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Abstract Rationale: Topiramate, an anticonvulsant med-
ication, may be effective as a treatment for alcohol and
cocaine addiction. While a recent clinical study has
demonstrated the potential utility of topiramate for
smoking cessation in alcohol-dependent smokers, the
effects of topiramate on tobacco addiction have not been
systematically examined in humans. Objectives: To de-
termine topiramate’s effects on acute physiological and
subjective responses to intravenous (IV) nicotine in
overnight abstinent smokers. Methods: Seven male and
five female smokers participated in a double-blind,
placebo-controlled, crossover study, which consisted of
one adaptation and three experimental sessions. Before
each session, participants were treated orally with either a
single 25 or 50 mg topiramate dose or with placebo.
Starting 2 h following the medication treatment, partici-
pants received an IV saline injection, followed by 0.5 and
1.0 mg/70 kg IV nicotine. Results: Topiramate treatment
at 50 mg, compared to 25 mg or placebo, attenuated heart
rate increases induced by nicotine. Topiramate, compared
to placebo, enhanced the ratings of subjective effects from
nicotine including “drug strength,” “good effects,” “head
rush,” and “drug liking.” Topiramate treatment did not affect
performance on the Stroop test. Conclusions: These results
suggest that topiramate may enhance the subjective effects of
nicotine and attenuate the heart rate response to nicotine.
While the exact mechanisms are unclear, enhancement of the
dopaminergic system and attenuation of the noradrenergic
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system may mediate the topiramate’s effects on the subjec-
tive and cardiovascular responses to nicotine, respectively.
The utility of topiramate for smoking cessation needs to be
examined further in controlled clinical trials.
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Introduction

Tobacco addiction, the chief preventable cause of death in
developed countries, causes over 430,000 deaths annually
in the United States alone (CDC 2005). Currently, the first-
line pharmacotherapies to aid smoking cessation include
nicotine replacement therapy (NRT) and sustained release
bupropion (Fiore 2000). NRT or bupropion treatments
achieve abstinence rates between 15-20% at 1 year,
approximately two times better than placebo (Fiore 2000;
Silagy et al. 2004). These figures emphasize the need for
more effective pharmacotherapies for tobacco addiction.
Several medications have been examined as potential
medications for tobacco addiction. A recent human study
provided preliminary evidence that topiramate may be
effective for smoking cessation in alcohol-dependent
smokers (Johnson et al. 2005). Among participants of a
clinical trial examining the effects of topiramate for alcohol
dependence, those who were assigned to topiramate were
more likely to quit smoking than those assigned to placebo
(19.4 vs 6.9% at week 12). While this study had a number
of limitations, these findings raised an intriguing possibility
that topiramate may be effective as a pharmacological aid
to smoking cessation. These promising findings warrant
further studies specifically designed to examine topira-
mate’s effects on tobacco addiction.

The goal of this study was to characterize topiramate’s
effects on subjective and physiological responses to intrave-
nous (IV) nicotine in abstinent smokers. Topiramate has
multiple pharmacological effects including inhibition of Na*
and Ca"" currents, inhibition of carbonic anhydrase, increased
dopamine and serotonin release, blockade of alpha-amino-3-
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hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)/kai-
nate subtypes of glutamate receptors, and potentiating
gamma-aminobutyric acid (GABA) effects (Gibbs et al.
2000; Gordey et al. 2000; Herrero et al. 2002; Kuzniecky et
al. 2002; Okada et al. 2005; White et al. 2000). The potential
therapeutic effects of topiramate for addictive disorders have
been hypothesized to be due to the inhibition of dopamine
release in mesolimibic dopaminergic pathways. Topiramate
appears to enhance GABA and inhibit glutamate receptors,
both of which inhibit dopamine release (Johnson 2004). More
recently, the direct effects of topiramate on dopamine and
serotonin release in the brain were demonstrated (Okada et al.
2005). Topiramate, at doses comparable to therapeutic levels
in humans, enhanced the basal and Ca"-induced dopamine
levels in the prefrontal cortexes of rats. Thus, topiramate
might attenuate or enhance the subjective effects of nicotine,
based either on its indirect attenuation of the dopaminergic
system or its potentiation of dopamine release, respectively
(Johnson 2004; Okada et al. 2005). This study was designed
to test these alternative mechanisms and examine topira-
mate’s potential for treating tobacco addiction.

