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Abstract

Methylphenidate (MP) is a commonly prescribed psychostimulant for Attention Deficit
Hyperactivity Disorder (ADHD). We recently reported behavioral and developmental effects of
chronic MP use in healthy rats. The current study investigated how interrupting chronic MP
treatment with weekend abstinence altered the behavioral and physiological consequences of
chronic MP treatment, and if prolonged abstinence would reverse the observed effects. Male
Sprague Dawley rats were assigned to one of three treatment groups: water (W); low dose (LD)
MP; and high dose (HD) MP. For 13 weeks, rats had access to drink from a bottle containing 4
mg/kg MP (LD), 30 mg/kg MP (HD) or water (W) for 1 hour, and 10 mg/kg MP (LD), 60 mg/kg
MP (HD) or water (W) for the next 7 hours, each week day. During weekends, all animals received
only water as well as throughout the 5-week-long abstinence phase, which immediately followed
the treatment phase. Throughout the treatment phase, regardless of weekend abstinence, chronic
MP resulted in significant decreased food and fluid intake and body weight. Also, HD MP
exposure resulted in the following behavioral effects: increased open field and circadian locomotor
activity; increased latency to immobility and decreased time spent immobile in the forced swim
test; increased center activity in the open field and percent of time spent in an open arm of the
elevated-plus-maze; and increased social affiliation and memory in the Crawley’s three chamber
sociability test. During the prolonged (5-week) abstinence phase, all these effects were reversed
while HD treated rats increased their fluid intake. These results indicated that intermittent brief
abstinence periods (weekend’s off-treatment) produced the same behavioral and developmental
effects as those previously reported with chronic (7 days/week) MP treatment, but were reversible
following a prolonged abstinence period (5 weeks).
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1. Introduction

Recently, rapidly increasing rates of non-prescription MP use among healthy individuals has
been reported [1]. Specifically, healthy individuals use MP for its cognition-, attention-, and
intellectual capacity-enhancing effects, as well as its ability to improve academic
performance [2-5]. It is important to understand the implications of such non-prescription
chronic MP exposure in healthy individuals.

MP has a wide range of behavioral effects. For instance, in human subjects, MP enhances
cognitive performance as reported in individuals with ADHD [3, 6]. MP also reduces
impulsivity and inattention, suppresses anxiety- and depressive-like behaviors, and improves
social interaction skills and sleep parameters [3, 7-10]. These wide ranging behavioral
effects suggest that non-prescription MP use may cause similar effects in healthy subjects, as
were recently reported with rats in terms of behavior [11] and development [12]. Moreover,
the known side effects of MP administration such as insomnia, stomachache, headache,
anorexia, and the potential for abuse due to MP-induced euphoria may pose additional risks
for healthy individuals using MP [13]. ADHD and substance abuse has been known to have
high co-morbidity, but the effects of non ADHD chronic MP treatment on substance abuse
vulnerability is less well understood [14, 15]. Hence, further understanding of the wide
range of behavioral and cognitive effects of chronic MP administration in healthy
individuals is warranted.

Healthy individuals that use MP primarily for selected benefits may only use it periodically
rather than every day. For instance, healthy students may only administer MP to enhance
arousal and cognitive ability in order to increase academic performance during the week and
only when school is in session [3, 5, 16, 17]. According to [18], college students and
students preparing for exams nickname MP and related medication as “steroids for SATs".
In addition, it was reported that doctors and researchers might also use MP to sustain
themselves through their long work hours and enhance their ability to concentrate on their
patients or tasks [2]. Such individuals may abstain from MP during periods of less
demanding cognitive and intellectual activity such as weekends and holidays. Therefore, it is
important to understand how interrupting chronic daily MP exposure with abstinence on
weekends and an additional long term total abstinence may impact the long-term behavioral
effects of MP.

