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Abstract—In HEK?293 cells stably expressing a4p2 nAChRs, naltrexone, but not naloxone, blocked 2432 nAChRs via an open-
channel blocking mechanism. In primary hippocampal cultures, naltrexone inhibited o7 nAChRs up-regulated by nicotine, and in
organotypic hippocampal cultures naltrexone caused a time-dependent up-regulation of functional a7 nAChRs that was detected
after removal of the drug. These results indicate that naltrexone could be used as a smoking cessation aid.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Drug addiction is an illness where drug-seeking beha-
vior dominates the motivation of an individual. The
pharmacological actions of different drugs in the central
nervous system (CNS) remain the major determinants
of addiction. Numerous studies have demonstrated
that the addictive properties of many drugs are primarily
the result of changes in the rewarding pathways and
memory circuits in the brain.!

Prototypic addictive drugs are diverse chemicals,
including opiates (e.g., morphine and heroin) and nico-
tine, which interact with distinct receptors in the brain.
For instance, the pharmacological effects of opioids are
derived from their complex interactions with three
opioid receptor types, i, 8 and «.? Likewise, the neuro-
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logical effects of nicotine, the psychoactive substance
in tobacco, arise from its interactions with various
nicotinic receptor (nAChR) subtypes in the brain, par-
ticularly the a7 and the a4p2 nAChRs.> However, the
rewarding effects of all of these drugs result from a
common change in the CNS, that is, a significant
increase in the mesolimbic dopaminergic activity.* The
craving-seeking behavior induced by addictive drugs, on
the other hand, appears to be due to multiple alterations
in memory circuits in the prefrontal cortex, amygdala,
hippocampus and dorsal striatum, all of which receive
innervation from the mesolimbic dopaminergic system.>

The chemical and neuronal networks in the brain allow
for considerable reciprocal interactions among the
various neurotransmitter systems. Consequently, drugs
acting on neuromodulatory systems, such as the cholin-
ergic and the opioid systems, modify each other’s
effects. For instance, the opioid agonist heroin is known
to increase the number of cigarettes smoked® and nico-
tine can block morphine-induced analgesia.” This
potential interaction between the nicotinic and opioid
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systems and the success and substantial safety of opioid
antagonists in the treatment of opioid addiction led to
clinical trials designed to investigate the effects of the
opioid antagonists naltrexone and naloxone on smoking
behavior.

Unfortunately, results from these trials were not con-
sistently positive. For example, Karras and Kane®
showed a positive correlation between a single sub-
cutancous naloxone dose and smoking reduction. In
contrast, Nemeth-Coslett and Griffiths” reported that
intramuscular injections of naloxone had no effect in
smoking. The different naloxone administration routes
could have explained the opposite outcomes. Naltrex-
one has been more thoroughly investigated in cigarette
smoking cessation programs. Three double-blind and
placebo controlled studies!'®'?> compared nicotine
abstinence after naltrexone administration. Wewers and
colleagues!® showed that a number of indicators of
nicotine addiction were significantly reduced by nal-
trexone. Others'!"!? reported that naltrexone did not
influence cigarette consumption or withdrawal symp-
toms after tobacco abstinence. Two other studies inves-
tigated co-administration of naltrexone and nicotine
replacement therapy.!>'# Both groups concluded that
naltrexone influenced the efficacy of nicotine replace-
ment therapy. However, Hutchison and colleagues!?
reported that concomitant nicotine skin patch and oral
administration of naltrexone were additive in reducing
smoking urge and decreasing nicotine withdrawal,
whereas Brauer et al.'* found a negative association
between naltrexone and skin nicotine patches. Differ-
ences in naltrexone dosages could have accounted for
the discrepant results.

It is not clear that the usefulness of naltrexone or
naloxone in the treatment of nicotine addiction results
exclusively from physiological interactions between the
opioid and nicotinic cholinergic systems in the brain.
Earlier studies have demonstrated that naltrexone can
interact directly with muscle nAChRs.'>!¢ Recent stud-
ies from this laboratory also reported that naltrexone
acts as a non-competitive antagonist of «7 nAChRs and
causes up-regulation of these receptors in primary hip-
pocampal cultures.'” The present study was designed to
examine the effects of naltrexone and naloxone on o432
nAChRs, the most prevalent neuronal nAChR in the
brain, and to analyze the time-dependent effects of nal-
trexone on o7 nAChR activity in hippocampal neurons
in primary and organotypic cultures.

