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v-Vinyl-y-aminobutyric acid (GVG) elevates central nervous system y-aminobutyric acid (GABA) levels by
irreversibly inhibiting GABA transaminase. An open-label clinical trial in humans suggested that GVG may
reduce cocaine and methamphetamine use. To test safety and to obtain preliminary data on efficacy of GVG
for treating methamphetamine dependence, we conducted a double-blind, placebo-controlled, parallel
group study of GVG interaction with the cardiovascular and subjective effects produced by methamphe-
tamine. Non-treatment seeking methamphetamine-dependent volunteers received either GVG (N=8) or
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GE\';/(‘;N oras placebo (N=9) by random assignment. GVG treatment was initiated at 1 g/day and increased to 5 g/day.
Methamphetamine After reaching the target dose of 5 g/day, participants received methamphetamine (15430 mg, IV), and
Addiction cardiovascular and subjective effects were assessed. No serious adverse events were noted, and the total

number of adverse events was similar between the treatment groups. Considering the full time course and
peak effects independently, no significant differences were detected between the groups for systolic or
diastolic blood pressures, or heart rate, following methamphetamine exposure. Some methamphetamine-
induced cardiovascular changes approached significance (p<0.10) and may warrant attention in future
trials. Methamphetamine-induced subjective effects (“any drug effect”, “high”, “crave methamphetamine”)
were statistically similar between GVG and placebo treatment groups. Pharmacokinetic data indicate that
GVG treatment did not alter methamphetamine or amphetamine plasma levels, and there was no association
between methamphetamine or amphetamine plasma levels and peak cardiovascular effects. Taken together,
the data indicate that GVG treatment is generally well tolerated but not efficacious in attenuating the
positive subjective effects of methamphetamine in the laboratory.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction The compound of interest for the current report was y-vinyl-y-

aminobutyric acid (GVG), an anti-epileptic medication that irrevers-

Pre-clinical research has shown that compounds that modulate
mesolimbic dopamine (DA) neurotransmission alter the reinforcing
effects of several drugs of abuse. In this regard, 'y-aminobutyric acid
(GABA) inhibits striatal DA release, and attenuates cocaine-induced
increases in extracellular DA in the striatum and nucleus accumbens
(Molina et al.,, 1999). Several, but not all, rodent and non-human
primate studies have suggested that compounds that target GABA
could be useful treatments for cocaine and methamphetamine
dependence.
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ibly inhibits GABA transaminase, a key enzyme in the metabolic
disposition of GABA. GVG inhibits methamphetamine-, heroin-, and
ethanol-induced increases in extracellular DA in the nucleus accum-
bens in rodents (Gerasimov et al., 1999) and reduces cocaine-induced
striatal DA release in non-human primates (Dewey et al., 1998). In
addition, GVG blocks conditioned place preference for heroin in the
rat (Paul et al., 2001), decreases morphine and cocaine (Kushner et al.,
1999) self-administration in rats, and reduces cocaine-seeking
behavior in baboons (Weerts et al., 2005). Prefrontal cortical GABA
levels are low in cocaine-dependent individuals (Streeter et al., 2005),
and magnetic resonance spectroscopy has shown increases in brain
GABA levels 2-3-fold above baseline following treatment of human
participants with GVG (3 g/day) (Verhoeff et al., 1999).
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Collectively, these findings suggest that GVG may be a useful
treatment for stimulant dependence. Moreover, results from two
open-label trials and one placebo-controlled trial suggest that GVG
may reduce cocaine and methamphetamine use. In the first study,
involving 20 cocaine-dependent volunteers (most also abused
methamphetamine, marijuana, and other drugs), 12 participants
dropped out before completion, and most of the 8 who remained had
a considerable number of days (~50) without cocaine or metham-
phetamine use (Brodie et al., 2003). A follow-up study confirmed this
finding (Brodie et al., 2005) and included participants who met
criteria for methamphetamine dependence (N=10), methamphet-
amine and cocaine dependence (N=17), or cocaine dependence
(N=3). Eleven participants dropped out, and among completers, 15
were methamphetamine- and cocaine-free for >4 consecutive weeks.
Preliminary results from a subsequent, double-blind, placebo-con-
trolled trial support the view that GVG has efficacy as a treatment for
cocaine dependence (Brodie et al., in press).

