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Abstract
BACKGROUND—Vaccines have treatment potential for methamphetamine (MA) addiction. We
tested whether a conjugate vaccine against MA (succinyl-methamphetamine–keyhole limpet
hemocyanin carrier protein; SMA-KLH) would generate MA antibodies and alter MA-induced
behaviors.

METHODS—Mice were injected with SMA-KLH and received booster administrations 3-and 20-
weeks later. Serum antibody titers reached peak levels by 4–6 weeks, remained at a modest level
through 18-weeks, peaked again at 22-wks after the second boost, and were still elevated at 35-
weeks. At 7 weeks, groups of vaccinated and non-vaccinated mice were administered one of three
MA doses (1, 2, or 3 mg/kg) to assess locomotor activity.

RESULTS—Non-vaccinated mice showed dose-dependent effects of MA with hypolocomotion
at the lowest dose and elevated activity levels at the highest dose. Both dose effects were reduced
in SMA-KLH groups, particularly low dose-induced hypolocomotion at later times post MA
administration. Separate groups of vaccinated and non-vaccinated mice were trained in MA place
conditioning at 30-weeks with either 0 (vehicle) or 0.5 mg/kg MA. Although times spent in the
MA-paired side did not differ between groups on Test vs. Baseline sessions, SMA-KLH mice
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conditioned with MA showed reduced conditioned approach behaviors and decreased conditioned
activity levels compared to control groups.

CONCLUSION—These data suggest SMA-KLH attenuates the ability of MA to support place
conditioning and reduces or delays its locomotor effects. Overall, results support SMA-KLH as a
candidate MA vaccine.

Keywords
conjugate vaccine; keyhole limpet hemocyanin; monophosphoryl lipid A; serum antibody titers;
locomotor activity; conditioned place preference

1. INTRODUCTION
Methamphetamine (MA) abuse has grown at alarming rates in the United States over the
past two decades and is spreading across Southeast and East Asia (Gonzales et al., 2010;
McKetin et al., 2008). Currently, there are no FDA approved medications for treating MA
addiction. The highly addictive effects of MA likely relates to its known central and
peripheral sympathomimetic effects (Darke et al., 2008; Fowler et al., 2007; Volkow et al.,
2010) and to its ability to release multiple neurotransmitters, including dopamine (DA),
norepinephrine (NE), serotonin (5-HT), histamine, and gamma-aminobutyric acid (GABA),
from synaptic vesicles (Sulzer et al., 2005). Due to this multiplicity of effects, MA is much
less likely than other drugs of abuse to be treated effectively with specific pharmacological
antagonists or substitute agonists.

An increasingly appealing approach to drug addiction treatment is to use conjugate drug
vaccines to induce specific antibody blockade of abused drugs. Conjugate vaccines
developed against cocaine and nicotine have progressed to clinical trials (Hatsukami et al.,
2005; Martell et al., 2009). Data from these trials suggest that many patients may not
produce a sufficient antibody response, but of those who do, drug use is reduced and
abstinence rates can be quite good (Hatsukami et al., 2011; Martell et al., 2009; Maurer and
Bachmann, 2007). An anti-MA vaccine could also be a viable treatment approach for this
addiction. Several laboratories have been working on evaluating the best composition for an
MA vaccine. For example, Janda’s group has recently evaluated three MA-KLH conjugate
vaccines that generated substantial antibody titers with good affinity (Moreno et al., 2011).
There are several choices in vaccine construction, including hapten design, selection of the
carrier protein, the chemical positioning of a linker between the target antigen and the carrier
protein, and selection of the adjuvant (Byrnes-Blake et al., 2001; Moreno et al., 2011;
Peterson et al., 2007).

In theory, an anti-MA vaccine would generate antibodies that bind to MA so that when MA
is subsequently introduced into the bloodstream, those antibodies would bind to it and form
antibody-MA complexes within the circulatory system. Such complexes should be too large
to readily cross the blood–brain barrier and therefore would reduce the rate or amount of
MA entry into the brain. Antibody-bound drug would then be slowly released from antibody
binding in the equilibrium state as residual-free drug to be metabolized and eliminated.
Reduction in either rate or amount of MA entering the brain should attenuate its behavioral
effects, including its ability to be rewarding. Here, we report on the effects of one such
construct, succinyl-methamphetamine-keyhole limpet hemocyanin (SMA-KLH), in mice.