Materials and methods
Participants

Seven male and five female nontreatment-seeking smokers
were recruited from the New Haven area (seven African-
Americans, three Caucasians, one Hispanic, and one
Asian-American). Two additional participants were en-
rolled but dropped out of the study before receiving
medication treatment and were not included in the analysis.
The average age (SD) of the participants was 35.5 (10.6).
On average, participants smoked 18.7 (8.0) cigarettes/day,
and had a Fagerstrom Test for Nicotine Dependence
(Heatherton et al. 1991) score of 7.1 (2.2). Participants had
normal results to physical, laboratory, and psychiatric
examinations. None of the participants were dependent on
alcohol or on any drugs other than nicotine. All participants
gave signed informed consent prior to their entry into the
study. Experimental sessions were conducted in the
Biostudies Unit located at the Veterans Affairs (VA)
Connecticut Healthcare System (West Haven campus),
and the participants were paid for participation. This study
was approved by the VA Connecticut Healthcare System
Human Subjects Subcommittee.

Procedures

This outpatient, double-blind, placebo-controlled, cross-
over study had one adaptation and three experimental
sessions. On the experimental days, participants were
instructed not to smoke after midnight. Smoking absti-
nence was verified by obtaining breath carbon monoxide
levels (<10 ppm). Before the sessions started, an indwell-
ing IV catheter was placed in an antecubital vein of each
participant for nicotine infusion, blood drawing, and as a

safety precaution. After baseline measures were obtained,
participants received the study medication followed by a
light meal. Starting 2 h after medication administration,
when peak levels of topiramate were expected, participants
were given saline followed by two escalating doses of
nicotine (0.5 and 1.0 mg/70 kg) intravenously. The
injections were given 30 min apart, over 60 s. Cardiac
rhythm was monitored continuously during sessions, and
12-lead electrocardiograms were obtained before and at the
end of the session. The sessions started at 8 a.m. and were 3
to 9 days apart to minimize the carryover effects from
topiramate or nicotine.

Drugs
Nicotine and topiramate administration

Nicotine bitartrate was obtained from Interchem (Paramus,
NJ). Nicotine samples were prepared by the research
pharmacy at the VA Connecticut Healthcare System in a 5-
cc volume of saline. An investigational new drug
application was submitted to the Food and Drug Admin-
istration for IV nicotine. Quantitative analysis (performed
at the University of California, San Francisco, Clinical
Pharmacology Laboratory) indicated 100% purity of the
nicotine solution. To examine the dose—response effects of
nicotine, participants were administered placebo (saline)
followed by two ascending doses of nicotine (0.5 and
1.0 mg/70 kg). The nicotine doses selected were within the
nicotine dose range that produces robust and reproducible
subjective and physiological effects (Henningfield et al.
1985; Jones et al. 1999).

Topiramate (Topramax) was obtained from Ortho
McNeil Pharmaceutical, (Raritan, NJ). Topiramate was
given as a 25- or 50-mg single dose at the start of the
sessions after completion of the baseline measures. To
minimize any possible adverse events, 25 mg topiramate
preceded the 50 mg topiramate dose and placebo treatment
was randomly inserted into the sequence. To place the
doses of topiramate administered in this study in context,
the typical prescribed starting dosage of topiramate is 25—
50 mg/day orally, gradually increased by 25-50 mg/week
until the usual maintenance dosage of 100-400 mg/day is
reached (Medical Economics Data 2005). Following oral
administration of topiramate, peak effects are reached
within 1.5 to 4 h.

Outcome measures

The outcome measures consisted of biochemical, physiolog-
ical, subjective, and cognitive performance measures. The
biochemical measures were plasma nicotine and cotinine
concentrations to verify abstinence from smoking and level of
smoking, respectively. For these measures, blood samples
were obtained at the beginning of each session.

The physiological measures were systolic and diastolic
blood pressure and heart rate. These measures were taken



before medication treatment and every 20 min for 2 h
afterwards. Additional physiological measures were taken
5 min before and 1, 2, 3, 5, 8, 10, and 15 min after saline or
nicotine injections.

The three subjective measures were: the Drug Effects
Questionnaire (DEQ), a Visual Analog Scale (VAS)
questionnaire for nicotine withdrawal, and the Profile of
Mood States (POMS). The DEQ, used to assess the acute
subjective effects of nicotine, consists of five items: “drug
strength,” “good effects,” “bad effects,” “head rush” and
“like the drug.” Participants rated these items on a 100-mm
scale, from 0, equal to “not at all,” to 100, equal to
“extremely.” The DEQ was given before medication
treatment and every 30 min afterwards for 2 h. DEQ was
also given 5 min before and 1, 3, 5, 8, and 10 min after
saline or nicotine injections.

