differences in functional assays used, differences
in species or subtle differences in receptor composition, such as
incorporation of the o5 subunit.

In summary, desensitization properties of nAChR subtypes are
known to differ so that acute or chronic agonist exposure alters
the normal balance among receptor subtypes with different
desensitization properties such as ®«4B2*-nAChR and a7-nAChR
that subsequently alter physiological and behavioral effects of
nicotinic drugs [5,42,62-64]. We reported here that®®Rb* efflux
mediated by a4[32*-nAChR that differ in sensitivity to activation
by ACh and other nicotinic agonists, perhaps because of
differences in subunit stoichiometry, show very similar desensi-
tization upon exposure to low concentrations of each of four
agonists. Consequently, the subset of receptors activated at lower
agonist concentrations display significantly greater residual
activity than the subset activated at higher agonist concentra-
tions. Since both activation and desensitization are likely to be
important in mediating the physiological and behavioral
responses to nicotinic drugs in vivo [65-67], this difference in
persistent activity of a4f2*-nAChR subtypes, in addition to
differences between other nAChR subtypes, could have significant
consequences when the receptors are exposed to nicotinic
agonists for prolonged periods of time, either from smoking or
therapeutically.
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