We assessed the ability of SMA-KLH to generate antibodies in mice by measuring serum
titers across a 35-week period. In addition, we tested the functional effects of SMA-KLH by
examining whether vaccinated mice would show attenuated behaviors induced by MA
administration. Two behavioral assays were chosen based on known actions of MA and
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other psychostimulants in mice and rats. These were locomotor activity and conditioned
place preference (CPP). MA and other psychostimulants, such as cocaine, increase
locomotor activity at moderate doses and can induce stereotypic responses, such as sniffing,
head bobbing, and other in-place activities, at higher doses (Antoniou et al., 1998; Brien et
al., 1978; Ellinwood and Balster, 1974; Kuczenski and Segal, 1989). However, at very low
doses, cocaine and amphetamine can cause hypolocomotion in rats and mice (George, 1989,
1990) and we recently confirmed this observation with MA in mice (Kitahama and Valatx,
1979; Singh et al., submitted). CPP is a procedure that has been used to assess the rewarding
properties of many drugs (Bardo and Bevins, 2000; Carr et al., 1989; Schechter and
Calcagnetti, 1993; Tzschentke, 1998). In CPP, drug administrations are paired with a
distinct context while vehicle is paired with a different context. After several conditioning
trials, the animal is allowed access to both contexts and the degree to which it approaches
and spends more time in the drug-paired context is thought to measure drug reward.

2. METHODS
2.1Animals and housing

Female BALB/c mice were bred in the Houston VAMC vivarium from mice originally
purchased from Charles River Laboratories (Wilmington, MA). Mice were 8 wks of age and
weighed approximately 20 g at the start of the study. They were group-housed (5 per cage)
under temperature-and humidity-controlled conditions with a 12:12 h light/dark cycle (lights
on from 0600). Food and water were available ad libitum. Procedures were approved by the
Institutional Animal Care and Use Committee in accordance with the Animal Welfare Act
and the Guide for the Care and Use of Laboratory Animals (1996).

2.2 Drug
(+) Methamphetamine hydrochloride (MA; Research Triangle Institute, Research Triangle,
NC) was dissolved in PBS and prepared as salt base. MA was administered at a dose of 1, 2
or 3 mg/kg (IP) in a volume of 5 ml/kg for the locomotor study. A dose of 0.5 mg/kg (SC) in
a volume of 4 ml/kg was used for the conditioned place preference (CPP) study. These doses
were chosen based on previous studies (Brien et al., 1978; Itzhak and Ali, 2002; Shabani et
al., 2011b; Wheeler et al., 2009).

2.3 Generation of a carrier protein/methamphetamine conjugate
The hapten, succinyl methamphetamine (SMA), was prepared by refluxing a solution of
methamphetamine HCl, succinic anhydride, and triethyl amine in CH2Cl2 for several hours.
The solution was washed with 10% HCl and saturated NaCl, dried over anhydrous Na2SO4
and the solvent removed on a rotary evaporator. Thin layer chromatography (Analtech
Uniplate) using 5% methanol in CH2Cl2 showed no starting material. Conjugation to
keyhole limpet hemocyanin (KLH) (Thermo Fisher Scientific; Houston, TX) or fish gelatin
(FG) involved first making a solution of 10 mg KLH or FG in 1-mL phosphate-buffered
saline (PBS; pH 7.4). Then, a solution of sulfoNHS and EDC in 0.5 mL PBS was prepared
and a solution of SMA in 10 μL DMSO was added. After several hours of stirring at room
temperature, this solution was added to the KLH or FG solution. The pH was adjusted to
~7.5 with NaOH and stirring continued overnight at room temperature. The conjugate
protein solution was passed through an NAP-25 column (GE HealthCare; Fairfield, CT)
equilibrated with PBS and 2.5 mL was collected, giving a final concentration of KLH or FG
conjugate of 4 mg/mL. Hapten structure was confirmed by NMR and conjugation conditions
to carrier proteins were selected by maximum ELISA responses with anti-methamphetamine
antisera.
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2.4 Immunization, blood collection, and behavioral testing schedules
Mice were administered (SC) a vaccine consisting of 200-μl PBS containing 100-μg of
SMA-KLH and 50-μg of monophosphoryl lipid A (MPL; Sigma; St. Louis, MO). They
received a booster injection with the same vaccine formula twice, once at 3-weeks and again
at 20-weeks after the initial injection. Blood was collected at weeks 2, 4, 6, 8, 12, 22, 24, 26,
35 and 40 after initial immunization and allowed to clot at room temperature for 2-hrs.
Samples were centrifuged (4000-rpm for 15-m) and sera collected and stored at −80 °C until
ELISAs were performed (see below). The locomotor study was conducted at week 7 and the
conditioned place preference (CPP) study from weeks 31–33 as shown in the timeline in Fig.
1.