The VAS questionnaire was used to assess nicotine
withdrawal and included eight items adapted from the
nicotine withdrawal symptoms checklist (Hughes 1996).
The items were “cigarette craving,” “irritability/anger,”
“anxiety,” “difficulty concentrating,” “restlessness,” “in-
creased appetite,” “depressed mood,” and “insomnia”
(Hughes and Hatsukami 1986; Hughes and Hatsukami
1997). Participants were asked to rate each symptom on a
scale from 0 (not present) to 100 (severe). The VAS
withdrawal scale was given three times: at the beginning of
each session, 5 min before saline and nicotine doses, and
20 min after the second nicotine administration.

The POMS is a 72-item rating scale used to measure the
effects of medication treatments on mood (McNair et al.
1971). The POMS has six subscales: (1) composed—
anxious; (2) agreeable—hostile; (3) elated—depressed; (4)
confident—unsure; (5) energetic—tired; (6) clear headed—
confused. The POMS was given three times: at the
beginning of the session, before saline and nicotine
administration, and at the end of each experimental session.

The classical Stroop test, which measures response
inhibition, was given 1 h and 45 min after topiramate or
placebo treatment. Participants first responded to a series of
red, blue, and green XXXXs to practice associating the
particular color with the corresponding key on the
computer. In the congruent condition, the words “red,”
“blue,” and “green” are shown to the participant in the
same color as the presented word. For example, the word
“red” is shown in red ink. The interference condition
involves presenting the person with the words “red,”
“blue,” and “green” written in an incongruent ink color
(i.e., the word “red” written in blue ink). In all conditions,
the participant is asked to name the ink color of the printed
word.

We used the Automated Neuropsychological Assess-
ment Matrics version of a computerized classical Stroop
test (Reeves et al. 2001), which is modeled after Golden’s
clinical version (Golden 1978). Stimuli were presented
every | s and had an interstimulus interval of 350 ms. The
Stroop design consisted of one 3-min block of congruent
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stimuli and one 3-min block of incongruent stimuli. The
outcome measures for the Stroop test were reaction time
and interference score, which reflect slowing on the
incongruent task relative to the congruent one (Reeves et
al. 2001). The Stroop test has been shown to be sensitive to
tobacco deprivation and nicotine replacement treatments
(Mancuso et al. 1999; Provost and Woodward 1991).

Data analysis

To determine treatment effects on selected measures, we
conducted a mixed-effect repeated-measures crossover
analysis using SAS Proc Mixed, version 9. The model
included a fixed main effect for treatment (placebo, 25, or
50 mg topiramate), dose (saline, 0.5 and 1 mg/70 kg), time
of measurement, and the interactions between these three
effects. We also included a random effect for participant
and a blocking factor for treatment sequence. For heart rate,
blood pressure, and DEQ, which had frequent measure-
ments, three a priori questions were addressed in separate
analyses for each measure. The first analysis examined
medication (25 or 50 mg topiramate or placebo) effects
alone and included measurements taken before and up to
2 h after medication treatment. The second analysis
examined medication and saline interactions and included
measurements taken before and up to 25 min after saline
administration. The third analysis examined medication
and nicotine (0.5 and 1.0 mg/70 kg) interactions and
included measurements taken before and up to 25 min after
two nicotine injections. For the analysis of the Stroop data,
the model also included main effects for the Stroop block
(congruent or incongruent). Significant treatment or treat-
ment-by-time interactions (p<0.05) were followed by post
hoc group comparisons using Fisher’s least significant
difference test.

Results
Physiological response

For IV nicotine administration, there was a significant
treatment effect for heart rate [F(2,518)=21.9; p<0.0001],
with lower heart rate responses under the 50-mg-topiramate
condition (Fig. 1). Pairwise comparisons indicated signifi-
cant difference between 50 mg topiramate and placebo
conditions (p<0.05). For systolic or diastolic blood pressure,
no treatment effects were observed. There was also a
significant effect of time for heart rate [F(7,517)=41.5;
p<0.0001] and systolic blood pressure [F(7,517)=2.6;
p<0.001], but there was no significant treatment-by-time
interaction. For heart rate, a significant main effect [F
(1,517)=4.4; p<0.05] for dose was observed, indicating a
greater heart rate increase for the second delivery of
nicotine. Topiramate treatment did not affect the heart rate
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Fig. 1 Topiramate treatment
effect on the heart rate response
to saline and nicotine adminis-
tration. Measurements were
taken just before and 1, 2, 3, 5, 90 Saline
8, 10, and 15 min after saline 1
and nicotine (0.5 and

1.0 mg/70 kg) administrations.
Significant treatment effects,
relative to placebo, were ob-
served for 50 mg topiramate
(»<0.05)
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or the systolic or diastolic blood pressure responses to
saline. Topiramate also did not affect baseline heart rate or
the systolic or diastolic blood pressure.