2. Characterization of x432 nAChRs stably
transfected into HEK 293 cells

HEK 293 cells stably expressing a4p2 nAChRs were
cultured onto polylysine-coated coverslips and used 2-5
days after plating.'® Agonist-evoked currents were
recorded from either isolated cells or small cell aggre-
gates under the whole-cell mode of the patch-clamp
technique.'® Agonist application to cell aggregates
resulted in currents that had larger amplitudes than
those recorded from isolated cells, thus facilitating

measurements of current amplitudes particularly at low
agonist concentrations. To reduce receptor desensitiza-
tion, agonist pulses were applied to the cells every 2 min
through a U-tube.?® The external solution was com-
posed of (in mM): NaCl 165, KCI1 5, CaCl 1, Hepes 5,
dextrose 10 (pH=7.3, adjusted with NaOH; 340
mOsm). The muscarinic receptor antagonist atropine
(1 uM) was added to the external solution. Electrodes
were pulled from 1.5-mm external diameter brosilicate
glass and had 3-5MQ of series resistance when filled
with the following internal solution (in mM): CsClI 80,
CsF 80, EGTA 10, CsOH 22.5, Hepes 10 mM (pH=7.3
adjusted with CsOH, 340 mOsm). Under these condi-
tions, ACh (3 nM-3 mM, 1-s pulse) induced inward
currents whose amplitudes increased with increasing
ACh concentrations in the ranges of 3 nM to 1 uM and
10 uM to 3 mM (Fig. 1A). The concentration—response
relationship for ACh was best fit by a double sigmoid,
indicating the existence of a high- and a low-affinity
component (Fig. 1B). The ECsos for ACh were 211.3+2.6
nM and 54.0+18.6 uM (mean+S.E.M, n=3-5 cells).
The Hill coefficient (nH) for the high- and low-affinity
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Figure 1. Concentration—response relationship for ACh-triggered
whole-cell currents in HEK293 cells stably expressing a4p2 nAChRs.
(A) Sample recordings of currents evoked by 1-s pulse application of
ACh to HEK?293 cells at —50 mV. Recordings in each row were taken
from a different cell. The dotted line indicates the 0 pA level. (B) The
run-down corrected'” peak amplitudes of currents evoked by 3 mM
ACh were taken as 100% and used to normalize the peak amplitudes
of currents evoked by any given ACh concentration. Each cell was
exposed to 3 mM ACh and two or three other ACh concentrations.
Data points and error bars represent mean+S.E.M. of results
obtained from 4-5 cells. The data was best fit by a double sigmoid.
When not shown, error bars are smaller than point sizes. Unless
indicated otherwise, all chemicals were from Sigma.
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components were 1.47+0.23 and 0.72+0.16, respec-
tively (mean+S.E.M, n=3-5 cells). At passage 15, the
high-affinity component subserved 23+0.84% of the
peak of ACh-evoked currents. As the number of passages
increased, the relative contribution of the high-affinity
component to the ACh response increased. For <10
and > 20 passages, the contributions of the high-affinity
component to the total peak current amplitude were 10—
20% and 30-40%, respectively (data not shown).

These findings join an ever-growing number of reports
of the existence of two affinity components in systems
ectopically expressing a4p2 nAChRs.?!2* The apparent
potency for ACh and the proportion of high/low affinity
components along with cell passage number presented
herein are in good agreement with those reported
in previous studies carried in Xenopus oocytes?! and in
another HEK293 cell line.?3>* The nature of the high-
and low-affinity components is not known. They might
represent two a4B2 nAChR isoforms that have distinct
subunit stoichiometries or a single a4p2 nAChR iso-
form with distinct posttranslational modifications. Two
lines of evidence favor the hypothesis of two a4p2
nAChR isoforms: (i) different ratios of high- and low-
affinity components have been obtained after manipu-
lations of a4:B2 proportions in Xenopus oocytes>® and
in another HEK?293 cell line,?* (ii) at least two single-
channel conductance levels have been recorded from
HEK293 cells and Xenopus oocytes expressing o432
nAChRs?#2%27 and the single-channel amplitudes do
not seem to be affected by manipulation of phosphoryl-
ation pathways.?®