2.5 Determination of serum anti-MA titers by ELISA
To measure specific anti-MA antibody, ELISA plates (Immulon 2HB, Daigger, Vernon
Hills, IL) were coated overnight in carbonate buffer (0.05M; pH 9.6) using SMA conjugated
to FG, a heterologous carrier protein. Background antibody binding to the carrier alone
(which was very low in most samples) was subtracted from every sample to ensure that the
results reflected antibodies specific for the hapten, MA.

Pooled (n=30) or individual serum samples were added to plates in three fold serial dilutions
starting at 1:5000 or 1:15000 in PBS-tween (0.1%) and incubated for 2-h. After washing
with PBS-Tween, goat anti-mouse IgG conjugated to horseradish peroxidase (Southern
Biotech, Birmingham, AL) was then incubated in the plates for 30-min. The plates were
again washed and then substrate (Tetramethylbenzidine, Sigma, St. Louis, MO) was
incubated in the plates for 45-min. Reactions were stopped with 1M HCl. The optical
density (O.D.) was measured on a microplate reader (LabX, Canadian; ON, Canada).

2.6 Locomotor activity procedure
The locomotor activity study was performed at week 7. Horizontal and vertical activity
levels were tabulated and analyzed via the system of infrared beams located on two sets of
bars (1″ and 2.25″ above the floor of the test cage) using a commercially-available,
automated hardware and software system (Opto-M3; Columbus Instruments; Columbus,
OH). Mice were habituated to the apparatus and procedure during two, 60-min sessions.
Briefly, mice were brought into the procedure room and, after a short acclimatization period,
were placed individually into one of the 15 acrylic test cages (17.5″ L × 17.5″ W × 8.0″ H).
On the day following habituation sessions, the MA test was conducted. Mice were placed in
the apparatus for 60-min to obtain baseline levels of activity (last 10-min of this session).
After this time, separate groups of mice (n’s=5–15) were administered one of the three MA
doses (1, 2, or 3 mg/kg) and immediately placed back into the chamber for 90-min. Data on
horizontal and vertical activity levels were tabulated in 10-min time blocks in order to test if
absolute levels of activity were altered by the vaccine as well as the time course of the
effects of MA administration. The study was conducted under dim lighting conditions
between 0900 and 1200 hr.

2.7 Conditioned place preference procedure
The conditioned place preference (CPP) procedure was conducted during weeks 31–33
using a commercially-available system (San Diego Instruments; San Diego, CA). The CPP
apparatus consisted of two visually and tactilely distinct sides (13 1/8″ L × 13 1/2″ W × 8
1/8″ D ea). One side was black and had a coarse, wire-mesh floor and the other side had
vertically-striped, black and white, walls with a smooth floor. Lighting had been adjusted in
the black compartment so that times spent on each side were similar. A black, acrylic barrier
could be inserted between the two compartments to confine the animal to a side during

Shen et al. Page 4

Drug Alcohol Depend. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



training trials. When the barrier was removed during test sessions, the mouse was placed
facing a wall on the seam separating the two sides at the start of the session. A 4 × 15
photobeam array was in place on each side to tabulate the times the mouse spent on each
side, as well as other measures, using the Photobeam Activity System (PAS v 2.0) software
program (San Diego Instruments). Data on ambulatory activity levels, numbers of entries
and exploratory nose pokes into each side, as well as times (sec) spent on each side were
recorded.

