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Abstract
The overall goal of the present study was to determine the effects of different doses of (+)-
methamphetamine (meth) on locomotor activity of Balb/C mice. Four experiments were designed
to test a wide range of meth doses in BALB/c female mice. In Experiment 1, we examined
locomotor activity induced by an acute administration of low doses of meth (0.01 and 0.03 mg/kg)
in a 90-min session. Experiment 2 was conducted to test higher meth doses (0.3 – 10 mg/kg). In
Experiment 3, separate sets of mice were pre-treated with various meth doses once or twice (one
injection/week) prior to a locomotor challenge with a low meth dose. Finally, in Experiment 4, we
tested whether locomotor activation would be affected by pretreatment with a low or moderate
dose of meth one month prior to the low meth dose challenge. Results show that low doses of
meth induce hypolocomotion whereas moderate to high doses induce hyperlocomotion. Prior
exposure to either one moderate or high dose of meth or to two, low doses of meth attenuated the
hypolocomotor effect of a low meth dose one week later. This effect was also attenuated in mice
tested one month after administration of a moderate meth dose. These results show that low and
high doses of meth can have opposing effects on locomotor activity. Further, prior exposure to the
drug leads to tolerance, rather than sensitization, of the hypolocomotor response to low meth
doses.
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1. Introduction
Methamphetamine (meth) dependence is a serious worldwide public health problem with
major medical [1–5], psychiatric [6–9], socioeconomic and legal consequences [2]. The
effects of meth use include euphoria and many of the same stimulant effects seen with
cocaine, but these effects may last much longer [reviewed in [10]].

Meth exerts multiple effects in the central nervous system and acts as a highly potent
releaser of monoamines by increasing cytoplasmic concentrations of dopamine (DA),
serotonin (5-HT), and norepinephrine (NE) by: i) blocking the activity of the intracellular
vesicular monoamine transporter 2 (VMAT2) [11] [12], ii) inducing reverse transport of
monoamines [13], iii) decreasing the expression of the DA transporter (DAT) at the cell
surface [14], iv) inhibiting the activity of monoamine oxidase and v) increasing the activity
and the expression of tyrosine hydroxylase [15]. Prolonged meth use leads to down-
regulation of DA D2-receptors and uptake sites and relative hypodopaminergic activity [16–
18].

Currently, there is no FDA approved pharmacotherapy for this addictive disorder. A variety
of medications have failed to show efficacy in clinical trials, including a DA partial agonist
(aripiprazole), GABAergic agents (gabapentin) and serotonergic agents [reviewed in [19]].
However, immunotherapies, including vaccines, have shown therapeutic potential for
various addictions [reviewed in [20]]. Meth vaccines have produced antibodies, have
reduced meth self-administration, and have inhibited meth discriminative stimulus effects in
rats and pigeons [21–23]. Because meth, like other psychostimulants, induces locomotor
activation in rodents [24, 25], potential antagonists like immunotherapies can be tested for
their ability to block meth-induced locomotion in mice.

Two distinct locomotor behaviors have been observed in rats and mice following meth
administration [24, 25]. While moderate doses of meth induce hyperlocomotion in rats and
mice, higher doses induce stereotypy [24, 25]. A third type of locomotor behavior namely
hypolocomotion has also been observed in rodents upon treatment with very low doses of
the DA agonist apomorphine [26] or, high doses of the NE agonist clonidine [27] [28].
These agents preferentially stimulate DA or NE autoreceptors respectively [26] [27] [28].
Interestingly, low doses of apomorphine causes hypolocomotion in mice by stimulating
presynaptic dopamine autoreceptors whereas higher doses induce hyperlocomotion in mice
by stimulating postsynaptic dopamine receptors [29, 30]. Additionally, very low doses of
cocaine have produced hypolocomotion in rodents [31, 32].

In view of these reports, this study was undertaken to test the effects of various doses of
meth on the locomotor activities of female, BALB/c mice. This strain and sex of mouse was
chosen because our current vaccine studies employ female mice of this strain. We
specifically tested whether very low doses of meth induce hypolocomotion, while moderate
and higher doses induce hyperlocomotion and stereotypy respectively. We also tested
behavioral responses from repeated meth dosing and after sustained abstinence from meth.
The time points chosen for these chronic dosing and abstinence studies were based on those
that are commonly used in the field of locomotor sensitization.