Previous studies defined dihydro-B-erythroidine (DHBE)
as a competitive antagonist selective for a4pf2 nAChRs.
Thus, experiments were designed to determine the sen-
sitivity to DHBE of the high- and low-affinity compo-
nents of ACh responses recorded from the HEK?293
cells. In these experiments, ACh was used as the agonist
at 300 nM or 3 mM. Responses evoked by 3 mM ACh
in the HEK?293 cells stably expressing 42 nAChRs
corresponded to 100% activation of the high- and low-
affinity components. In contrast, activation of high- and
low-affinity receptors contributed to approximately
83% and 16%, respectively, of the peak amplitudes of
currents evoked by 300 nM ACh (calculated as the high-
affinity component representing 23% of the 3 mM ACh
current). Consequently, 300 nM was selected as an ideal
ACh concentration to activate more selectively the high
affinity receptors while allowing for recordings of cur-
rents with well-defined peaks. DHBE was applied both
via the bath and in admixture with ACh. Under these
conditions, increasing concentrations of DHPBE sig-
nificantly inhibited currents evoked by 300 nM ACh
(Fig. 2A). The concentration—response relationship for
DHBE-induced blockade of a4p2 nAChRs was best
fitted by a single sigmoid curve; the ICsqy and nH
for DHBE were 3.66+2.1 nM and 0.96+£0.36 (mean-
+S.E.M., n=4 cells per concentration), respectively.
The source of the large standard error is unknown;
however, a plausible explanation is that the high- and
low-affinity receptors also recognize DHBE with differ-
ent affinities. Unfortunately, it was not possible to acti-

vate the low-affinity component in isolation (even at low
passage number). In addition, the blockade of w42
nAChRs by DHBE was rapidly reversed with increasing
agonist concentrations; during the agonist pulse the
amplitude of currents evoked by 1 mM ACh in the pre-
sence of DHBE gradually increased indicating displace-
ment of the antagonist from its binding site (Fig. 2C).
Thus, it was not possible to quantify the concentration—
response relationship for DHBE when high ACh con-
centrations were used to fully activate both high- and
low-affinity o4p2 nAChRs. Of interest, an ICsy of
approximately 3 nM has been reported for DHpE-
induced blockade of a4B2 nAChRs ectopically expressed
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Figure 2. DHBE-induced block of o432 nAChRs in HEK293 cells. (A)
Sample recordings of ACh (300 nM)-triggered currents recorded
before and after 10-min exposure of the cells to DHBE. Each row was
recorded from a different cell. The dotted line shows the 0 pA level. (B)
Concentration—response relationship for DHBE-induced block of ACh
(300 nM)-triggered currents. Data points and error bars represent
mean and S.E.M., respectively, of results obtained from 4-5 cells.
When not shown, error bars are smaller than symbol sizes. (C) Sample
recordings of ACh (1 mM)-triggered currents recorded before and
after 10-min exposure of the cells to DHBE. The effect of DHBE was
completely reversed after 10 min of washing the cells with antagonist-
free solution. In all experiments, membrane potential was —50 mV.
DHE was a gift from Merck, Sharp & Dohme.



1882 L. E. F. Almeida et al. | Bioorg. Med. Chem. Lett. 14 (2004) 1879—1887

in systems where only the high-affinity receptors have
been detected.?’

3. Naltrexone and naloxone effects on «432 nAChRs

A previous study carried out in cultured hippocampal
neurons demonstrated that naltrexone blocks non-
competitively o7 nAChRs with an ICsy of 30 uM.!’
That same study indicated that higher concentrations of
naltrexone were needed to block a4p2 nAChRs in hip-
pocampal neurons.!” Here, the mechanism of inhibition
of a4P2 nAChRs by naltrexone was determined using
the HEK293 cells. In these experiments, nicotinic cur-
rents were evoked by 100 pM ACh. The low- and the
high-affinity receptors contributed to ca. 61.7% and
38.3%, respectively, of the peak amplitude of currents
evoked by 100 pM ACh. Naltrexone, applied only as an
admixture with the agonist, reduced the peak amplitude
(Fig. 3A) and accelerated the decay phase (Table 1) of
ACh-evoked currents; both effects were concentration
dependent. At high naltrexone concentrations (> 100
uM), a rebound current appeared after the end of the
agonist pulse (see Fig. 3A). This rebound current is
interpreted as fast relief of naltrexone-induced receptor
block after the end of the agonist pulse with con-
comitant channel reactivation by the agonist still pre-
sent around the cell.>® Support for this hypothesis
comes from scaling currents evoked by ACh and ACh-
plus-naltrexone to the same maximal peak amplitude
and observing that, after the end of the agonist pulse,
the amplitudes of both currents are the same (Fig. 3A,
insert).