As an initial step in the clinical development of GVG for
methamphetamine dependence, it is important to assess the safety,
tolerability, and to obtain preliminary data on efficacy of the
compound in methamphetamine-dependent participants. We there-
fore conducted a double-blind, placebo-controlled, parallel group
study to determine the cardiovascular, subjective, and reinforcing
effects of methamphetamine in volunteers treated with GVG or
placebo.

2. Research design and methods
2.1. Participants

A total of 17 participants were randomized to receive GVG (n=8)
or placebo (n=9). Participants were recruited using advertisements
and paid for their participation. All participants met DSM-IV-TR
criteria for methamphetamine dependence and did not meet criteria
for dependence on other drugs other than nicotine or marijuana.
Additional inclusion criteria included being between 18 and 45 years
of age, having a history of using methamphetamine by the smoked or
IV route of administration, and being otherwise healthy, as confirmed
by a physical examination and safety laboratories. Exclusion criteria
included having a history of seizure disorder or head trauma, having a
history of prior adverse event associated with methamphetamine
abuse, or the presence of any axis I psychiatric disorder other than
those noted above. Serious medical conditions, such as symptomatic
HIV disease, heart disease, or neurologic disease, were also
exclusionary.

2.2. Study design

This double-blind, placebo-controlled, between-subjects study
was conducted in the general clinical research center at UCLA. The
institutional review board at UCLA approved the study. All partici-
pants give informed consent after having the potential risks fully
explained to them.

The study schema is provided in Fig. 1. Days 1-2 served as a washout
and stabilization period. On Day 3, participants received baseline (“pre-
randomization”) infusions of methamphetamine (0 and 30 mg, IV)
separated by 180 min. Outcomes were used to verify that volunteers
safely tolerated the methamphetamine test doses in the laboratory.
Participants were then randomized to GVG (1 g, p.o.) or placebo on Day
4 in the evening. The dose was increased to 1 g BID on Day 5, 1 g/am 2 g/
hson Day 6, 2 g twice daily on Days 7-8, followed by 2 g qam and 3 g ghs
on Days 9-14.

After reaching the target dose of study medication (5 g/day), on
Day 10, participants received “post-randomization” methamphet-
amine (15+30 mg, IV) in two doses given 90 min apart. Cardio-

Day Procedure
0

Admit
1-2  Washout Period
3 Baseline safety methamphetamine (0 and 30 mg, IV)

4 Randomize to GVG (1g/HS) or placebo
5-9  Begin upward titration of GVG
10 Post-randomization methamphetamine (15 + 30 mg, IV)

11 No procedures

12 Cue exposure

13 Sample Session: methamphetamine (20 mg + 10 infusions of 3 mg, IV)
14 Choice Session 1

15  Choice Session 2; Begin downward titration of GVG

16 Choice Session 3

17 Choice Session 4

18  Discontinue GVG

19 Discharge

[ Day [ a4 [ 5 [ 6
[GVGdose| 1g | 2g [ 39 [ 49 | 5g | 49 [ 3g | 2g [ 1g |

Fig. 1. The study schema shows the entire 19-day inpatient procedure including titration
schedule for GVG. The current report includes data obtained on Days 1-10, with emphasis
on outcomes obtained during Day 10 methamphetamine infusion session. Data obtained
on Days 12-17 include cue reactivity and self-administration and are being submitted for
publication elsewhere.

vascular and subjective effects data were obtained before and after
methamphetamine dosing (as detailed below).

Additional tests were performed on Days 12-17, including cue
reactivity and self-administration sessions and these data are being
submitted for publication elsewhere. A physician was present during
all methamphetamine infusion sessions and carefully monitored
participant's heart rate, blood pressure, and ECG wave form. Stopping
rules were in place to halt dosing if cardiovascular indices exceeded
preset values. Specifically, in this study, methamphetamine adminis-
tration was not initiated if there were clinically significant arrhyth-
mias or if vital signs were outside of acceptable ranges: resting pulse
<130 bpm and blood pressure below 165 mm Hg systolic and
100 mm Hg diastolic. Repeated doses of methamphetamine were not
administered (and the study physician halted continued metham-
phetamine delivery) if any of the following occurred: HR> 130 bpm;
diastolic BP>100 mm Hg; systolic BP>165 mm Hg; or Behavioral
manifestation of methamphetamine toxicity (agitation, psychosis,
inability to cooperate with study procedures).