2. Materials and Methods
2.1. Drugs and Chemicals

(+)-Methamphetamine hydrochloride (meth) was purchased from Sigma-Aldrich (St Louis,
MO, USA). Meth was dissolved in sterile phosphate buffered saline (PBS), which also
served as the vehicle control. Injection volumes varied between 75–100 μl based on the
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procedure and the weight of the animal. Concentrations were expressed as the freebase form.
The injection route was intraperitoneal (i.p.). All other reagents used in these studies were
obtained from Fisher Scientific (Springfield, NJ), unless otherwise specified.

2.2. Animals
Experimentally-naïve, inbred strains of pathogen-free female BALB/c (AnNHsd) mice
(Harlan Laboratories, TX) aged 8–12 weeks were used in the experiments. Mice were
housed in plastic cages with isolator tops in a temperature and humidity controlled room on
a 12 h light (6:00 a.m. to 6:00 p.m.) and dark cycle (6:00 p.m. to 6:00 a.m.) with access to
food and water ad libitum. All experimental procedures were conducted during light cycle
(i.e. between 6:00 a.m. to 6:00 p.m.). All procedures were approved by the Institutional
Animal Care and Use Committee at Baylor College of Medicine and were conducted in
accordance with Principle of Laboratory Animal Care (National Institutes of Health
Publication).

2.3. Quantification of locomotor activity
In order to evaluate the effect of varying doses of meth on the locomotor activity, BALB/c
mice were placed into the acrylic test cage (Opto-M3; 27.5″ × 27.5″ × 8.0″; Columbus
Instruments, Ohio) equipped with infrared sensors. All the test cages were housed within a
soundproof room with controlled lighting. All animals were habituated to the test cages and
dim light by placing them in the cages for 60 minutes at least three times each separated by a
day. On the test day, mice were placed in the test cages 60 minutes before the treatment to
set the baseline. Their locomotor activity was recorded in terms of numbers of beam-breaks
per 10 minutes by using the software supplied by the manufacturer (Columbus Instruments).
After a baseline evaluation, mice were treated with varying doses of meth or PBS and their
locomotor activity was recorded for another 90 minutes, as indicated in the results and figure
legends. At the end of experiment, first 30 minutes of average baseline data (n=5) was
deducted from rest of the data to normalize the locomotor activity.

2.4 Experiment procedural detail
2.4.1. Effect of low doses of methamphetamine on the locomotor activity of
BALB/c mice—Different groups of mice (n=5/group) were either treated with varying
doses of meth that ranged from 0.001 mg/kg to 1.0 mg/kg body weight or with PBS. The
locomotor activity was measured as explained above.

2.4.2. Effect of high doses of methamphetamine—Different groups mice (n=5/
group) were either treated with varying doses of meth that ranged from 0.01 mg/kg to 10
mg/kg or PBS. The locomotor activity was measured as explained above.

2.4.3. Effect of pre-exposure to methamphetamine on the low dose meth-
induced hypolocomotion—This set of experiments was designed to test the effect of
pre-exposure to different doses of meth on the low dose meth-induced hypolocomotion. In
the first experiment, mice were pre-exposed only once to different doses of meth and were
then challenged a week later with 0.01 mg/kg meth on the day of observation. In the second
experiment, mice were pre-exposed two times a week apart (i.e. day 0 and day 7) with the
same dose range of meth and then were challenged with 0.01 mg/kg meth a week later (day
14).

2.4.4. Effect of abstinence from meth on hypolocomotion in meth pre-exposed
mice—Different groups (n=5) of mice were injected with different doses of meth (Fig. 4).
One month later, they were challenged with 0.01 mg/kg meth. For comparison, other groups
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of drug-naïve mice were challenged with PBS, or 2.5 mg/kg or 0.01 mg/kg of meth on the
test day. The locomotor activities were measured as explained above.