In animal studies, MP is often administered via injection rather than orally as it would be in
the clinical setting [19]. The common intravenous, intraperitoneal, and subcutaneous routes
of administration in animal models result in significantly different pharmacokinetic
properties of MP, including the magnitude and the time-to-peak of serum concentration, the
half-life, and the rate of elimination when compared to an oral administration [20]. The dose
administered is also critical to the pharmacokinetic and behavioral properties of MP [21].
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Putting these factors into consideration, the present study employed an 8-hour voluntary
dual-bottle drinking paradigm that we previously introduced to produce clinically relevant
pharmacokinetics at various MP doses [22]. Using this experimental paradigm, the present
study investigated the behavioral and developmental effects of 13-week-long MP treatment
in rats that excluded weekends, and their reversal following a 5-week abstinence period. We
hypothesized that during the treatment phase, chronic MP exposure, regardless of weekend
abstinence, would produce the same effects as we previously reported [11]. Furthermore, we
expected the effects of chronic MP treatment to be generally reversed following prolonged
abstinence, as our recent data indicated [23]. The present study examined the behavioral
consequences of chronic weekday-only oral MP treatment in rats and revealed that HD MP
exposure resulted in increased open field and circadian locomotor activity; increased latency
to immobility and decreased time spent immobile in the forced swim test; increased center
activity in the open field and percent of time spent in an open arm of the elevated-plus-maze;
and increased social affiliation and memory in the Crawley’s three chamber sociability test.
During the prolonged (5-week) abstinence phase, all these effects were reversed while HD
treated rats increased their fluid intake.

2. Materials and methods

2.1 Animals

Male Sprague-Dawley rats (n=72) were obtained from Taconic Farms (Germantown, NY) at
four weeks of age. All rats were allowed 1 week of habituation before starting the MP
drinking paradigm. Prior to initiation of MP drinking and behavioral testing, rats were
assigned to one of either low-dose MP (4/10 mg/kg MP, n= 24), high-dose MP (30/60
mg/kg MP, n= 24) or a control group receiving plain tap water (n= 23, one rat died prior to
initiating of dosing or testing). Rats remained in the same group for the entirety of the
experiment. Half of the animals from each group were sacrificed at the end of treatment for
purposes of tissue collection and subsequent osteopathic analysis. Rats were single housed
in a temperature- and humidity-controlled room on a reverse 12-hour light cycle (lights off
0800h). Rat chow (Teklad, Indianapolis, IN) was provided ad /ibitum throughout testing.
During the 13-weeks MP treatment period and 5-week abstinence period, animals had access
to fluids for only 8 hours daily as previously described [22]; LD rats received 4/10 mg/kg
MP (first hour/subsequent seven hours of fluid consumption respectively) while HD rats
received 30/60 mg/kg MP (first hour/subsequent seven hours, respectively). Animals were
single-housed in order to accurately monitor individual fluid and food intake, which were
recorded daily and weekly, respectively. Body weight was also recorded daily throughout the
experiment. Experiments were conducted in conformity with the National Academy of
Science’s Guide for the Care and Use of Laboratory Animals (NAS and NRC, 1996) and
approved by the State University at Buffalo’s Institutional Animal Care and Use Committee.

2.2 Experimental Design and Drug Consumption Paradigm

During a 13-week-long treatment phase, rats had limited 8-hour daily access to MP except
on Saturday and Sunday. The treatment phase was followed by a 5-week-long abstinence
phase of no MP exposure. MP was delivered to rats as methylphenidate hydrochloride
(Sigma-Aldrich, St Louis, MO) in water (vehicle). A LD and HD dosing paradigm has been
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previously reported to produce peak serum concentrations of 8 ng/ml and 30 ng/ml in the
LD and HD treated rats (respectively) with concentration of drug in fluid adjusted daily
based on prior day’s consumption [22]. This paradigm ensured that dosing was consistent
independent of fluid consumption. MP was provided for an 8-hr period (0900h-1700h)
during the dark phase (0800h-2000h); fluids were unavailable outside of this window of
time. All behavioral tests were conducted during the dark phase between 1100 h and 1700 h
while the rats had access to the drug.

2.3 Behavioral Tests

2.3.1 Open field locomotor activity—Locomotor activity was assessed biweekly
during treatment weeks 1, 2, 4, 6, 8, 10 and once during abstinence week 5 for 90 min in an
open-field chamber as previously described [22]. Rats were tested during the dark phase of
the light cycle between 1100 h and 1700 h in an arena (dimensions 40.64 cm x 40.64 cm x
40.64 cm, 2.54 cm beam space and 1.27 cm spatial resolution) that is equipped with a photo
beam activity monitoring system (Coulbourn Instruments, Allentown, PA). Open field
locomotor activity data was acquired with TruScan v2.0 software and horizontal distance
traveled, number of entries and time spent in the vertical plane, and both distance and time
spent in the center of the chamber were analyzed.