GVG dosage tapering began on Day 15 and drug was discontinued
on Day 18. Participants were discharged on Day 19 and asked to
return for follow-up 2 weeks after discharge.

2.3. Subjective and cardiovascular measures

Subjective effects data were collected using computerized visual
analog scales (VAS). VAS data were collected at 15 min before, and at
several time points following the first (15 mg, IV: 5, 10, 15, 30, 45, 60 and
75 min), and second (30 mg, IV: 5, 10, 15, 30, 45, 60, 90 and 120 min)
methamphetamine infusions, which were given in fixed order (and
should be considered a limitation in the study design). The infusions were
administered 90 min apart on the basis of our own data showing that peak
effects and return to baseline occur within this time frame (De La Garza
et al,, 2008; Newton et al.,, 2005, 2006, 2008). Cardiovascular data were
collected at the same time points. For VAS scales, participants reported the
degree to which they feel ‘any drug effect’, ‘high’, ‘good effects’, ‘bad
effects’, ‘like methamphetamine’, ‘crave methamphetamine’, ‘depressed’,
‘anxious’, ‘stimulated’, and ‘likely to use’ on a continuous scale digitized
between 0 and 100. In addition, they were asked to answer the question:
‘How much would you pay for this drug'?

2.4. Concerns about visual field changes

GVG has been known to produce visual field loss when used for the
treatment of epilepsy. The potential for this untoward effect has
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slowed the approval of GVG for epilepsy in the US, and suggests that
ophthalmologic evaluation and monitoring is needed. No participants
receiving GVG for the treatment of cocaine or methamphetamine
dependence have developed ocular or visual field adverse effects
(Fechtner et al., 2006). Despite this finding, all potential study
participants for the current study were required to have normal visual
field examinations and electroretinogram (ERG) evaluations prior to
enrollment. The rationale for requiring these prior to entry was that
participants with marginal visual field functioning would likely be at
higher risk for developing visual field loss following GVG treatment.
The standard ERG protocol established by the International Society for
Clinical Electrophysiology of Vision was used. This protocol included
the 30 Hz a-b flicker amplitude, the photopic a-b amplitude, and the
OP1 amplitude, which are highly correlated with visual field loss. The
short duration of GVG treatment was not believed to warrant follow-
up ophthalmologic evaluation.

2.5. Pharmacokinetics

Plasma samples were analyzed for concentrations of metham-
phetamine and amphetamine using liquid chromatographic/mass
spectrometric methods at the University of Utah under the direction
of David Moody, Ph.D.

2.6. Drugs

GVG and accompanying placebo were administered orally as an
aqueous solution and provided by Ovation Pharmaceuticals (North
Deerfield, IL). Sterile methamphetamine solution for human use was
provided by a NIDA contractor (RTI International). Methamphetamine
was administered intravenously by slow push over 2 min. An equal
volume of sterile saline solution was used as the control and was
administered at the same rate. An IND was obtained from the FDA for
the use of methamphetamine and GVG in this study.

The elimination half-life of GVG in humans is approximately 7 h
(investigators' brochure). The drug acts as a suicide inhibitor of GABA
transaminase. After inhibition therefore, new enzyme must be
synthesized de novo. Thus, its duration of action is much longer than
its elimination half-life. We chose twice daily dosing for ease of
titration and to limit the maximum dose administered at any one
time. Prior outpatient studies in cocaine and methamphetamine users
used 3 g/day or 4 g/day. We selected 5 g/day as a maximum dose to be
more sensitive to potential side effects. Because the participants were
hospitalized we were able to provide very close monitoring, thus
ensuring safety.

2.7. Data analyses

Data were analyzed using StatView 5.0 (SAS Institute Inc., Cary, NC,
USA). Descriptive statistics were compiled for demographic variables
and analyzed using appropriate non-parametric tests. For all
measures, statistical significance was set at p<0.05. All data are
presented as mean =+ standard error.