2.4. Statistical Analysis
All data are shown as mean ± S.E.M. Statistical significance was assessed by two-way
repeated measure analysis of variance (ANOVA) followed by Bonferroni post-hoc analysis
for multiple comparisons by using Prism software (Prism 5.0; GraphPad Software, San
Diego, California, USA. The level of significance was defined as P<0.05.

3. Results
3.1. Effect of low doses of methamphetamine on the locomotor activity of BALB/c mice

Extremely low dose of meth (0.001 mg/kg) failed to induce any noticeable change in the
locomotor activity as compared to the group of mice treated with PBS as shown in figure 1a.
One mg/kg meth resulted in significantly higher locomotor activity than PBS in mice (F [6,
252] =348.6; P<0.0001). The maximum hyperactivity was recorded at 10 minutes after the
treatment (1922 beam breaks vs. 53 beam breaks) and started declining afterwards, but never
came back to the baseline within the 90 minute experiment (+300 beam breaks).

After setting the baseline for PBS and highest activity for this set of experiment, other doses
of meth were evaluated for their ability to induce or suppress the locomotor activity as
compared to the PBS-treated groups. Treatment of mice with 0.01 mg/kg meth resulted in a
significantly (P<0.0001) lower locomotor activity (hypolocomotor) compared to the PBS-
treated group (−1833 vs. +45 for PBS). The negative breaks indicate less activity than
during the 30 minute baseline (data were normalized as explained in material and methods).
The maximum hypoactivity was achieved at 10 minutes of the treatment, which remained
significantly low even at the end of the experiment (−1405 beam breaks for meth compared
to −415 for PBS at 90 min.; P<0.0001 at 90 min.). Doses less than 0.01 mg/kg of meth
resulted in locomotor activity similar to that observed after treatment with the PBS or with
0.001 mg/kg meth (data not shown).

Mice treated with a dose 3 fold higher (0.03 mg/kg vs. 0.01mg/kg) also showed
hypolocomotion as compared to the PBS-treated group (figure 1a; P <0.0001 at 10 and 20
min. after meth dosing); however, the magnitude of hypolocomotion was less than that
caused by 0.01 mg/kg of meth at 10 minutes of treatment (+45 for PBS vs. −1220 for 0.03
mg/kg vs. −1833 for 0.01 mg/kg) indicating that the hypolocomotion is a dose dependent
phenomenon. Hypolocomotion produced by 0.03 mg/kg only marginally declined with time
and remained fairly stable until 60 minutes of treatment after which activity levels started
showing a tendency to move closer to the baseline and at 90 minutes of treatment the values
were very similar to the PBS-treated group (−615 for 0.03 mg/kg compared with −415 for
PBS at 90 min. of treatment). When compared with hypolocomotion produced by 0.01 mg/
kg dose, activity levels of this group showed increased propensity to move closer to the
basal level. The difference between the values at 10 minutes (maximum hypoactivity) and at
90 minutes (lowest hypoactivity) of treatment for 0.01 mg/kg group was almost 1.3 times
(−1833 at 10 min. and −1405 at 90 min.), whereas the difference between values for the
same time point was approximately 2 times for 0.03 mg/kg meth-treated group (−1220 at 10
min. and −615 at 90 min.) indicating that with longer time this group might reach to the
basal level faster than the group treated with 0.01 mg/ml of meth (Fig. 1a).

The group of mice treated with 0.1 mg/kg of meth showed only a marginal increase in
activity levels over that of the PBS-treated group at 10 minutes (342 beam breaks vs. 53 for
PBS). It is noteworthy that this is the time point where a maximum change in the locomotor
activity (either hyper or, hypo -locomotion) of other groups is observed (Fig. 1a). After 10
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minutes locomotor activity of this group fell close to the baseline and remained fairly close
to the values of PBS-treated groups at all time points of observation. A separate group of
mice was treated with a dose of 0.3 mg/kg of meth. This dose resulted in a moderate
increase in the locomotor activity at 10 minutes as compared to PBS-treated group, but the
values were considerably less than that observed with 1 mg/kg dose (at 10 min. of treatment,
53 for PBS; 855 for 0.3 mg/kg and 1922 for 1 mg/kg; P<0.001). After 10 min, the locomotor
activity gradually declined, returning near the baseline at 50 min. and remaining close
thereafter (Fig. 1a).