The concentration—response relationship for naltrexone-
induced blockade of a4B2 nAChRs was best fit by a
single sigmoid (ICs5o=139.04+20.3 uM, mean+S.E.M.
of results obtained from 4-5 cells), indicating that nal-
trexone did not discriminate between the high and low
affinity components. This ICsy is substantially higher
than that reported for naltrexone-induced blockade of
a7 receptors in hippocampal primary cultures (ICsq=25
uM) or in acute hippocampal slices (ICso=231 uM).!”
However, it is equivalent to naltrexone-induced block-

Table 1. Decay-time constant of ACh (100 uM)-evoked currents in
the absence or presence of naltrexone

Drugs, uM Decay-time
constant (ms)
ACh, 100 547.88+15.78

509.96+81.05
495.98£69.69
543.11+53.50
508.74+49.27
467.84+33.59
422.02+38.88*
257.74£15.13%*
202.53£10.65%*

+ Naltrexone, 0.1

+ Naltrexone, 0.3

+ Naltrexone, 1

+ Naltrexone, 3

+ Naltrexone, 10

+ Naltrexone, 30

+ Naltrexone, 100
+ Naltrexone, 300

Data was obtained by fitting the decay phase of ACh-evoked currents
with a single-exponential function and are presented as mean+S.E.M.
of results obtained from 4-5 cells. According to the ANOVA followed
by Dunnett post-test, results are significantly different from control
(ACh, 100 pM), *p <0.05 and **p <0.01.

ade of 04Pp2 nAChRs in CAl stratum radiatum inter-
neurons (ICso=141 pM).!7 To investigate the time
dependence of naltrexone-induced blockade of «4p2
nAChRs, ACh-evoked currents were recorded before
and 10-min after exposure of the HEK293 cells to the
drug (Fig. 3B).

The magnitude of the blockade achieved with 10-min or
1-s exposure of the cells to naltrexone (3, 30 or 100 uM)
was similar (Fig. 3B). This result indicates that the
equilibrium between naltrexone and o4f2 nAChRs is
<1 s. In addition, this finding is consistent with an
open-channel blocking action of naltrexone, which has
been observed in other nAChRs.!” In this case, opening
of the receptor channels by the agonist facilitates the
access of the antagonist to its site within the channel.

Naloxone (Fig. 4B, insert) and naltrexone (Fig. 3B,
insert) have similar chemical identity with the only dif-
ference being cyclization of the propenyl chain in
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Figure 3. Naltrexone blocks 042 nAChRs. (A) Sample recordings of
ACh (100 uM)-evoked currents in the absence (1) or in the presence of
naltrexone (300 pM) (2). With naltrexone concentrations > 100 pM, a
delayed current peak (*) was observed after the end of the pulse of
agonist-plus-antagonist. Inset: Scaling of the traces of currents evoked
by ACh (1) and ACh-plus-naltrexone (2) to the same peak amplitude.
The dotted line shows the 0 pA level. Membrane potential = —50 mV.
(B) Concentration-response relationship for naltrexone-induced
blockade of a432 nAChRs in HEK293 cells. Any given concentration
of the opioid antagonist was applied either exclusively in admixture
with ACh (100 pM,e) or in admixture with ACh after a 10-min per-
fusion of the cells with solution containing that concentration of nal-
trexone (O). The amplitudes of currents evoked by ACh alone were
taken as 100% and used to normalize the amplitudes of currents
evoked by ACh-plus-naltrexone. Solid line shows the sigmoid fit of the
results. Data points and error bars represent mean and S.E.M., respec-
tively, of results obtained from 4-5 cells. Insert: chemical structure of
naltrexone. Naltrexone was purchased from Endo Laboratories.
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naltrexone. However, when applied to the HEK293 cells
in admixture with ACh (100 uM), naloxone (140 puM)
did not alter the amplitude of ACh-evoked currents
recorded at various membrane potentials (Fig. 4).
Therefore, the propenyl chain hinders the interaction of
naloxone with the 042 nAChRs. Taken together, these
results indicate that (i) a7 nAChRs are approximately
4.6 times more sensitive to naltrexone than o4p2
nAChRs and (ii) a4p2 nAChRs are substantially insen-
sitive to naloxone.