2.8. Across-study measures

The total number of AEs was summed from Days 1 to 19 and
analyzed using ANOVA as a function of GVG dose (0 or 5 g). Other
aspects of AE data reporting (type, severity and duration) were not
analyzed since the overall number of AEs was low and not different
between treatment groups. BDI scores were analyzed using repeated-
measures ANOVA as a function of GVG dose (0 or 5 g) and days (Days
4-18). Day 4 represented the day immediately prior to study drug
randomization and Day 18 was the last day of drug exposure, so this
time course encompassed the full treatment period. For across-study

measures, all data were analyzed as between-subjects factors. Time
(in days) was analyzed as a within-subjects factor.

2.9. Post-randomization measures

Post-randomization data were derived from outcomes obtained on
Day 10 (methamphetamine 15+ 30 mg). Heart rate, systolic blood
pressure, diastolic blood pressure, and VAS data were analyzed using
repeated-measures ANOVA as a function of GVG dose (0 or 5 g) and
Time (in min). Time courses reflect within-session change from
baseline (value at a given time-point minus the value at t=
—15 min). These data were also analyzed with respect to peak
effects for each individual using one-way ANOVA.

Note: On Day 10, one participant in the placebo group experienced
an adverse event that was not drug-related (infusion needle broke off
into vein and had to be surgically removed). The data from this
participant were incomplete and therefore not included in the final
analyses. As such, heart rate, systolic blood pressure, diastolic blood
pressure, and VAS data reflect N =8 for each of the treatment groups.

Pharmacokinetic data were analyzed using repeated-measures
ANOVA as a function of GVG dose and Time (in min). In addition,
simple linear regression analyses were conducted in order to
determine whether methamphetamine or amphetamine plasma
levels were associated with peak changes in cardiovascular effects
in GVG and placebo treatment groups.

For post-randomization measures, all data except Time were
analyzed as between-subjects factors. Time (in min) was analyzed as a
within-subjects factor. Methamphetamine dosages 15 and 30 mg
were not analyzed separately since the infusions were given
consecutively and the known half-life of methamphetamine is ~11-
12 h; so we did not expect the statistical outcomes of these dosages to
be dissociable.

3. Results
3.1. Demographics and drug use

Detailed demographic information and drug-use data are provided
in Table 1. Participants in the GVG (N=28) and placebo (N=9)
treatment groups were statistically similar along all demographic and
drug-use variables.

3.2. Adverse events

There were no serious adverse events recorded during this trial.
The type, severity and duration of all other adverse events were
comparable between the placebo and GVG groups (Table 2).

Of particular interest in a trial that includes GVG treatment are
potential ophthalmological changes. All participants were pre-
screened with an ERG prior to enrollment. Three adverse events fell
into this category, with two (mild visual blurriness, vessel in eye
popped) reported in the placebo condition, and one (itching eye)
reported in the GVG condition. All were considered mild in nature and
resolved within 24 h.

3.3. BDI scores

BDI scores were low at baseline for both placebo (2.0 4- 0.76; Mean &
S.EM.) and GVG (2.0+0.54) treatment groups and remained
consistently low throughout this study. Repeated-measures ANOVA
revealed no significant effect for GVG dose (F;14=0.61, p=0.45) or
Time (F;14=0.91, p=0.55), and no significant interaction of
GVG x Time (Fy4,196 = 0.86, p =0.60).
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Table 1
Demographics and drug use.

GVG (N=38) Placebo (N=9)

Gender (N)

Male 7 8

Female 1 1
Ethnicity (N)

Caucasian 4 4

Hispanic 0 2

African American 2 0

Other 2 3
Age (years) 423426 37.7+£27
Education (years) 11.9+04 132406
Methamphetamine use

Years of use 75+19 11.6+3.0

Last 30 days use® 15.14+3.5 13.74+23
Meth route of admin (N)

Smoke 6 4

v 2 2

Other 0 3
Nicotine use (N) 6/8 6/9

Years of use 192+33 8.8+2.1

Last 30 days use 2524438 213+47

Alcohol use (N) 5/8 9/9
Years of use 10.6+438 13.6 +4.0
Last 30 days use 46428 59+3.1
Marijuana use (N) 6/8 8/9
Years of use 9.8+3.9 129419
Last 30 days use 55425 35+18

@ Last 30 days use indicates number of days of use of that drug in the 30 days
preceding entry into this study.