3.2. Effect of high doses of methamphetamine
Treatment of mice with 2.5 mg/kg dose resulted in significant hyperlocomotor activity at 10
minutes as compared to the PBS-treated group [2422 beam breaks vs. 84 for PBS; ([F 5,
216] = 278.1; P<0.0001)] which started declining afterwards but always remained higher
than that of the PBS group even at 90 minutes after treatment (615 beam breaks vs. −391
beam breaks for PBS at 90 min). As shown in figure 2, when compared to the group of mice
treated with 1.0 mg/kg meth, the group treated with 2.5 mg/kg meth showed a dose-
dependent increase in the locomotor activity (2422 for 2.5 mg/kg; 1922 for 1.0 mg/kg and
84 for PBS-treated group, respectively at 10 min.). Additionally, the locomotor responses
after 10 minutes were always higher for 2.5 mg/kg group than the 1.0 mg/kg group, though
both groups showed higher locomotor activity even at 90 minutes compared to the PBS-
treated group (Fig. 2).

The group of mice treated with 5 mg/kg meth showed an increase in their locomotor activity
at 10 minutes of the treatment as compared to the group treated with 2.5 mg/kg meth. The
group of mice treated with 10 mg/kg meth showed more locomotor activity compared to the
5 mg/kg group (3562 for 10 mg/kg group vs. 2998 beam breaks for 5 mg/kg group vs. 2422
for 2.5 mg/kg group). However, a dramatic difference in the pattern was observed after 10
minutes of meth treatment; as the decline in the locomotor activity in the group treated with
5- or 10 mg/kg meth was very much pronounced after 10 minutes and the values for the 10
mg/kg group dropped well below the baseline of PBS-treated group. Whereas, the values
remained above the PBS-baseline for 5 mg/kg meth group at 20 minutes but it was well
below the values for the 2.5 mg/kg group (at 20 min. −213 for PBS; +1558 for 2.5 mg/kg;
+346; −1199 for 10 mg/kg). At 30 minutes after treatment, the locomotor activities of both
5- and 10 mg/kg meth group dropped below the value of PBS-treated group, and remained
below this level throughout the experiment (Fig. 2). The 5 mg/kg meth-treated group
showed a gradual increase in locomotor activity and then showed a decrease in activity 90
minutes after treatment whereas, the locomotor activity of 10 mg/kg meth group was still
considerably low at 90 minutes as compared to the PBS-treated group (−391 for PBS vs.
−712 for 5.0 mg/kg meth vs. −1392 for 10 mg/kg meth).

Since both low doses (such as 0.01 mg and 0.03 mg/kg meth) and high doses (such as 5 mg/
kg and 10 mg/kg) induced hypolocomotor activity, both patterns were analyzed together.
The first significant difference between low and high doses induced locomotor behavior is
that the low dose (0.01 mg/kg meth) induced hypolocomotion at 10 minutes whereas, in
sharp contrast, high doses (5.0 and 10.0 mg/kg meth) induced hyperlocomotion at 10
minutes and only after that the values came down below the PBS baseline, indicating
stereotypy [25] (which is characterized by focused sniffing, repetitive head movements,
chewing, licking and biting and little or no locomotion). Therefore, in a separate
experimental group of mice the animal behavior in terms of comfort and stress were visually
inspected after the onset of hypolocomotion i.e. after 20 min. of meth injection. The animals
treated with low dose of were inactive and almost sleeping whereas animals treated with
high doses (5.0 and 10.0 mg/kg meth) showed signs of stereotypy [25] which included
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focused sniffing, repetitive head movements, chewing, licking and biting and little or no
locomotion (data not shown).