4. Naltrexone blocks nicotine induced up-regulation of 7
nAChRs: Consequences for smoking cessation therapy

Up-regulation of nAChRs is considered to be one of the
mechanisms involved in initiation and maintenance of
nicotine addiction, and craving for smoking during
quitting attempts.3! A previous study from this labora-
tory demonstrated that a 1-h exposure of primary hip-
pocampal cultures to clinically relevant concentrations
of nicotine (10 or 30 nM) causes significant up-regula-
tion of functional a7 nAChRs.!” Thus, experiments
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Figure 4. Naloxone does not block a4B2 nAChRs. (A) Current-vol-
tage relationship for ACh (100 uM)-evoked currents in the absence (o)
and in the presence (O) of naloxone (140 uM). The amplitudes of
currents evoked by ACh (100 uM) at —60 mV were taken as 1 and
used to normalize the amplitudes of currents evoked by ACh or by
ACh-plus-naloxone at all membrane potentials. Each point and error
bar represent mean and S.E.M. of results obtained from 4-5 cells. (B)
Ratio of the normalized amplitudes of currents evoked by ACh in the
presence (IACh+ naloxone) or absence (IACh) of naloxone. Data
points and error bars represent mean and S.E.M., respectively, of
results obtained from 4-5 cells. Solid line is the regression line of the
points. Insert: Chemical structure for naloxone. Naloxone was pur-
chased from Endo Laboratories.

were designed to investigate whether naltrexone could
modify expression and/or antagonize nicotine-induced
up-regulation of o7 nAChRs. In these experiments,
choline was used as a selective full 7 nAChR agonist.

In the first experimental protocol, choline (10 mM)-
evoked currents were recorded from 10 neurons at
—60 mV. Then, following a 1-h perfusion of the culture
dishes with external solution containing naltrexone
(30 uM), responses evoked by choline in the continuous
presence of naltrexone were recorded from another 10
neurons. The average time to obtain 10 patches was
10611 min (range 49-163 min). The peak amplitudes
of currents obtained after exposure of the neurons to
naltrexone were normalized to the arithmetic mean of
the peak amplitudes of choline-evoked currents recor-
ded prior to exposure to naltrexone. This procedure
guaranteed that each culture dish was used as its own
control and allowed for comparisons among different
culture dishes. Exposure of the neurons for 1 h to nal-
trexone (30 uM) reduced the peak amplitudes of cho-
line-evoked currents to 55.4+9.1% of control values
(Fig. 5A). The magnitude of o7 nAChR inhibition
caused by 1-h exposure of hippocampal neurons to
30 uM naltrexone is similar to that reported to occur
after a 10-min exposure of the neurons to the same
concentration of the drug.!” Thus, contrary to what has
been reported for nicotine,!” 1-h perfusion of hippo-
campal neurons with solution containing naltrexone
does not result in functional up-regulation of «7 nAChRs.