2.3.2 Circadian Activity—The 24-hour circadian locomotor activity was assessed as
previously described [11] during weeks 1, 2, 4, and 8 of the treatment phase and week 4 of
the abstinence phase. Circadian locomotor activity, designated by beam breaks, was
measured using a photo beam activity monitor attached to the cage top of each animal’s
original home cage (50 cm x 25 cm x 30 cm high) (Starr Life Sciences Corp, VitalView
software 1.1; Oakmont, Pennsylvania). Throughout the 24-hour experiment, ad /libitum
access to chow and the 8-hour limited access-drinking paradigm were maintained.

2.3.3 Elevated Plus Maze (EPM)—Anxiety-like behavior was assessed using an
elevated plus maze during treatment week 10 and abstinence weeks 2 and 5 as previously
described [11]. Briefly, each rat was placed on the center of the elevated plus maze and then
allowed to explore the four arms of the maze for 5 minutes. Anxiety was assessed as the
proportion of the total test time that was spent in the open arm. The behavior was recorded
using D-Link cameras and software (D-Link Corporation Taipei, Taiwan), and subsequently
analyzed using TopScan behavior image analysis software (Clever Sys Inc. Reston,
Virginia).

2.3.4 Forced Swim Test (FST)—Rats were tested for depressive-like behavioral effects
of chronic MP during week 11 of treatment and during week 1 of abstinence using the
forced swim test (FST), which is an established and well-validated measure of depressive-
like behavior in rats [24]. Buckets measuring 39cm x 27cm (height x diameter) were filled
with room temperature water and rats were given a 15-minute habituation session in the
apparatus 24 hours prior to the testing session that lasted for five minutes. Testing was
recorded with D-Link cameras and software (D-Link Corporation Taipei, Taiwan), and was
subsequently analyzed with TopScan software (Clever Sys Inc., Reston, Virginia). Behaviors
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measured during the five-minute testing period were time spent immobile (velocity <0.05),
time spent with high activity (velocity>0.12), and latency to immobility.

2.3.5 Crawley’s three-chamber sociability test (SI)—A social interaction test was
performed during week 12 of treatment and during weeks 2 and 5 of abstinence using the
Crawley’s three chamber sociability test [25]. In summary, testing was performed in a room
illuminated only by red light during the dark cycle between 1100h and 1700h. The test was
performed in a social interaction arena consisting of a square unit with three chambers
divided by partition, each measuring 20cm by 60 cm. Identical metal cages measuring
21.59cm x 12.7cm x 11.43cm (length x width x height) were located in diametrically
opposed corners of the left and right chambers. During a 3-minute habituation session that
preceded testing, rats were placed in the center of the arena alone and allowed to explore all
chambers. During the test session that commenced 30 minutes after the habituation ended,
each test animal was placed in the center of the same arena that now contains a “social
stimulus” rat in a smaller cage within the arena. This was the first time the test animal was
exposed to the social stimulus rat and allowed to freely explore the arena for five minutes.
Test sessions were recorded using D-Link cameras and software (D-Link Corporation
Taipei, Taiwan) and the time spent interacting with both cages was rated using the TopScan
software (Clever Sys Inc., Reston, Virginia). The discrimination index during the test was
calculated as a ratio of interaction time with the social stimulus rat cage to the interaction
time with both cages (control cage had no rat inside). Testing chambers were cleaned with a
10% ammonia solution between runs to eliminate possible confounds from odor cues.