3.4. Cardiovascular effects

Heart rate and blood pressure were measured prior to and for several
minutes following each methamphetamine infusion on Day 10 (15 +
30 mg). As expected, acute methamphetamine exposure increased
heart rate and blood pressure (Fig. 2). For systolic blood pressure,
repeated-measures ANOVA revealed no significant effect for GVG dose
(F114=1.06, p=0.32), a significant effect of Time (F;;4=10.38,
p<0.0001), and no significant interaction of GVG x Time (F;4196=1.17,
p=0.30). For heart rate, repeated-measures ANOVA revealed no
significant effect for GVG dose (F; 14=1.57, p=0.23), a significant effect

Table 2
Summary of adverse events.

Adverse Event GVG Placebo

Insomnia

Headache
Constipation
Nausea

Toothache
Abdominal cramping
High blood pressure
Arm pain

Yeast infection
Sedation
Indigestion

Anxiety

Groin pain

Pruritis

Itching eye

Tinea pedis

Visual blurring
Rash to side of nose
Vessel in eye popped
Dyspepsia

Shoulder pain
Difficulty breathing
Fatigue
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Fig. 2. Change in systolic blood pressure (upper panel), diastolic blood pressure (middle
panel), or heart rate (lower panel) following two consecutive infusions of metham-
phetamine (15 mg + 30 mg, i.v.) as a function of drug (GVG or placebo) and time. Data
represent the mean+ S.E.M. from 16 methamphetamine-dependent participants on
Day 10. Values represent change from baseline (given time-point minus t = — 15 min).

of Time (F;;4=2.78, p<0.0001), and no significant interaction of
GVG xTime (F]4'196 =0.97, p= 048)

Analysis of peak effects was also performed on cardiovascular data
obtained on Day 10 (Fig. 3). For systolic blood pressure, ANOVA revealed
no significant difference in peak effect between GVG and placebo with
methamphetamine at 15 mg (F;14=0.40, p=0.54) or 30 mg
(F114=2.15, p=0.16). For diastolic blood pressure, ANOVA revealed
no significant difference in peak effect between GVG and placebo for



190 R. De La Garza II et al. / Pharmacology, Biochemistry and Behavior 94 (2009) 186-193

L Systolic BP Diastolic BP Heart Rate i
(mmHg) (mmHg) (bpm)

4 60
Q
= . GVG
% C— Placebo 150
s p=0.06
S = 140
‘s
o 430
s p=0.08
(3]
x 420
[]
Q
o

410

0 0

15 30 15 30
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Methamphetamine Dose (mg, IV)

Fig. 3. Analysis of peak effects in systolic blood pressure (left), diastolic blood pressure
(middle), or heart rate (right) following two consecutive infusions of methampheta-
mine (15 mg+ 30 mg, i.v.) as a function of GVG dose (or placebo). Data represent the
mean £ S.E.M. from 16 methamphetamine-dependent participants on Day 10. Peak

effect values represent change from baseline for a given time-point minus t = — 15 min.

methamphetamine at 15 mg (F;14=3.49, p=0.08) or 30 mg
(F114=2.77, p=0.11). For heart rate, ANOVA revealed no significant
difference in peak effect between GVG and placebo for methampheta-
mine at 15 mg (F; 14=0.64, p=0.44) or 30 mg (F; 14=4.16, p=0.06).

3.5. Subjective effects

Subjective effects were measured prior to and for several minutes
following each methamphetamine infusion on Day 10 (15 + 30 mg). As
expected, acute methamphetamine exposure increased several positive
subjective effects (Fig. 4). For “Any Drug Effect”, repeated-measures
ANOVA revealed no significant effect for GVG dose (F;14=0.23,
p=0.64), a significant effect of Time (F; 14=3.93, p<0.0001), and no
significant interaction of GVGxTime (Fj4196=0.42, p=0.97). For
“Crave Methamphetamine”, repeated-measures ANOVA revealed no
significant effect for GVG dose (F;14=0.22, p=0.65) or Time
(F114=0.55, p=0.90), and no significant interaction of GVGxTime
(F‘l4,196 =1.08, p= 038)

Analysis of peak effects was also performed on subjective effects
data obtained on Day 10 (Fig. 5). For “Any Drug Effect”, ANOVA
revealed no significant effects for methamphetamine at 15 mg (means
identical so statistical test could not be performed) or 30 mg
(F114=0.07, p=0.80). For “High”, ANOVA revealed no significant
effects for methamphetamine at 15 mg or 30 mg (means identical so
statistical test could not be performed). For “Crave Methamphet-
amine”, ANOVA revealed no significant effects for methamphetamine
at 15 mg (F1,14=0.29, p=0.60) or 30 mg (F; 14=0.04, p=0.85).