3.3. Effect of pre-exposure to methamphetamine on low dose meth-induced
hypolocomotion

In the first part of the experiment, mice were pre-exposed to meth only once a week before
challenge (Fig. 3a; only one injection on day-0 → rested for a week → challenge on day-7
with 0.01 mg/kg meth). Pre-exposure of mice to 0.01 mg/kg meth followed by challenge
with 0.01 mg/kg meth after a week resulted in hypolcomotor activity as compared to the
basal activity observed during habituation (Fig. 3a; 83 beam breaks at H-30 vs. −1767 beam
breaks at M-10 for 0.01/0.01 mg/kg group). By contrast, pre-exposure to a single injection
of 0.3 mg/kg meth one week before challenge with 0.01 mg/kg meth, reduced the magnitude
of meth-induced hypolocomotion (−1767 beam breaks for 0.01/0.01 mg/kg; vs. −1220 beam
breaks for 0.01/0.3 mg/kg at M-10). A single one-week pre-exposure to 1.0 mg/kg or, 2.5
mg/kg meth followed by challenge with 0.01 mg/kg meth completely blocked the
hypolocomotion inducing ability of 0.01 mg/kg meth (0.01/0.01 mg/kg compared with
1.0/0.01 mg/kg and 2.5/0.01 mg/kg.; Fig. 3a). These statements are supported by the
significant Group effect, F [3, 144] = 160.9; P<0.0001).

Exposure to 0.01 mg/kg meth two times, one- week apart followed a week later by challenge
with 0.01 mg/kg meth (Fig. 3b; only one injection on day-0 → rested for a week → only
one injection on day-7 → rested for a week → challenge on day-14) resulted in
hypolocomotor activity after 10 minutes of meth injection as compared to the basal activity
observed during habituation (Fig. 3b; 75 beam breaks at H-30 vs. −1472 beam breaks at
M-10 for 0.01/0.01 mg/kg group). However, after 40 minutes of treatment, the locomotor
activity of the 0.01/0.01 mg/kg group quickly started coming closer to the basal level
(observed during H-10-H-30) and almost reached the basal level by 90 minutes. This is a
remarkable departure from the pattern induced by one time pre-exposure to 0.01 mg/kg meth
followed by challenge with 0.01 mg/kg meth where this regimen resulted in sustained
hypolocomotion and even at 90 mintes of observation hypolocomotive activity was present
(0.01/0.01 mg/kg of Fig. 3a and Fig. 3b). Two-time exposure separated by a week to 0.3 or
1.0 or 2.5 mg/kg meth completely blocked the hypolocomotion inducing ability of 0.01 mg/
kg meth a week later (Fig. 3b; 0.01/0.01 mg/kg compared with 0.3/0.01; 1.0/0.01 and
2.5/0.01 mg/kg; Group effect, F [3, 144] = 52.2; P <0.0001).

3.4. Effect of abstinence from meth on hypolocomotion in meth pre-exposed mice
As shown in figure 4, mice pre-exposed to 0.01 or 0.3 mg/kg of meth and rested for a month
showed a similar pattern and magnitude of locomotor activity upon the test with 0.01 mg/kg
meth at 10 and 20 min. after meth dosing (Group effect, F[3, 144] = 79.57; P <0.0001).
Mice pre-exposed to 1.0 or 2.5 mg/kg meth and rested for a month followed by challenge
with 0.01mg/kg meth also exhibited hypolocomotion compared to the basal locomotor
activity observed during habituation prior to meth injection (H-30 compared with M-10 for
all four groups), however, at 10 minutes after challenge, the magnitude of the behavioral
response was less than that induced in 0.01/0.01 and 0.03/0.01 mg/kg group. Moreover, the
duration of hypolocomotion in 1.0/0.01 and 2.5/0.01 mg/kg group was less than that induced
by 0.01 mg/kg meth in 0.01 or 0.3 mg/kg meth pre-exposed mice, as the mice pre-exposed
to 1.0 or 2.5 mg/kg meth tended to return to the baseline 40 minutes after the challenge.