Subjective response

As shown in Fig. 2, nicotine administration had a
significant treatment effect on the rating of “drug strength”
[F(2,350)=6.2; p<0.001], “good effects” [F(2,319)=8.2;
p<0.001], “head rush” [F(2,319)=4.3; p<0.005], and “drug
liking” [F(2,319)=7.6; p<0.001]. All five items showed
significant time effects (p<0.001) but no significant
treatment-by-time interactions (p>0.05). A significant
dose effect was observed for the rating of “drug strength”
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[F(1,319)=17.9; p<0.0001], “good effects” [F(1,319)=
12.9; p<0.001], and ‘“head rush” [F(2,350)=10.9;
p=0.001], indicating a greater response for the second
nicotine dose. Pairwise comparisons indicated that ratings
of “drug strength,” “good effects,” and “drug liking” were
greater for both 50 and 25 mg topiramate than for the
placebo (p<0.05). The rating of “head rush” was greater for
50 mg topiramate than for placebo (p<0.05). Topiramate
treatment did not affect the subjective response to saline
(p<0.05).

For the average withdrawal severity, no significant
treatment or treatment-by-time interaction was observed
(p<0.05). A significant time effect was observed indicating
decreased tobacco withdrawal severity in response to
nicotine administration (»p<0.05). The average withdrawal
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Fig. 2 Topiramate treatment effect on the DEQ responses to
nicotine administration. Measurements were taken just before and 1,
3,5, 8, and 10 min after saline and nicotine (0.5 and 1.0 mg/70 kg)
administrations. Significant treatment effects, relative to placebo,

513 5 810

Time (minutes)

513581 513581 513581 51375810

Time (minutes)
'Like the Drug'

Saline Nic0.5mg Nic1mg

100 1 4 { =

e 5 Ji

-5 1 3 5 8 10

-5 13 581 -5 13 5 810

Time (minutes)

were observed for “head rush” at 50 mg topiramate and for “drug
strength,” “good effects,” and “drug liking,” at both 25 and 50 mg
topiramate treatments (p<0.05)



severity (with its SEM) was 25.6 (3.3) at baseline, 29.8 (4.1)
after 2 h, 26.3 (4.1) after saline, 22.1 (3.3) after 0.5 mg
nicotine, and 18.5 (2.8) after 1.0 mg nicotine.

Because sedation is one of the possible side effects of
topiramate, the energetic—tired subscale of POMS was of
particular interest, and it showed a significant time effect
[F(2,88)=9.4; p<0.001], but no treatment or treatment-by-
time interactions (»p>0.05). Similarly, the other subscales of
the POMS showed only significant time effects (p<0.05).

Plasma nicotine and cotinine measurements

Baseline cotinine levels (SD) were 167 ng/mL (30) for the
placebo, 199 ng/mL (43) for the 25-mg-dose topiramate,
and 181 ng/mL (37) for the 50-mg-dose topiramate
treatment days (p>0.05). The baseline plasma nicotine
levels were <5 ng/mL for all three treatment conditions.

Cognitive measures

Neither the reaction time nor interference scores on the
Stroop test showed any treatment effects (p>0.05). The
average reaction time was 946 ms (68) following placebo,
902 ms (70) following 25 mg topiramate and 936 ms (83)
following 50 mg topiramate treatment.

Discussion

In our study, topiramate treatment enhanced the subjective
effect of IV nicotine. Topiramate mainly enhanced the
pleasurable (e.g., “drug liking” and “good effects’), but not
the aversive (e.g., “bad effects”) effects of nicotine. These
subjective effects could not be attributed to nonspecific
mood changes by topiramate, because topiramate alone did
not affect any measures of mood. The mechanisms by
which topiramate enhances subjective nicotine effects are
not clear. Given the proposed role of the dopaminergic
system activation in mediating the rewarding effects of
nicotine, one plausible mechanism may be that topiramate
enhances dopamine release (Okada et al. 2005), rather than
the proposed inhibition of the dopaminergic system activity
(Johnson 2004). Interestingly, bupropion, one of the first-
line treatments for smoking cessation, also increases the
synaptic dopamine levels by inhibiting its presynaptic
reuptake (Meyer et al. 2002). This increase in baseline
dopamine levels by bupropion may prevent decreases in
the reward threshold associated with withdrawal from
nicotine and, as a result, prevent relapse to smoking (Cryan
et al. 2003). Whether topiramate’s effects on the brain’s
reward system are similar to bupropion needs to be
determined in future studies.