Time course and peak effects analyses were performed on all other
positive and negative subjective effects recorded by the VAS
instrument. These data (not shown) were similarly non-significant
as those reported above.

3.6. Pharmacokinetic data

Blood samples for PK data were not available for all completers so the
data presented reflect those from a subsample size of the GVG (N=3)
and placebo (N=4) treatment groups. The data do not indicate any
effects of GVG treatment on methamphetamine or amphetamine
plasma levels. For methamphetamine (Fig. 6), repeated-measures
ANOVA revealed no significant effect for GVG dose (F;5=1.39,
p=0.29), a significant effect of Time (F; 5s=113.8, p<0.0001), and no
significant interaction of GVG x Time (Fs 5= 1.15, p=5.75).

100 —— 1
—&— GVG
90| —O— piacebo 190
g o0t Meth 30 mg,1Iv)  1%°
5 70t 170
o
2 60F 160
o
2 s0f 150
=
c 40F {40
[+}]
2 30F 130
2
20 F 120
< Meth (15 mg, IV)
10F 110
O 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 0
5 10 15 30 45 60 90 5 10 15 30 45 60 90 120
Time (min post infusion)
100 -—— 100
—@— GVG ]
90 _o— placebo E 90
il Meth (30 mg, IV) ol
. 70 i70
'S, ]
£ 60} 160
£ 50k 150
4 ]
E 40 140
O 30f 130
20 120
Meth (15 mg, IV) b
10F 110
O 1 1 1 i I 1 1 2 L I 1 1 1 i L ] 0
5 10 15 30 45 60 90 5 10 15 30 45 60 90 120
Time (min post infusion)
40 —_— . 40
5 —8— GvG
g —O— Placebo
& 0 Meth (30 mg, Iv) 130
2
[=%
g 20f 120
[}
-]
Q
s 1of 110
Q
>
o
© of 10
£
&
E -10f 1410
o Meth (15 mg, IV)
-20 L L L 1 ! L ! L L 1 I L &

5 10 15 30 45 60 90 5 10 15 30 45 60 90 12
Time (min post infusion)

Fig. 4. Change in “Any Drug Effect” (upper panel), “High” (middle panel), or “Crave
Methamphetamine” (lower panel) following two consecutive infusions of metham-
phetamine (15 mg + 30 mg, i.v.) as a function of drug (GVG or placebo) and time. Data
represent the mean 4 S.E.M. from 16 methamphetamine-dependent participants on
Day 10. Values represent change from baseline (given time-point minus t= —15 min).

Simple linear regression analyses were conducted in order to
determine whether methamphetamine or amphetamine plasma
levels were associated with peak changes in cardiovascular effects
in GVG and placebo treatment groups. The data indicate that peak
systolic and diastolic blood pressure and heart rate after 15 mg and
30 mg doses of methamphetamine were not significantly correlated
with peak plasma levels of methamphetamine or amphetamine (data
not shown).
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Fig. 5. Analysis of peak effects in “Any Drug Effect” (left), “High” (middle), or “Crave
Methamphetamine” (right) following two consecutive infusions of methamphetamine
(15 mg + 30 mg, i.v.) as a function of GVG dose (or placebo). Data represent the mean +
S.E.M. from 16 methamphetamine-dependent participants on Day 10. Peak effect
values represent change from baseline for a given time-point minus t= — 15 min.

4. Discussion

We conducted a double-blind, placebo-controlled, parallel group
study to determine the cardiovascular, subjective, and reinforcing
effects of methamphetamine in volunteers treated with GVG or
placebo. The number, type, severity and duration of all adverse events
were comparable between placebo and GVG conditions, and therefore
indicate that GVG was well tolerated in this stimulant-addicted
population.