4. Discussion
The overall goal of these studies was to determine the effects of a range of meth doses in
drug-naïve and drug-experienced BALB/c mice. We observed dose dependent changes in
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their locomotor activity (a measure of CNS effects). Lower doses of meth (0.01 and 0.03
mg/kg) resulted in “hypolocomotor activity” in the drug-naïve mice compared to the PBS-
treated group. Kitahama & Valatx [33] have also reported hypolcomtion in meth-treated
BALB/c; however, the experimental procedures and the apparatus employed in their study
was different than the experimental procedures and the apparatus used in our study.
Hypolocomotion has also been reported for cocaine in mice and rats [31, 32]. Moderate
doses of meth such as 0.3, 1.0 and 2.5 -mg/kg of meth induced varying degrees of
hyperlocomotion and higher doses of meth (5.0 and 10 -mg/kg meth) induced stereotypy, as
others have reported [25, 34, 35].

Kitahama & Valatx [33] have reported that 1 mg/kg d-meth induces hypoactivity in albino
mice (BALB/c Orl, AKR/Orl, and A/J/Orl strains of mice) whereas the same dose induced
hyperactivity in pigmented (C57BL/cd/Orl., C57BL/6 Orl., and SEC strains of mice) [33].
However, our results demonstrate that 1 mg/kg meth induces hyperactivity in BALB/c mice
whereas 0.03 or 0.01 mg/kg meth result in hypoactivity. The difference between our results
and Kitahama & Valatx’s [33] results could be due to differences in the experimental
conditions and procedure. In our case, BALB/c mice (Harlan Laboratories, TX) were first
habituated to the test cage for 60 minutes and then they were tested for their locomotor
activity immediately after meth injection in a walled test cage. Whereas, Kitahama and
Valatx [33] habituated their mice for only 1 minute, then injected meth and after 30 minutes
they recorded the locomotor activity for 3 minutes in an open field test [33]. Therefore, this
does not seem like a comparable situation.

The brain’s mesolimbic dopaminergic system has a critical role in the development of
addictive behavior [36, 37], but norepinephrine (NE) may be particularly important for these
very low dose effects of meth [38, 39]. In an elegantly designed in vitro release and uptake
inhibition assay using rat synaptosomes, Rothman et al. [40] have determined that meth is
most potent at NE release (IC50 = 12.3 nM), followed by DA release (IC50 = 24.5 nM), and
5-HT release (IC50 = 736 nM). In other words, meth releases monoamines in rats with ratios
of about NE:DA = 1:2, NE:5HT = 1:60 [40], causing increased stimulation of post and pre-
synaptic receptors. Meth also indirectly prevents the reuptake of these neurotransmitters,
causing them to remain in the synaptic cleft for a prolonged period inhibiting NE reuptake
(Ki = 48.0 nM), followed by DA reuptake (Ki = 114 nM) and 5-HT reuptake (Ki = 2,137
nM). In other words, meth inhibits reuptake of monoamines in rats with ratios of about:
NE:DA = 1:2.35, NE:5HT = 1:44.5 [40].

The low dose meth-induced hypolocomotion could be attributed to its effect on presynaptic
NE α-2 autoreceptors or its effect on pre-synaptic D2-like DA receptors or its combined
effects on both receptor types. It is well known that low doses of apomorphine, a DA
receptor agonist, decreases locomotor activity in rodents and this decrease is attributed to the
activation of presynaptic DA autoreceptors [29, 30]. In contrast, higher doses of
apomorphine increase locomotor activity through postsynaptic DA receptor stimulation [29,
30]. Clonidine, which is an agonist of NE α-2 autoreceptors, also induces hypolocomotion
by activating presynaptic NE autoreceptors [27] [28]. In view of these reports, low dose
meth-induced hypolocomotion needs further investigation to establish the identity of
receptors involved.