2.4 Statistical Analysis

Body weight, as well as food and fluid intake, were analyzed separately during the treatment
and abstinence phases using two-way repeated measure ANOVAS, with treatment group and
week as the between- and within-subject variables, respectively. This same ANOVA design
was used to analyze open field locomotor activity during the treatment phase, circadian
activity during the dark phase of the light cycle compared across weeks, and both EPM and
S| during the abstinence phase. Hourly circadian activity on week 8 of the treatment phase
and week 4 of the abstinence phase were each analyzed using a two-way repeated measure
ANOVA with time of the day and treatment group as within- and between-subject variables,
respectively. Open field locomotor activity during the abstinence phase, EPM and Sl data
during the treatment phase, and the FST data separately during the treatment and abstinence
phases were each analyzed using a one-way ANOVA with treatment group as the
independent variable. The use of Tukey’s HSD for post-hoc analysis is typically only
conducted as justified by an overall main effect of treatment or its interaction with time.
However, in light of prior findings in our lab showing strong effects of HD MP, but small or
negligible effects of LD MP, pair-wise comparisons were conducted in all cases.

3. Results

Consumption effects

Fluid consumption: During the treatment phase, a two-way repeated measure ANOVA of
the weekly average of daily fluid intake revealed significant main effects of treatment
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[F(2,884)=47.330; p<0.001] and time [F(13, 884)=165.445; p<.001], and a significant
interaction between treatment and time [F(26, 884)=19.777; p<0.001]. Tukey’s post hoc
analysis revealed that fluid intake was higher in the water treated rats on weeks 7-13
compared to the LD MP treated rats (p<.01), and on weeks 1-13 compared to the HD MP
treated rats (p<.05). Additionally, fluid intake was higher in the LD MP treated rats
compared to the HD MP treated rats on weeks 2—13 (p<.05; Figure 1). During abstinence, a
two-way repeated measure ANOVA revealed significant main effects of treatment [F(2,
128)=5.320; p < .05] and time [F(4,128=16.088; p < 0.001] on fluid intake, but no
interaction between treatment and time. Tukey’ s post hoc analysis revealed that fluid intake
was higher in the HD MP treated rats compared to the water treated rats on week 14, 15, 17,
and 18, and compared to LD MP treated rats on weeks 14-18 (p < 0.01; Figure 1). One-way
ANOVA of total fluid consumption throughout each of the treatment and abstinence phases
confirmed these effects (Figure 1, insert).

Food consumption: During the treatment phase, a two-way repeated measure ANOVA
revealed a significant main effect of time [F(13, 884)=334.849; p<0.001] on food
consumption, while the effect of treatment (p=0.134) and the interaction between treatment
and time (p=0.031), approached statistical significance. However, a one-way ANOVA of
total food consumed throughout treatment phase revealed a significant main effect of
treatment [F(2,991)=4.563; p < 0.05]. Tukey’s post-hoc analysis further revealed that the HD
treated rats consumed less food than both water and LD treated rats (both p < 0.05; Figure
2). During abstinence, a two-way repeated measure ANOVA revealed a significant main
effect of time [F(4, 128)=11.512; p < 0.001] on food intake, while the effect of treatment and
the interaction between treatment and time were not significant (Figure 2). A one-way
ANOVA of total food consumed revealed that the HD treated rats consumed less food than
water and LD treated rats during treatment (p < 0.05) while there was no significant
differences between treatment groups during abstinence (Figure 2, insert).

Body weight: During the treatment phase, a two-way repeated measure ANOVA of weekly
body weight revealed significant main effects of treatment [F(2, 884)=10.361; p<0.001] and
time [F(13, 884)=3985.616; p<0.001], and a significant interaction between treatment and
time [F(26, 884)=9.147; p<0.001]. Tukey’s post hoc analysis revealed that the HD treated
rats weighed less than both LD and water treated rats throughout weeks 4-13 (p<0.05 for
both; Figure 3). During abstinence, a two-way repeated measure ANOVA revealed a main
effect of time [F(4, 128)=371.816; p<0.001] and an interaction between treatment and time
[F(8, 128)=3.642; p<0.001] on body weight, while the main effect of treatment was not
significant. Tukey’s post hoc analysis revealed that the HD treated rats weighed less than
both LD and water treated rats at weeks 14 and 15 of abstinence (p<0.05 for both; Figure 3).
A one-way ANOVA of percent change in body weight during the treatment phase [F(2,
68)=9.651; p<0.001] revealed a significant effect of treatment. Tukey’s post-hoc analysis
further revealed that the HD treated rats had less percent body weight gain compared to both
LD and water treated rats. There was no significant effect of treatment during the abstinence
phase (Figure 3, insert).
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Behavioral effects