In the current report, and as demonstrated previously (De La Garza
et al., 2008; Newton et al., 2005, 2008, 2006), acute methampheta-
mine exposure increased heart rate and blood pressure. Of impor-
tance, GVG treatment tended to increase the cardiovascular effects
produced by methamphetamine. Although these effects were not
statistically significant in the sample tested, their magnitude may
have clinical import, especially for those at risk for heart disease or
stroke. The highest dose of methamphetamine delivered in the study
(45 mg total) is generally toward the lower range of that used by
methamphetamine-dependent individuals in their natural setting.
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Fig. 6. Plasma levels of methamphetamine before and following two consecutive
infusions of methamphetamine (15 mg+ 30 mg, i.v.) as a function of drug (GVG or
placebo) and time. Data represent the mean 4+ S.E.M. from only a subset (N =3 for GVG
and N=4 for placebo) of methamphetamine-dependent participants on Day 10.

We are not able to comment on whether individuals treated with GVG
and who take doses of methamphetamine higher than tested in the
laboratory would experience correspondingly greater increases in
blood pressure and heart rate. Our cardiovascular findings are similar
to those reported previously (Haney et al., 2005), in which gabapentin
(1200 mg/day) increased heart rate following either placebo or
cocaine (12 mg) administration. While the mechanism underlying
these enhancements in stimulant-induced cardiovascular changes is
unclear, injection of GVG into the nucleus tractus solitarius (NTS), a
brainstem nucleus that receives baroreceptor afferents and is involved
in autonomic control of blood pressure, produced a pressor effect
(Tsukamoto and Sved 1993a,b) suggesting that GVG may augment
methamphetamine-induced increases in blood pressure via inhibition
of the NTS and loss of baroreceptor-mediated control of blood
pressure.

In the current report, and as demonstrated previously (De La Garza
et al., 2008; Newton et al., 2005, 2008, 2006), acute methampheta-
mine exposure increased self-reports of positive subjective effects,
including Any Drug Effect, High, and Crave Methamphetamine. GVG
treatment had no significant effects on subjective effects ratings as
evaluated across the full time course or peak effects. In earlier
research we found that a treatment (bupropion) that reduced the
positive subjective effects of methamphetamine (Newton et al., 2006)
also reduced methamphetamine use in subsequent clinical trials
(Elkashef et al., 2008; Shoptaw et al, 2008) in a subgroup of
participants who had lower level methamphetamine use at baseline.
This suggests that treatment with GVG, which was not associated with
alterations in the subjective effects of methamphetamine, might not
be effective for the treatment of methamphetamine dependence.
Although treatment-associated alterations in subjective effects have
failed to predict clinical efficacy in studies of drug abuse in the past, it
has been because they provided false-positive rather than false-
negative predictions.

Human trials of medications that affect GABA systems have been
performed with baclofen, gabapentin, topiramate, and tiagabine. An
overview of these findings is provided here in order to present the
status of developing agents that modulate GABAergic function for
treatment of stimulant dependence.