On the first day, mice were placed into the apparatus with the barrier removed for 20-min to
habituate them to the procedure and apparatus. The next day of the CPP procedure was the
Baseline session. In this session, each mouse was placed into the apparatus with the barrier
removed and allowed to move between compartments for 20-min. This study utilized an
unbiased procedure in which the side assigned to be the drug-conditioned compartment was
not based on initial side preference during the Baseline session. Any mouse that showed a
strong compartment bias (>75% time spent in one compartment) was excluded. Two days
later, conditioning trials began. On four alternating days, mice were administered their
assigned MA dose (0 or 0.5 mg/kg) and confined to one compartment of the apparatus and
on the other days, mice were administered vehicle injections and confined to the other
compartment. The apparatus was cleaned with Clidox after each session. Each of these
training sessions was 20-min in duration with one session performed per day. Mice assigned
to receive 0 (vehicle) mg/kg MA received vehicle injections on all training sessions.
Following the eight training sessions, a test session was run with no drug injections. This
session was conducted as in the Baseline session in which the barrier was removed and the
mouse had access to both compartments of the apparatus for 20-min. This study was
conducted under dim lighting conditions between 0900 and 1200 hr.

2.8 Data analysis
All data are expressed as the mean ± SEM. Two measures of locomotor activity were
obtained – horizontal and vertical – assessed by the number of beam breaks of the lower and
upper infrared beam bars, respectively. Horizontal activity and vertical activity levels were
analyzed in separate 2 × 3 × 9 analysis of variance (ANOVAs) representing the between
group factors of Vaccine and MA Dose groups with repeated measures on time (nine, 10-
min time blocks) post-MA administration. We also assessed the time of peak activity for
both horizontal and vertical activity measures individually by mouse. These data were
analyzed using 2 × 3 (Vaccine group X Dose) ANOVAs. Significant main effects or
interactions were followed by post-hoc comparisons (Newman- Keuls). The P value was set
at 0.05.

Four measures were obtained from the CPP study. These included an assessment of
ambulatory activity in the drug-paired side, and three assessments of approach behavior: 1)
numbers of entries into the drug-paired side; 2) numbers of nose pokes exploring the drug-
paired side; and 3) times (sec) spent on the drug-paired side. These measures at Baseline
were used as co-variates and analyzed in separate 2 × 2 ANOCOVAs per measure
representing the between group factors of Vaccine and MA Dose groups. The P value was
set at 0.05.

3. RESULTS
3.1 Serum anti-MA titers

Titers of MA antibodies induced by administration of SMA-KLH were assessed from
pooled samples at several time points after the initial injection as seen in Fig. 2. The initial
administration of the MA vaccine leads to a modest level of antibody production seen at 2
weeks. Higher titers of MA antibodies are generated after the first vaccine boost given at
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week 3. Titers are quite high at 4 weeks, peak at 6 weeks, and then decrease to lower levels
seen through week 18. There is a stable titer of antibodies from weeks 8 to 12 and, by 18-
weeks, levels had decreased to about that seen after the initial vaccine administration (week
2). The second boost, given at week 20, results in another substantial antibody peak seen at
22 weeks after which titers decrease slightly but are maintained at moderate levels for the
remaining 12 weeks of the study.

Sera samples from individual mice were examined at two times, 8 weeks and 35 weeks, after
the initial vaccination (see Inset for Fig. 2). There is no difference in antibody titers between
these two time points, P>0.10. The antibody titers at 8 weeks are highly correlated with the
titers at 35 weeks, r=0.81; P<0.0001. That is, mice that generate high titers of antibodies at
the early time are very likely to show high titers at the later time point and vice versa.
However, no MA antibodies were detected in two of the 30 mice at either time point. These
two mice were not employed in the behavioral studies.