3.2 Open Field.

Horizontal Distance.: During the treatment phase, a two-way repeated measure ANOVA
revealed main effects of treatment [F(2, 340)=8.998; p<0.001] and time [F(5,340)=8.134;
p<0.001] but no significant interaction between treatment and time. Tukey’ s post hoc
analysis revealed that the HD treated rats traveled a greater distance compared to the LD
treated rats during weeks 2 through 10 and water treated rats during weeks 6—10. A one-way
ANOVA of the area under the curve also revealed a significant effect of treatment [F(2,
68)=4.403; p < 0.05]. During abstinence, a one-way ANOVA revealed no significant effect
of treatment (Figure 4A).

Center Distance.: A two-way repeated measure ANOVA revealed significant main effects
of treatment [F(2, 340)=15.773; p<0.001], time [F(5, 340)=62.281; p<0.001], and an
interaction between treatment and time [F(10, 340)=2.113; p < 0.05]. Tukey’s post hoc
analysis revealed that the HD treated rats traveled greater center distance compared to the
LD treated rats during weeks 2 through 10 and the water treated rats during weeks 6-10.
Additionally, the water treated rats had greater center activity compared to the LD treated
rats during treatment week 8. A one-way ANOVA of the area under the curve for treatment
weeks revealed a significant effect of treatment [F(2, 68)=6.200; p < 0.01]. A one-way
ANOVA of center distance traveled during abstinence revealed no significant differences
between groups (Figure 4B). Data on other measures of locomator activity in the open field
including velocity, center time, rearing events, and time spent rearing were obtained and
analyzed as well (Supplement Figures 1S, 2S, 3S, and 4S).

Circadian Activity.—A two-way repeated measure ANOVA of hourly circadian activity
on week 8 of the treatment phase revealed a significant main effect of treatment [F(2,
1496)=20.426; p<0.001], time [F(22, 1496)=137.773; p<0.001], and a significant interaction
between treatment and time [F(44, 1496)=9.864; p<0.001]. Tukey’s post hoc analysis
revealed that the HD treated rats had greater activity compared to the LD treated rats from
09:00 to 16:00 and compared to the water treated rats from 10:00 to 16:00 during the dark
cycle (Figure 5A).

A two-way repeated measure ANOVA of hourly circadian activity on week 4 of the
abstinence phase revealed a significant main effect of time [F(22, 704)=30.321; p<0.001]
and a significant interaction between treatment and time [F(44, 704)=1.638; p < 0.01], while
the effect of treatment was not significant (Figure 5B).

The mean activity during the dark phase of the light cycle was averaged for each treatment
group during both treatment and abstinence phases and a one-way ANOVA was conducted
for each phase of the experiment. During the treatment phase, the one-way ANOVA revealed
a main effect of treatment groups [F(2, 281)=19.956; p<0.001] and Tukey’s post hoc
analysis revealed that the HD treated rats were more active than both water and LD treated
rats (Figure 5A inset). During abstinence, there was no significant main effect of treatment.
There were no significant differences between any groups during the light cycle (Figure 5B
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inset). Circadian activity was measured bi-weekly and analyzed as well (Supplement Figure
5S).

Elevated Plus Maze.—Time in the open arms of the elevated plus maze was calculated as
a percent of total time spent in all arms (Figure 6). During week 10 of treatment, a one-way
ANOVA revealed a significant main effect of treatment [F(2, 67)=5.151; p < 0.01] on
percent of time spent in the open arm. Tukey’s post hoc analysis revealed that the HD treated
rats spent more time in the open arm compared to water treated rats (p<.01). For both
abstinence weeks that were tested, a two-way repeated measures ANOVA revealed a main
effect of time [F(2, 64)=40.978; p<0.001] but neither a significant effect of treatment nor an
interaction between treatment and time.