Baclofen is a GABA-B receptor agonist that is used to treat
spasticity. In a study of non-treatment-seeking volunteers who had
recently used cocaine, baclofen had no significant effect on the
reinforcing, subject-rated and cardiovascular effects of intranasal
cocaine, nor did it have any effect on its own (Lile et al., 2004a). In an
inpatient study of non-treatment-seeking, cocaine-dependent volun-
teers, baclofen did not alter cocaine's robust subjective effects (e.g.,
‘High, ‘Stimulated’); but decreased self-administration of a low dose of
smoked cocaine in participants who were not opioid-dependent, and
decreased cocaine craving in methadone-maintained participants
(Haney et al., 2006). Baclofen did not alter cocaine’s robust subjective
effects (e.g., ‘High,’ ‘Stimulated’) in either group. Consistent with these
findings, baclofen treatment reduced cocaine use in an outpatient
clinical trial, but showed a positive effect only in participants who used
cocaine heavily before randomization (Shoptaw et al., 2003). More
recently, the subjective and cardiovascular effects of cocaine were
evaluated during treatment with the combination of amantadine and
baclofen in cocaine-dependent, non-treatment-seeking individuals
(Rotheram-Fuller et al., 2007). The data indicated no difference in the
intensity of cocaine-induced euphoria, or reduction in the likelihood to
use cocaine if given access during treatment. Only one trial has
investigated the effects of baclofen as a treatment for methamphet-
amine dependence. In a 16-week, randomized, placebo-controlled,
double-blind trial, there were no statistically significant main effects of
baclofen for reducing methamphetamine use, but post-hoc analyses
indicated a significant effect of baclofen (vs. placebo) in participants
who reported taking a higher percentage of study medication
(Heinzerling et al., 2006).
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Gabapentin, originally synthesized to be a GABA receptor agonist, acts
through mechanisms that are not completely known, but its administra-
tion results in increased brain GABA levels. In laboratory studies involving
non-treatment-seeking, cocaine-dependent volunteers, gabapentin did
not reduce cocaine choice or cardiovascular measures, but it did decrease
some subjective effects and discriminative-stimulus effects of smoked
cocaine (Haney et al., 2005; Hart et al., 2007a,b, 2004). These findings
were corroborated in an outpatient clinical trial of cocaine-dependent,
methadone-treated, volunteers; but gabapentin did not improve treat-
ment retention and did not reduce cocaine use (Gonzalez et al., 2007).
Further, in a 10-week outpatient study conducted using the Cocaine Rapid
Efficacy and Safety Trial (CREST) study design of cocaine-dependent
participants, gabapentin provided no positive data with primary outcome
measures of efficacy that included urine benzoylecognine level (Berger
et al., 2005), Cocaine Clinical Global Impression scale, and self-report of
cocaine use. A subsequent study on the combination of gabapentin with
relapse-prevention therapy for treatment of cocaine dependence showed
no greater efficacy of gabapentin than placebo, but a significant difference
in the odds of cocaine use between high- and low-use groups suggested
that further study was warranted (Bisaga et al., 2006). The only study of
gabapentin as a potential treatment for methamphetamine dependence
was a 16-week, randomized, placebo-controlled, double-blind trial, which
yielded no statistically significant main effects of gabapentin for reducing
methamphetamine use (Heinzerling et al., 2006).

Tiagabine, a GABA reuptake inhibitor that increases synaptic levels of
GABA was tested for acute effects on the discriminative-stimulus,
reinforcing, subject-rated, performance and cardiovascular effects of
oral cocaine in non-treatment seeking cocaine users; and the findings
were negative (Lile et al., 2004b). However, when cocaine was given
intravenously in the laboratory, tiagabine attenuated the subjective
ratings of “stimulated” and “crave cocaine” in response to cocaine
administration (Sofuoglu et al., 2005). Also, in a 10-week outpatient
study conducted on cocaine-dependent participants, with the CREST
study design, tiagabine-treated participants showed a trend toward a
significant decrease in urine benzoylecognine from baseline to weeks 5-
8 (Winhusen et al., 2005). These outcomes were not replicated, however,
in a 12-week trial clinical trial, when both tiagabine and placebo groups
improved significantly on cocaine craving and global functioning, with no
significant differences between the groups (Winhusen et al., 2007).
Moreover, there were no significant changes in cocaine use as measured
by self-report confirmed by urine benzoylecognine or by quantitative
urine toxicology results. These outcomes differ from those of a 10-week
double-blind placebo-controlled trial of cocaine-dependent, methadone-
treated participants. In this study, participants randomized to tiagabine
had significantly reduced cocaine taking behavior as compared to those
treated with placebo (Gonzalez et al, 2007). To date, there are no
published studies investigating tiagabine as a treatment for metham-
phetamine dependence.

Topiramate is an anticonvulsant that raises cerebral GABA levels
and facilitates GABAergic neurotransmission. In a 13-week, double-
blind, placebo-controlled pilot trial of topiramate for treatment of
cocaine dependence, the results indicated that topiramate-treated
participants were more likely to be abstinent from cocaine compared
to those treated with placebo (Kampman et al., 2004). Later, in a study
involving methamphetamine-dependent participants, topiramate
significantly increased methamphetamine-induced stimulation and
euphoria (Johnson et al., 2007).

In conclusion, the data in this report reveal that GVG treatment was
generally well tolerated, but do not indicate efficacy for GVG in
attenuating the positive subjective effects produced by methamphet-
amine in the laboratory. The potential for GVG to elevate cardiovascular
parameters, especially during relapse to methamphetamine use, raises
concerns regarding future outpatient clinical trials of GVG for metham-
phetamine dependence. At the least, these observations require any Phase
I design to include careful monitoring of cardiovascular functioning,
particularly during periods of relapse.
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