In the second set of experiments, dishes of primary hip-
pocampal cultures were perfused for 1 h with naltrex-
one-containing external solution and the peak
amplitude of currents evoked by choline (10 mM, 1 s
pulses) were recorded from 10 neurons. Subsequently,
the dishes were perfused for an additional hour with
external solution containing naltrexone (30 pM)-plus-
nicotine (1 nM—10 pM). The average peak amplitudes of
choline-evoked currents recorded in the presence of
naltrexone (30 uM) from a dish were used to normalize
the average peak amplitudes of currents evoked by
choline in the presence of naltrexone-plus-nicotine
in that dish. This protocol allowed for comparisons of
results obtained from different cultures. In these experi-
ments, o7 nAChR desensitization caused by 10 uM
nicotine was not affected by naltrexone (Fig. 5B).
However, up-regulation of functional o7 nAChRs seen
when the hippocampal neurons were exposed to 10 or
30 nM nicotine alone was not detected when the neu-
rons were exposed to the admixture of nicotine-plus-
naltrexone (Fig. 5B). It was previously reported'” that
significant up-regulation of functional o7 nAChRs can
be detected in primary hippocampal cultures exposed
for 3 days to nicotine (10 uM) plus naltrexone (30 uM)
after 30-min washing with drug-free solution. This up-
regulation was not significantly different from that seen
in cultures treated for three days with nicotine alone.!”
Thus, the present findings are more likely the result of
the naltrexone-induced blockade of the o7 nAChRs
functionally up-regulated by nicotine than inhibition of
the mechanism underlying nicotine-induced functional
up-regulation of a7 nAChRs.
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All clinical trials investigating the usefulness of naltrex-
one in smoking cessation administered the drug at or
close to its proposed dosage for treatment of opiod
addiction.'0~1432-3% After 1 h of oral administration of
100 mg naltrexone, the mean nonconjugated naltrexone
plasma concentration was 43.6+29.9 ng/l (127.7+87.6
nM); this concentration remained approximately con-
stant for 3-4 h.>> Because naltrexone is rapidly meta-
bolized (half-life of 8 h), its plasma concentration
declined to 2.1+£0.5 pg/l (6.2+1.46 nM) within 24 h
after a single dose of 100 mg.?> It should be noted that
the brain concentrations of naltrexone are 3.2 times
higher than its plasma concentrations.3° If it is assumed
that the actions of naltrexone on o7 and 42 nAChRs
are important for its beneficial effects on smoking ces-
sation, different plasma concentrations of naltrexone
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Figure 5. Effects of prolonged exposure to naltrexone (30 uM) on o7
nAChR activity and on nicotine-induced up-regulation of o7 nAChRs.
(A) Choline (10 mM)-evoked currents were recorded from 10 hippo-
campal neurons in primary cultures under control conditions and from
another 10 neurons after 1-h exposure of the cultures to naltrexone.
Amplitudes of currents recorded under control conditions in each dish
were taken as 100% and used to normalize the averaged amplitudes of
currents recorded from neurons after exposure of that dish to naltrex-
one. Graph and error bars represent mean and S.E.M. of results
obtained from 3 dishes (¥, p<0.05 according to the paired Student’s
t-test; total of 60 neurons, 30 neurons each for control and naltrexone).
(B) In other sets of dishes, choline-evoked currents were recorded from
10 neurons after 1-h exposure to naltrexone (30 uM) or naltrexone
(30 uM)-plus-nicotine (1 nM-10 uM) (gray bars). Each dish was
exposed to a single concentration of nicotine (n=353 neurons). The
amplitudes of responses recorded after treatment with naltrexone were
taken as 100% and used to normalize the amplitudes of responses
recorded after treatment with naltrexone-plus-nicotine. For compar-
ison, we overlaid the results obtained from experiments in which
responses were recorded after 1-h perfusion of the neurons to nicotine
(reported before by Almeida et al.'’; white bars). *** p<0.001, *,
p<0.05 according to ANOVA followed by Dunnett post-test. All
experiments were performed at —50 mV.

might explain why clinical trials using an in-patient
arrangement!%!333 reported more positive naltrexone
effects on smoking cessation than trials using out-
patient configurations.!!-12-14:32.34 The in-patient studies
measured the effects of naltrexone on smoking cessation
soon after the administration of the drug and more
likely sampled the results from a population with higher
blood naltrexone levels. On the other hand, out patient
studies measured the effects of naltrexone over a longer
period of time (weeks) and were more likely to obtain
results from a population with much lower blood nal-
trexone levels. Higher naltrexone levels are expected to
translate in blockade of nAChRs up-regulated by nico-
tine and in returning nicotinic cholinergic activity closer
to normal levels. The results reported here predict that
higher concentrations of naltrexone and/or prolonged
periods of administration would be more efficacious in
smoking cessation programs. Indeed, clinical trials with
the usual naltrexone clinical dose for opioid detoxifica-
tion (50 mg once a day), but with continuous use for 4
weeks reported a tendency toward an increase in main-
tenance of tobacco-free status.>> However, 6 months
after interruption of naltrexone, the effect had sub-
sidized, indicating that prolonged naltrexone adminis-
tration might be necessary to help smokers maintain a
nicotine-free status. Higher doses and prolonged nal-
trexone administration should not be accompanied by
increased toxicity or side effects. Naltrexone has been
administered to human populations in doses up to 4
times (200 mg) the usual daily dose without any repor-
ted significant side effects’”-3® and high safety margins
are expected from primate and non-primate animal
toxicity studies.?® Moreover, once naltrexone treatment
was interrupted, no abrupt withdrawal syndrome was
reported.?” Finally, blockade of nAChRs by naltrexone
should not be followed by compensatory increases in
cigarette smoking, as has been reported by administra-
tion of others nicotinic antagonists.*® This expectation
derives from the fact that no clinical trial reported that
naltrexone increased cigarette consumption.