3.2 Locomotor activity
The first measure of locomotor activity is horizontal movements. These data are shown in
Fig. 3 with data from each MA dose presented in separate panels (note scale differences
across doses). There were no significant differences in baseline (−10 min) horizontal activity
measures, P’s>0.10. MA leads to dose-dependent effects on horizontal activity in naïve,
control mice and in the vaccinated mice as supported by the significant Dose effect,
F(2,54)=37.00; P<0.0001. Activity levels are much greater after administration of the 3 mg/
kg dose of MA compared to the other doses. Horizontal activity levels change over the
session as supported by the significant Time effect, F(8,432)=2.36; P<0.05. This likely
reflects that the lowest MA dose induces low levels of horizontal activity, a decrease from
pre-drug administration levels, across the session (Fig. 3A). This effect is particularly
noticeable in naïve mice. Vaccinated mice also show an initial hypolocomotor response but
activity returns to pre-drug administration levels (or slightly higher) by 50-min. Indeed, the
vaccine significantly affected horizontal activity differentially by dose as supported by the
significant Vaccine X Dose interaction effect, F(2,54)=5.97; P<0.005. This interaction may
also reflect that at the highest MA dose, the elevated activity levels of the vaccinated mice
dips a bit at 30–40 min unlike the levels of the naïve mice that remains elevated across the
entire session (Fig. 3C). Post-hoc comparisons by dose show significant vaccine group
differences from 60–90 min at the lowest dose (Fig. 3A) and from 20–70 min at the highest
dose (Fig. 3C), P’s<0.05, with no group differences seen at any time point for the 2 mg/kg
dose (Fig. 3B), P’s>0.10.

Time to peak horizontal activity levels are given in Table 1 by vaccine and MA dose groups.
Peak activity levels occur later in the Vaccine groups compared to the naïve groups,
particularly at the lowest MA dose. This statement is supported by the significant main
effect of Vaccine group, F(1, 54)=5.81; P<0.02, and by its significant interaction with Dose,
F(2,54)=4.28; P<0.02. There was also a trend towards significance for the main effect of
Dose, F(2,62)=2.93; P<0.10. Post-hoc comparisons show that the vaccine group
administered 1 mg/kg MA differs significantly from all three naïve groups and from the
vaccine group administered 2 mg/kg MA, P’s <0.05. Because the lowest MA dose caused
hypolocomotion, particularly in the naïve mice, we also examined time to recovery – the
time when activity returned to the level seen at baseline (i.e., −10 min). However, less than
half of the naïve mice showed recovery compared to almost 75% of vaccinated mice. Of
those mice that showed recovery from hypolocomotor-inducing effects of the 1 mg/kg MA
dose, there was no difference in latency to return to baseline activity levels (16- vs 23-min;
naïve vs. vaccinated).
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The second measure of locomotor activity is vertical movements and these data are shown in
Fig. 4 with data from each MA dose presented in separate panels (note scale differences
across doses). There were no significant differences in baseline (−10 min) vertical activity
measures, P’s>0.10. Vertical activity levels change over the session as supported by the
significant Time effect, F(8,432)=7.72; P<0.0001. These changes over session differ by dose
group as supported by the significant Dose X Time interaction, F(16,432)= 2.07; P<0.01.
This likely reflects that vertical activity levels increase over the session in the groups that
received the highest MA dose (Fig. 4C). Vertical activity also varies over time in groups
administered the lowest MA dose as seen in Fig. 4A; decreased activity is seen initially
followed by increased activity at 40–50 min for the vaccine group. These statements are
supported by the significant Vaccine group X Dose X Time interaction, F(16,432)= 1.78;
P<0.05. Post-hoc comparisons by dose showed significant vaccine group differences at 80–
90 min at the lowest dose (Fig. 4A) with no group differences seen at the 2 mg/kg (Fig. 4B)
or 3 mg/kg (Fig. 4C) doses, P’s>0.10. Note that there is a good deal of variability in these
measures, particularly for the vaccine group administered the 2 mg/kg MA dose and the
naïve group administered the 1 mg/kg MA dose. In fact, variability is high prior to MA
administration (−10 min), particularly for the 1 and 3 mg/kg doses.

Time to peak vertical activity levels are given in Table 1 by vaccine and MA dose groups.
Peak activity levels occur later as dose increases in the Vaccine groups whereas time to peak
activity in the naïve groups does not differ by MA dose. This statement is supported by the
significant main effect of Dose group, F(2,52)=4.62; P<0.02, and by the significant
interaction of Vaccine X Dose, F(2,52)=5.28; P<0.01. There was also a trend towards
significance for the main effect of Vaccine, F(2,54)=3.2; P<0.08. Post-hoc comparisons
show that the naive group administered 1 mg/kg MA differs significantly from all three
vaccine groups and from the naive group administered 3 mg/kg MA, P’s <0.05.