Forced Swim Test.—A two-way repeated measure ANOVA of latency to immobility
revealed a main effect of time [F(1,32)=5.803; p= 0.022], while the effect of treatment and
an interaction between treatment and time were not significant. Tukey’s post-hoc analysis
further revealed that the HD treated rats had significantly shorter latency to immobility
during the abstinence week compared to the treatment week (p<.01). During the treatment
phase, a one-way ANOVA of latency to immobility revealed a significant main effect of
treatment [F(2,68)=4.547; p < 0.05]. Tukey’s post-hoc analysis during the treatment phase
further revealed that the HD treated rats had greater latency to immobility compared to both
water and LD treated rats (p<0.05 for both). A one-way ANOVA during abstinence revealed
no main effect of treatment (Figure 7A).

A two-way repeated measures ANOVA of time spent immobile revealed a main effect of
time [F(1,32)=12.468; p=0.001], while the main effect of treatment was not significant and
an interaction between treatment and time approached significance (p=.071). Tukey’s post-
hoc analysis revealed that both LD and HD treated rats had greater time spent immobile
during abstinence than during treatment (p<.05 for both). During the treatment phase, a one-
way ANOVA of time spent immobile revealed a significant main effect of treatment
[F(2,68)=6.515; p<.01]. Tukey’s post-hoc analysis revealed HD MP treated rats spent a
significantly less time immobile when compared to the water treated rats (p<.01). A one-
way ANOVA of time spent immobile during abstinence revealed no significant main effect
of treatment (Figure 7B).

Crawley’s three-chamber sociability test.—A two-way repeated measures ANOVA
on discrimination index revealed a main effect of time [F(2, 64)=21.572; p<0.001] but not of
treatment, and the interaction between treatment and time was not significant. Tukey’s post
hoc analysis revealed a decrease in discrimination index during week 2 of abstinence
compared to the treatment week for both LD MP treated rats and HD MP treated rats
(p<0.05 for both). Also, discrimination index decreased during the fifth week of abstinence
compared to the treatment week for all three treatment groups (p<0.05 for all). A one-way
ANOVA of the discrimination index during the treatment phase revealed a significant main
effect of treatment [F(2, 68)=5.623; p< 0.01]. Tukey’s post hoc analysis revealed that both
HD and LD treated rats demonstrated greater discrimination index compared to the water
treated rats (p<0.05). During abstinence weeks 2 and 5, a one-way ANOVA on each week,
revealed no significant differences between treatment groups (Figure 8).
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4. Discussion

The present study examined how interrupting chronic MP treatment with weekend
abstinence periods modulates the behavioral and developmental consequences of MP, and
how prolonged abstinence following the chronic exposure phase affects them. We found that
chronic HD MP exposure decreased fluid and food intake as well as body weight, increased
locomotor activity, exploratory behavior, social affiliation, and decreased anxiety- and
depression-like behaviors regardless of weekend abstinence. These effects were generally
reversed following prolonged (5 week) abstinence. These findings are important given that
not all individuals consume MP seven days a week [2, 26].

Psychostimulants suppress appetite [27, 28] and may lead to body weight reduction
following chronic exposure [29]. Indeed, during the treatment phase, we observed decreased
fluid intake in both LD and HD treated rats compared to the water treated rats, and
decreased food intake and body weight only in the HD treated rats. This is consistent with
our prior findings [11] and agrees with a clinical study [26] that found no differences
between children with ADHD who received MP for seven days a week and those that
received placebo during the weekend. During our 5-week abstinence phase, the effects of
HD MP on body weight and food intake were eliminated while the HD treated rats
consumed more fluid than both LD and water treated rats suggesting a possible
compensation for suppressed fluid intake during treatment. Consistent with our hypothesis,
these findings reveal that prolonged, rather than a brief abstinence period from MP is
necessary to reverse the behavioral and developmental consequences of chronic MP use that
we previously reported [11].