5. Naltrexone up-regulates functional nAChRs in
hippocampal organotypic cultures

Normal preparation procedures for primary neuronal
cultures involve destruction of the physiological synap-
tic patterns. In addition, the primary cultures used in
the present study were obtained from embryonic ani-
mals. Thus, organotypic hippocampal cultures were
used to investigate the effects of naltrexone in a more
physiological preparation. Organotypic hippocampal
cultures were obtained using a modification of the pro-
cedure of Stoppini et al.*! Briefly, 8-11-day-old Spra-
gue—Dawley rats, kept in accordance with animal
procedures established by the University of Maryland
Baltimore in a 12 h light/dark cycle (lights on at 7 AM),
were sacrificed under CO, narcosis and the hippocampi
were rapidly removed. Slices that were 300-pum thick
were obtained and placed in millicell® membranes
(Millipore, USA) pre-coated with a solution of rat tail
collagen type I (0.4 mL, 1 mg/mL). Millicell® mem-
branes with hippocampal slices were incubated during
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the first 24 h in minimum essential medium enriched
with Hepes 10 mM, glucose 28 mM, sodium bicarbo-
nate 7.5%, horse serum 10%, fetal bovine serum 10%
and glutamine 1%. After the first 24 h and twice a week
thereafter, this medium was substituted for another one
of the same composition but without fetal bovine serum.
Organotypic cultures were used at 6-8 or 20-22 days after
plating. These ages were selected because previous
experiments indicated an ontogenic development of o7
nAChRs in CAl pyramidal neurons with consistent
responses at 7 days in vitro and maximal responses at
>21 days in vitro.*? Electrophysiological recordings were
obtained by the ‘blind’ technique*? from CA1 pyramidal
neurons and 6-s pulses of choline (10 mM), ACh (3 mM)
or y-aminobutyric acid (GABA, 50 uM) were applied to
the neurons via a U-tube. Each patch-clamped neuron
was exposed to two pulses of each agonist (3-min inter-
val between pulses) and at least 6 cells were studied in
any given slice. To account for the normal variability of
amplitudes of agonist-evoked currents in different slices,
recordings were obtained from untreated and naltrex-
one-treated slices in the same culture batch and on the
same experimental day. Moreover, the charge (rather
than the peak amplitude) of agonist-evoked currents
was measured during the 6-s agonist pulse and results
from naltrexone-treated slices were normalized to the
average current charge recorded from neurons in paired
untreated slices. The artificial cerebral spinal fluid
(ACSF) bathing the organotypic cultures had the fol-
lowing composition (in mM): NaCl 135, KCI 3, CaCl,
2, dextrose 16.5, MgCl, 1, NaHCO; 26, NaH,PO,4 1.25
and was continuously bubbled with a mix of 5% CO,
and 95% O,. Tetrodotoxin (300 nM) and atropine
(1 uM) were added to the external solution. The internal
solution used to fill pipettes contained (in mM): cesium-
methanesulfonate 130, CsCl 10, CsOH 20, EGTA 10,
Hepes 10, MgCl, 2 (pH=7.2, adjusted with CsOH; 330
mOsm). To confirm the pyramidal nature of the sam-
pled cells, biocytin (0.5%) was included in the internal
solution for post-hoc image reconstruction.**

Photomicrographies of biocytin-filled neurons that were
studied electrophysiologically in organotypic hippo-
campal cultures revealed that these neurons had the
morphological features of pyramidal neurons (Fig. 6A).
Neuronal cell bodies with a pyramidal shape could be
easily distinguished and apical and basal dendrites (up
to tertiary ramifications) could be traced (Fig. 6A).
Application (6-s pulses) of ACh (3 mM), choline (10
mM) or GABA (50 uM) to the neurons evoked inward
currents. Methyllycaconitine (10 nM) and o-bungar-
otoxin (a-BGT, 100 nM) blocked by 100% and 75%,
respectively, fast-decaying currents evoked by ACh or
choline, suggesting that the responses were subserved
primarily by o7 nAChRs.*> Surprisingly, 24-h incu-
bation of the organotypic hippocampal cultures with 0.3
uM, but not 30 uM naltrexone induced up-regulation of
functional o7 nAChRs that was detected after 30-min
washing of the preparations with naltrexone-free solu-
tion (Figs 6B and 6C). In 6-8-day-old organotypic hip-
pocampal cultures, naltrexone (0.3 uM) increased the
charge carried by choline- and ACh-induced currents by
283% £54% and 214% +47%, respectively. This effect

was specific for the nAChRs, because GABAergic cur-
rents were not affected by the treatment with naltrexone
(75% £9.4% after naltrexone 0.3 pM).