3.3 Conditioned place preference
Six mice were eliminated from the conditioned place preference (CPP) analysis due to bias
towards one compartment during the Baseline test (>75% time in one compartment). The
measures obtained on the drug side during the Test session (post-conditioning) from the
remaining mice (n’s = 10–15/group) are analyzed using measures obtained on this side
during the Baseline session (preconditioning) as co-variates in the ANOCOVAs.

Four measures are examined and these data are shown in Fig. 5. First, we present times (sec)
spent on the drug-paired side (Fig 5A). Although it appears that times spent in the MA-
paired side differ in the vaccinated mice conditioned with MA, there is no significant
difference between vaccine groups or between MA groups (Vehicle-vs. Drug-trained),
P’s>0.10. None of the interactions is significant either, P’s>0.10. However, all of the other
three measures do show significant Vaccine or MA dose group effects. Next, data on
conditioned locomotor activity is shown in Fig. 5B. Conditioned activity levels are higher in
mice conditioned with MA compared to mice conditioned with vehicle (0 mg/kg) as
supported by the significant MA Dose group, F(1,44)=19.87; P<0.0001. These levels are
also higher in naïve mice compared to vaccinated mice, particularly for the 0.5 mg/kg dose
groups. This statement is supported by the significant Vaccine group effect, F(1,44)=5.20;
P<0.05. Post-hoc comparisons show that the naïve group conditioned with 0.5 mg/kg MA
differs from all other groups, P’s<0.01.

The next measure assessed is the approach behavior of exploratory pokes into the drug-
paired side and these data are presented in Fig. 5C. The naïve group conditioned with MA
exhibited the greatest number of exploratory pokes into the drug-paired side on the Test
session compared to the other three groups. This statement is supported by the significant
main effects of Vaccine group, F(1,44)=8.16; P<0.01, and MA dose group, F(1,44)=5.57;
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P<0.05, as well as the significant interaction of Vaccine X MA group, F(1,44)=6.65; P<0.02.
This is further confirmed by post-hoc comparisons that show that the naïve group
conditioned with 0.5 mg/kg MA differs from all other groups, P<0.01. The final measure of
approach behavior is the numbers of entries into the drug-paired side. These data are shown
in Fig. 5D. Groups conditioned with MA enter the drug-paired side more than groups
conditioned with vehicle as supported by the significant MA dose group effect,
F(1,44)=14.37; P<0.0005. There is also a trend to see greater number of entries in naïve
groups compared to vaccine groups, F(1,44)=3.34; P<0.08. Post-hoc comparisons show that
the naïve group conditioned with 0.5 mg/kg MA differs from all other groups, P<0.01.

4. DISCUSSION
Results from this evaluation of a succinyl-methamphetamine- keyhole limpet hemocyanin
(SMA-KLH) conjugate vaccine support its potential as an anti-MA vaccine. We have shown
that the conjugate used in this study, composed of succinyl-methamphetamine molecules
covalently linked to a carrier protein derived from the keyhole limpet hemocyanin (KLH)
carrier protein and suspended in a monophosphoryl lipid A (MPL) adjuvant, generates MA
antibodies in sera of mice. And, the vaccine has functional consequences as seen in the
behavioral tests. Overall, these findings show support for the effectiveness of this approach
to the construction of an anti-MA vaccine.

Antibodies were detected in sera after the initial vaccine administration. Although this titer
is low, a second administration increased levels considerably. The third administration at
week 20 was sufficient to boost antibody levels and maintain them for the additional 17
weeks of the study. However, this additional boost did not increase the peak antibody titer
above that seen at 6 weeks. The mice were 28 weeks of age when they received the third
vaccine administration and they may have exceeded the best age for immunization.
Nonetheless, antibody titers at 8 weeks were highly correlated with titers at 35 weeks
suggesting that those mice that generate high titers initially continue to generate high titers
several months later after additional boost administrations. Antibodies were not produced at
either time point in two of the mice. We have no explanation for this deviation from the
other mice but should point out that this lack of antibody production occurred in less than
7% of the sample. Overall, these data demonstrate that this schedule of SMA-KLH
vaccination generated MA antibodies at relatively high titers that could last over the 35
weeks of the study.