Moderate doses of meth (1.0 mg/kg and 2.5 mg/kg) resulted in significant hyperlocomotion
at 10 minutes after dosing and then locomotion declined but always remained elevated over
baseline up to 90 minutes after dosing. The locomotion was always higher for the 2.5 mg/kg
group than the 1.0 mg/kg group. Treatment of drug-naïve mice with higher doses of meth (5
mg/kg and 10 mg/kg) resulted in a brief period of hyperlocomotion which was followed by
stereotypy.
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Generally accepted theory states that psychostimulant-induced locomotion is driven by the
ventral striatum, while stereotypy is regulated by the dorsal striatum [41]. This hypothesis is
primarily derived from 6-hydroxydopamine lesion studies demonstrating that local
dopamine depletion in the ventral striatum inhibits amphetamine induced locomotion, while
dorsal lesions curb stereotypy [42–44]. Higher doses of meth not only release larger
amounts of neurotransmitters, but also modulate different brain regions to produce
hyperlocomotion or stereotypy. By contrast, lower doses of meth may be releasing only
limited amount of neurotransmitters (DA and NE directly), which could modulate pre-
synaptic NE receptors in the locus ceruleus decreasing activation and reducing arousal and
general levels of motor activity inducing hypolocomotion.

Repeated use of psychostimulants can produce addiction in humans and behavioral
sensitization (reverse “behavioral tolerance”) in rodents [45], characterized by a
progressively enhanced locomotor activity and stereotypy. Because the neural alterations
that underlie behavioral sensitization are thought to contribute to the development of the
compulsive patterns of drug craving that characterizes addiction [46], behavioral
sensitization in rodents is widely used as a model for the study of drug addiction [47]. A
treatment model leading to sustained abstinence may not necessarily return the affected
brain regions and behavior to the normal state. To test this hypothesis, we designed another
set of experiments to assess the effect of pre-exposure to different doses of meth on the low
dose meth-induced hypolocomotion as discussed below.

Pre exposure to higher doses (such as 1.0 mg/kg or 2.5 mg/kg meth) completely attenuated
the hypolocomotion inducing ability of 0.01 mg/kg meth (Fig. 1, 3a and 3b) for at least two
weeks. These data indicate that even onetime usage of higher doses of meth can lead to
significant changes in brain responses. Repeated exposure to even the smaller 0.01 mg/kg
doses of meth reduced the hypolocomotor response (Fig. 1 and 3b). Repeated administration
of meth decreases dopamine D1 and D2 receptors and probably the NE α-2 autoreceptors
that may be involved in this hypolocomotion [48].

We also tested the reverse model of “incubation”. That is, if the drug-experienced mice are
allowed to rest for a month, would they show a restored or greater hypolocomotor response
to the low meth dose 0.01 mg/kg? In fact, mice pre-exposed to 0.01 or 0.3 mg/kg of meth
and rested for a month showed a similar pattern and magnitude of locomotor activity upon
challenge with 0.01 mg/kg meth as was observed for drug-naïve mice with that dose (Fig. 1
and 4). Additionally, mice pre-exposed to moderate doses of meth (1.0 mg/kg or 2.5 mg/kg)
meth and rested for a month also exhibited hypolocomotion upon challenge with 0.01mg/kg
meth. However, the magnitude of behavioral response was less than that induced by 0.01
mg/kg meth in naïve mice. Thus, tolerance to the hypolocomotor effect is induced by prior
exposure to higher, but not lower meth doses, after a prolonged abstinence period.

In conclusion, our data demonstrate that lower doses of meth induce hypolocomotion in
BALB/c mice. We have also defined the dose-dependence of hyperlocomotion and
stereotypy of meth-exposed BALB/c mice. Additionally, we have also shown the effects of
repeated exposure and withdrawal of meth on the behavioral responses. These data will help
interpret the potency of any future anti-meth antagonists such as vaccines. Very effective
partial blockades may result in hypolocomotion below baseline levels, while a full blockade
would simply return the locomotion to the baseline. This result is initially counter-intuitive
that the most effective full blockade might produce higher levels of locomotion than a
partial blockade. Finally, a very sensitive hypolocomotor assay with rapid desensitization
from single meth doses and its recovery after a month of abstinence may be helpful in the
design and interpretation of future studies involving abstinence and antagonist treatments of
meth addiction.
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Highlights

• Lower doses of methamphetamine cause hypolocomotion in BALB/c mice.

• Moderate and higher doses of methamphetamine induce hyperlocomotion and
stereotypy respectively.

• Prior exposure to either one moderate or high dose of methamphetamine or to
two, low doses of methamphetamine attenuate the hypolocomotor effect of a
low meth dose one week later.