It has been reported that expression of nAChRs in CA1
pyramidal neurons in organotypic hippocampal cultures
increases along with time after plating, reaching a peak
at 21 days in vitro.*> Here, choline- and ACh-evoked
currents recorded from CA1 pyramidal neurons in 20—
22-day-old organotypic cultures were also larger than
those recorded from CAIl pyramidal neurons in 6-8-
day-old cultures (data not show). However, the ability
of naltrexone to increase nAChR activity was not
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Figure 6. Naltrexone-induced up-regulation of functional o7 nAChRs
in CA1 pyramidal neurons of organotypic hippocampal cultures. (A)
Photomicrographies of biocytin-filled neurons in the CAl field of a
hippocampal slice in a 21-day-old organotypic culture. (B, C) The
arithmetic mean of the charge of currents evoked by 6-s pulses of ACh
(3 mM), choline (10 mM) or GABA (50 uM) in CA1 pyramidal neu-
rons of untreated cultures was taken as 100% and used to normalize
the charge of currents evoked by each agonist in CA1 pyramidal neu-
rons of batch-paired cultures that had been exposed for 24 h to nal-
trexone (0.3 or 30 uM). At least 6 neurons were studied in each slice
and all three agonists were tested on the same cell. Graph and error
bars shown in B represent mean and S.E.M., respectively, of results
obtained from 3-4 organotypic cultures after 6-8 days in vitro
(grouped as 7 days in vitro). A total of 37 naltrexone-exposed neurons
were studied. In C, graph and error bars represent mean and S.E.M.,
respectively, of results obtained from 3-4 organotypic cultures after
20-22 days of plating (grouped as 21 days in vitro). A total of 51
naltrexone-exposed neurons were studied. ** indicates that results are
significantly different from control with p<0.01 (according to the
ANOVA with Dunnett post-test). All recordings were obtained at
—70 mV.
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significantly affected by the age of the cultures (Fig. 6C).
Naltrexone (0.3 pM)-induced increase in charge for
choline- and ACh-evoked currents in CA1l pyramidal
neurons of 20-22-day-old cultures was 210+20% and
1694 14%, respectively. The finding that 24-h treatment
of organotypic cultures with 0.3 pM (but not 30 pM)
naltrexone causes functional up-regulation of o7
nAChRs in pyramidal neurons contrasts the finding
that three days treatment of primary hippocampal cul-
tures with 30 uM (but not 0.3 uM) naltrexone up-reg-
ulates o7 nAChRs.!7 A few lines of evidence suggest
that the different times of treatment with naltrexone
(24 h versus 3 days) rather than the different prepara-
tions (primary versus organotypic hippocampal cul-
tures) account for these discrepant results. First, the
inhibitory effect of short-term exposure (<10 min) to
naltrexone on o7 nAChRs is the same regardless whe-
ther the receptors are in neurons of primary hippo-
campal cultures or acute hippocampal slices; no
differences in the apparent potency of the drug or in the
kinetics of blockade were found.!” Second, the same
applies to the effects of short-term exposure to naltrex-
one on o4P2 nAChRs present in neurons of primary
hippocampal cultures'” and acute hippocampal slices'’
or ectopically expressed in HEK293 cells (this study).
Consequently, it is conceivable that functional o7
nAChR up-regulation induced by 0.3 uM naltrexone is
transient, subsiding within three days exposure to the
drug, and that the onset of &7 nAChR up-regulation by
30 uM naltrexone requires longer than 24-h exposure to
the drug. At this time, however, the possibility that the
different preparations account for the discrepant results
cannot be completely ruled out.

The functional up-regulation of a7 nAChRs observed
after the 24-h treatment of organotypic hippocampal
cultures with 0.3 uM naltrexone is likely the result of the
interactions of the drug with endogenous opioid recep-
tors altering the cyclic AMP (cAMP) second messenger
pathway. Indeed, activity of the cAMP-dependent pro-
tein kinase has been shown to influence desensitization,
reactivation and expression of several nAChR sub-
types?”46~4 Considering that as a result of the short
half-life of naltrexone, concentrations of naltrexone do
not plateau for a long period, up-regulation of func-
tional o7 nAChRs induced by the drug may not be
clinically relevant.

In summary, the findings that (i) naltrexone, in addition
to inhibiting &7 nAChRs,!” blocks 2432 nAChRs via an
open-channel blocking mechanism and (ii) the con-
tinuous presence of naltrexone blocks the o7 nAChRs
functionally up-regulated by nicotine indicate that at
appropriate dosages, certainly higher than those used to
treat opioid addicts, naltrexone is a potential candidate
for treatment of nicotine addiction.
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