The functional significance of the antibody titers can be determined by testing the ability of
the vaccination to alter behaviors induced by the drug. In the first functional test, we
demonstrate that the SMA-KLH vaccine alters the acute effects of MA in a dose-dependent
manner. At low doses, MA can cause hypolocomotion (Kitahama and Valatx, 1979), a
phenomenon we have confirmed and extended previously (Singh et al., submitted) as well as
in the present paper. However, the duration of this prolonged hypolocomotor effect is
shortened by the SMA-KLH vaccine (Fig. 3A). In fact, horizontal activity levels increase
above baseline at the latest time points in vaccinated mice at this dose. This pattern can also
be seen in the time of peak response data (Table 1). Peak activity occurs later in the
vaccinated vs naïve mice at the lowest MA dose. In contrast to the low dose hypolocomotor
effect, horizontal activity levels are quite elevated after administration of the highest MA
dose in the naïve group. This hyperlocomotor effect is decreased in the SMA-KLH vaccine
group (Fig. 3C). Thus, the SMA-KLH vaccine appears to reduce both the hypolocomotor
and hyperlocomotor effects on horizontal activity induced by MA. The effects of the vaccine
on vertical activity are less robust that may be due, in part, to the large degree of variability
in this measure. Nonetheless, the vaccine had a similar effect on vertical activity induced by
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the lowest MA dose as seen in horizontal activity. That is, the SMA-KLH vaccine shortened
the duration of the prolonged decreased vertical activity seen in naïve mice (Fig. 4A).

The second behavioral test evaluated if the vaccine could decrease the ability of MA to
support context conditioning using conditioned place preference (CPP). Indeed, three of four
measures of MA conditioned were either significantly decreased or showed a trend toward a
decrease in the vaccinated mice. In addition to attenuating conditioned locomotor activity,
the SMA-KLH vaccine led to a complete block of the approach behavior of exploratory
pokes into the MA-paired side. Although the typical measure of CPP, shift in time spent on
the drug-paired side, failed to show significance, this may reflect that the MA dose used was
somewhat low. We had chosen to test CPP with this low MA dose (relative to the locomotor
study) based on previous studies conducted with MA CPP in mice (Shabani et al., 2011a,
2011b). In these studies, 0.5 mg/kg MA was more effective in supporting CPP than higher
doses (1 and 2 mg/kg) and these results are consistent with other reports that assessed CPP
with just the 0.5 mg/kg dose (Itzhak et al., 2002; Wheeler et al., 2009). However, there are
large mouse strain differences in the ability of a psychostimulant to induce locomotor
activity and to be self-administered (Thomsen and Caine, 2011) and the strains of mice
employed differed across these CPP studies.

Other MA vaccines have been tested for functional effects in various behavioral assays. The
Owens group evaluated the ability of monoclonal antibodies to affect MA-induced
locomotor activity and found effects similar to those reported upon in the present study.
These include shorter duration of increased activity as well as a delay in the peak response
in rats (Byrnes-Blake et al., 2005; Gentry et al., 2006). The higher affinity antibody,
mAb6H4, was more effective than the lower affinity antibody, mAb6H8, in reducing MA-
induced locomotor activity (Byrnes-Blake et al., 2005). Yet, both antibodies were capable of
attenuating MA self-administration in rats (McMillan et al., 2004) and the low affinity
antibody also shifted the MA dose-response curve to the right in rats and pigeons trained to
discriminate cocaine (McMillan et al., 2002). Rats vaccinated with an active type of MA
vaccine actually learned to discriminate active and inactive levers more quickly than control
rats although they showed decreases in MA self-administration under some conditions but
not others (Duryee et al., 2009). It is difficult to make direct comparisons between our
results and those of the other investigators. For example, our study employed mice and all
the other studies used rats or pigeons. Further, the route of administration (IV) in the earlier
locomotor activity studies differed from the route used in the present study (IP).

We believe this is the first report to demonstrate that an MA vaccine altered approach
behaviors conditioned with MA using the place conditioning procedure. A vaccine against
cocaine that was also constructed with a KLH conjugate reduced cocaine CPP in rats
(Ettinger et al., 1997). However, this earlier study used a biased procedure and did not
include vehicle-trained groups. Thus, it is difficult to interpret these findings as the vaccine
may have disrupted habituation processes (Aguilar et al., 2009; Bardo and Bevins, 2000).
Nonetheless, that we showed the SMA-KLH vaccine reduced or blocked MA conditioned
approach behaviors using a non-biased procedure and vehicle control groups complements
the results of studies using monoclonal antibodies and MA self-administration. Future
studies with SMA-KLH utilizing self-administration should be conducted in order to make
conclusive interpretations.