• Prior exposure to the methamphetamine leads to tolerance, rather than
sensitization, of the hypolocomotor response to low meth doses.
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Fig. 1.
Effect of low doses of methamphetamine on the locomotor activity of BALB/c mice.
Different groups of experimentally naïve, 8–10-week old female BALB/c mice (n=5/group)
were placed in the test cage 60 minutes before drug or PBS injection to establish the
baseline. Average value of first 30 minutes of baseline data was deducted from rest of the
data for each mouse to normalize the data (figure 1a shows normalized data whereas, figure
1b shows the raw data). The other half of the 60 minutes of baseline is represented here as
H-10 to H-30. The arrow represents the time of meth or PBS injection. The time following
meth (or PBS) injection is represented as M-10 through M-90. The legends of the graph
show the various doses of meth (mg/kg of animal body weight) that was injected into the
test animals. All the injections were delivered intraperitoneally. Data shown are mean ±
S.E.M. Only some of the S.E.M. bars are shown for the clarity of the graphs. *P<0.001 for
comparison vs. PBS group.
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Fig. 2.
Effect of high doses of methamphetamine. Different groups of experimentally naïve, 8–10-
week old female BALB/c mice (n=5/group) were injected with indicated doses of meth.
Data for locomotor activity were normalized as explained in Fig. 1. Baseline is represented
here as H-10 to H-30. The arrow represents the time of meth or PBS injection. The time
following meth (or PBS) injection is represented as M-10 through M-90. All the injections
were delivered intraperitoneally. Data shown are mean ± S.E.M. Only some of the S.E.M.
bars are shown for the clarity of the graphs. *P<0.001 for comparison vs. PBS group.
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Fig. 3.
Effect of pre-exposure to methamphetamine on low dose meth-induced hypolocomotion.
Different groups of experimentally naïve, 8–10-week old female BALB/c mice (n=5/group)
were intraperitoneally injected with varying doses of meth or PBS (day 0) and were then
rested for a one week. After that, on day 7 different groups of mice were habituated and
challenged intraperitoneally with fixed dose of meth (0.01 mg/kg) (Fig. 3a). Other groups of
mice (n=5/group) were intraperitoneally injected with varying doses of meth on day-0 and
day-7. Each group received the same dose of meth on both day-0 and day-7. On day-14 each
group of mice was habituated and challenged intraperitoneally with fixed dose of meth (0.01
mg/kg; Fig. 3b). Normalized baseline and other data were obtained as explained in Fig. 1.
The arrow represents the time of meth injection. In the legend, left hand side values
represent the dose of meth which was used for pre-exposure and the right hand side values
represent the challenge dose. For example in Fig. 3a, 2.5/0.01 mg/kg means mice were
exposed to 2.5 mg/kg meth, rested for one week and then challenged with 0.01 mg/kg meth.
In Fig. 3b, mice were exposed twice a week apart before challenge after resting for a week
(i.e. only one injection on day-0 → rested for a week → only one injection on day-7 →
rested for a week → challenge on day-14). Data shown are mean ± S.E.M. Only some of the
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S.E.M. bars are shown for the clarity of the graphs. *P<0.001 for comparison vs. 0.01/0.01
group.
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Fig. 4.
Effect of abstinence from meth on hypolocomotion in meth pre-exposed mice. Different
groups of experimentally naïve, 8–10-week old female BALB/c mice (n=5/group) were
intraperitoneally injected with varying doses of meth (day 0) and were then rested for a
month. On day-30 different groups of mice were challenged intraperitoneally with a fixed
dose of meth (0.01 mg/kg). Normalized baseline and other data were obtained as explained
in Fig. 1. The arrow represents the time of meth injection. In the legend, left hand side
values represent the dose of meth which was used for pre-exposure and the right hand side
values represent the challenge dose. For example, 2.5/0.01 mg/kg means mice were exposed
to 2.5 mg/kg meth, rested for a month and then challenged with 0.01 mg/kg meth. Data
shown are mean ± S.E.M. Only some of the S.E.M. bars are shown for the clarity of the
graphs. *P<0.001 for comparison vs. 0.01/0.01 mg/kg group.
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