Topiramate treatment decreased the nicotine-induced
heart rate increases. This effect was dose-dependent such
that only the 50 mg topiramate was effective. We are not
aware of any previous studies documenting that topiramate
lowers heart rate. However, topiramate decreases blood
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pressure (Wilding et al., 2004). While the mechanisms
underlying topiramate’s cardiovascular effects are not
clear, nicotine’s cardiovascular effects are noradrenergi-
cally mediated, and topiramate may dampen this activation.
In particular, topiramate blocks AMPA-type glutamate
receptors in the locus coeruleus, thereby decreasing
noradrenergic activity (Cheseaux et al. 2003; Zullino et
al. 2002). Topiramate’s inhibition of noradrenergic activity
may also mediate its reported attenuation of benzodiaze-
pine and opioid withdrawal symptoms in humans
(Cheseaux et al. 2003; Zullino et al. 2002). This same
noradrenergic inhibition may contribute to topiramate’s
efficacy for smoking cessation. Another noradrenergic
inhibitor, clonidine, is also effective for smoking cessation
(Fiore 2000).

In addition to its anticonvulsant use, topiramate is also
approved for migraine prophylaxis, and it may treat alcohol
and cocaine dependence (Johnson et al. 2003; Kampman et
al. 2004). As mentioned before, a preliminary study
suggested that topiramate may be a potential treatment
for alcohol-dependent smokers (Johnson et al. 2005).
These preliminary findings have to be replicated in future
controlled clinical trials. Smoking in alcohol-dependent
individuals is a serious problem with a prevalence rates of
80% for alcoholics compared to 23% for the general
population (Hughes 1996). In fact, alcoholics are more
likely to die from smoking-related illnesses than from
alcohol related illnesses (Hurt et al. 1996). Thus, the
development of specific pharmacological treatments for
dually addicted individuals will have great public health
implications.

An important question is the relevance of the IV nicotine
injection used in this study for the amount of nicotine
intake during cigarette smoking. In previous human
studies, these two routes of nicotine administration showed
similar pharmacokinetics, although cigarette smoking
achieved peak plasma levels faster than the IV route, 20
vs 30 s (Gourlay and Benowitz 1997; Rose et al. 1999).
Smokers inhale on average 1-2 mg of nicotine per
cigarette, extended over 5 min (Hukkanen et al. 2005),
compared to the 0.5 and 1.0 mg nicotine infused over 60 s
in our study. Although we did not collect plasma nicotine
levels following nicotine administration, previous studies
suggest that the peak plasma or arterial nicotine levels
following the 0.5 and 1.0 mg IV nicotine administrations
would be higher than those achieved with smoking
(Gourlay and Benowitz 1997). Whether topiramate treat-
ment would also affect nicotine effects with a slower rate of
delivery, as in smoking, needs to be examined in future
studies.

In our study, smokers tolerated topiramate treatment
without any adverse events, including sedation. In addition,
topiramate treatment did not affect the participants’
cognitive performance on the Stroop test. In this study,
we used the usual starting dose of topiramate (25 to 50 mg).
Topiramate daily doses range from 100 mg for migraine
disorders to 100—400 mg for seizure disorders. In previous
clinical trials, long-term topiramate treatment has had
limited clinical usefulness because of cognitive slowing,
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memory problems, and speech problems (Tatum et al.
2001). These side effects may be minimized with a low
initial dose, slow titration, and low maintenance doses of
topiramate (Lee et al. 2003; Salinsky et al. 2005).

In conclusion, topiramate may enhance the subjective
effects of nicotine and attenuate the heart rate response to
nicotine. While the exact mechanisms are unclear, en-
hancement of the dopamine system and attenuation of the
noradrenaline system may mediate topiramate’s effects on
the subjective and cardiovascular responses to nicotine,
respectively. The proposed utility of topiramate for
smoking cessation needs to be examined further in
controlled clinical trials.
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