This vaccine may be improved by modifying the carrier protein or the adjuvant. Such
improvements are aimed at developing a vaccine for human use. While KLH is a very
effective carrier, it is a very large protein that makes quality control over its haptenation
process difficult (Josefsberg and Buckland, 2012). Smaller proteins such as, tetanus toxid,
diptheria toxoid, or inactivated cholera toxin, may be better suited for manufacturing a
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human vaccine, although they may have lower immunogenicity (Dagan et al., 2010). The
adjuvant used in the current study, MPL, is FDA-approved but is not available for general
use due to patent protection. The only adjuvant that is available for general use is alum and
it may not be as effective as MPL (Montomoli, 2010). Thus, these factors need to be
considered when designing future studies.
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Figure 1.
The timeline of the vaccine administrations and behavioral tests is presented.
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Figure 2.
The pooled sera anti-MA antibody titers obtained at various times points across the 35-week
protocol are shown. Note that a second vaccine administration was given at 3-weeks and a
third administration at 20-weeks. The arrows depict these time points. The inset shows the
mean (±S.E.M.) of the titers at the two times for which assays were conducted on individual
mouse sera including the two mice that did not produce antibodies.
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Figure 3.
The mean (± S.E.M.) numbers of horizontal beam breaks are shown in 10-min time blocks
for naïve (non-vaccinated) mice (open symbols) and for vaccinated mice (closed symbols)
that were administered 1- (Panel A; circles), 2- (Panel B; squares), or 3- (Panel C; triangles)
mg/kg MA. Activity levels at −10-min represent the last time block of a 60-min pre-drug
injection baseline. These data show significant Dose and Vaccine Group X Dose effects as
well as a significant Time effect. See text for statistics. *represents significant post-hoc
Vaccine group effects.
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Figure 4.
The mean (± S.E.M.) numbers of vertical beam breaks are shown in 10-min time blocks for
the naïve (non-vaccinated) mice (open symbols) and for vaccinated mice (closed symbols)
that were administered 1- (Panel A; circles), 2- (Panel B; squares), or 3- (Panel C; triangles)
mg/kg MA. Activity level at −10-min represents the last time block of a 60-min pre-drug
injection baseline. These data show a significant Time effects as well as significant
interactions of Time with MA Dose and Vaccine groups. See text for statistics. *represents
significant post-hoc Vaccine X Dose effects.
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Figure 5.
The measures obtained on the Baseline and Test sessions of the place conditioning study are
shown for the naïve (non-vaccinated) mice (open symbols) and for the vaccinated mice
(closed symbols). Panel A presents the mean (± S.E.M.) time (sec) spent on the drug-paired
side. Panel B presents the mean (± S.E.M.) amount of ambulatory activity in the drug-paired
side. Panel C presents the mean (± S.E.M.) numbers of exploratory nose pokes into the drug-
paired side. Panel D presents the mean (± S.E.M.) numbers of entries into the drug-paired
side. Circles represent the groups administered vehicle (0 mg/kg MA) and squares represent
the groups administered 0.5 mg/kg MA. * P<0.05 for the Vaccine Group X MA Dose Group
interaction. See text for statistics.
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Table 1

Mean (± S.E.M.) time (min) of peak response for horizontal activity and vertical activity is presented by
vaccine group and methamphetamine dose (mg/kg).

MA DOSE
HORIZONTAL ACTIVITY VERTICAL ACTIVITY

Naïve Vaccine Naïve Vaccine

1 27.0 (6.0) 71.3 (6.2) * 21.1 (6.5) ** 69.3 (7.0)

2 29.3 (6.1) 37.0 (8.7) 47.1 (9.3) 63.0 (10.8)

3 50.0 (13.8) 50.0 (15.1) 88.0 (2.0) 68.0 (10.2)

*
Vaccine group tested with 1 mg/kg MA differs significantly from all three naive groups (horizontal).

**
Naive group tested with 1 mg/kg MA differs significantly from all three vaccine groups (vertical).
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