The greater distance traveled and velocity in the open field, as well as higher circadian
locomotor activity during the dark phase in our HD group supports existing data showing
that MP dose-dependently increases locomotor activity [11, 22, 30]. The elevated locomotor
activity recorded is potentially a result of the use of Sprague-Dawley rats. In contrast, the
spontaneously hypertensive rat (SHR) is the standard model of the clinical ADHD diagnosis
[31]. Response to stimulant medications and other drugs can vary considerably according to
genetic differences [32]. Our data suggest the possibility that clinically relevant doses of MP
increases some measures of hyperactivity in a non-ADHD model of rat; use of this paradigm
in the SHR may yield differing results. This pattern of results, contrary to the effects of
stimulants typically reported in an ADHD population, is a recurring finding in experiment
and in prior work in our lab and others. Although concerns have been expressed that MP
treatment may affect sleep patterns in children diagnosed with ADHD [33, 34], our findings
of no MP-related effect on locomotor activity during the light-phase suggest otherwise.
Furthermore, while weekend abstinence had no impact on HD MP-related increase in
locomotor activity, this effect was significantly attenuated to the levels of the LD and water
treated rats after prolonged abstinence from the drug. Therefore, the locomotor activity-
related effects of chronic MP exposure were also eliminated following prolonged abstinence.

Increased time spent in the open arms of the elevated plus maze (EPM) [35], and increased
activity in the center of an open field chamber [36] are common indicators of anxiolytic
behaviors in rodents. We showed greater center activity and increased open arm entries in
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the HD treated rats in the present study, which supports clinical [7, 37] and preclinical [11,
22] observations of MP-related anxiolytic effects. We believe that analysis of the percentage
of total test time rather than the absolute time spent in the open arms controlled for the
potential impact of greater locomotor activity on the attenuated anxiety-like behavior that we
report in the HD MP-treated group. Moreover, like locomotor activity, food intake and body
weight, the anxiolytic effects of MP in the HD rats returned to LD and water treated rats
levels following prolonged abstinence but not weekend breaks.

Previous reports of the effects of MP on social interaction have been inconsistent. While
some studies reported MP-related increase in social interaction [8, 38], others found
decreased social interaction [39]. We previously found no effect [11]. However, our current
findings indicate that HD chronic MP exposure, interrupted by weekend abstinence from the
drug, increased social interaction. The current findings differ from the previous [11] partly
because both studies employed different tests of social interaction. Using the Crawley’s
three chamber sociability test in the present study, our findings suggests that chronic MP
increases social affiliation and social memory [25], and prolonged abstinence from MP
eliminates this effect.

Chronic HD MP exposure with weekend breaks from the drug in the present study also
suppressed depressive-like behavior. Previous results have proven inconsistent, with some
clinical reports that MP attenuated depressive-like behavior in patients [7, 40, 41]; or no
later increased risk for onset of depression-like behavior and cause no increase in risk for a
later onset of depression [42]. While preclinical reports have reported that MP alleviates
depression-like behavior [43]. During the prolonged abstinence phase, HD MP-related
increase in latency to immobility was reduced to water and LD levels, while the time spent
immobile by both LD and HD treated rats significantly increased compared to the treatment
period. This effect could support the notion that chronic adolescent MP exposure could lead
to depressive like behavior in adulthood as previously reported in rats [44].

A limitation of the present study is the isolated housing condition employed. Although this
housing condition was necessary to adequately quantify and monitor drug self-
administration, this “isolated” environment could have stressed the animals and altered their
behavior. To elucidate how isolated housing may have influenced our results, future studies
will investigate the impact of chronic MP exposure on group-housed animals.

5. Conclusion

This study revealed that chronic HD MP exposure during the week followed by weekends
off the drug decreased food and fluid intake, and body weight, increased locomotor activity,
exploratory behavior and social interaction, and attenuated anxiety- and depression-like
behaviors in agreement with 7-days/week treatment previously reported [11]. These
behavioral effects persisted despite weekend abstinence from MP, but they were generally
reversed following prolonged weeks of abstinence from MP. Although the present study was
conducted in males, they were consistent with recent data in females (unpublished data).
These results suggest that MP chronic treatment (weekdays only) of non ADHD subjects
produced significant physiological (body weight) and behavioral effects (consummatory
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behavior, locomotor activity, anxiety, depression) that were generally reversible with
abstinence. Further research will examine this treatment regimen’s impact on
neurochemistry and brain functional connectivity as well as skeletal development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Daily fluid intake presented as weekly Mean + SEM (a - HD > W, p<0.05; $ - HD > LD,

p<0.05; # - W > LD, p<0.05; ~ - HD > W, p<0.05; @ - HD > LD, p<0.01). Insert: Total
fluid consumption during treatment weeks 0-12 (left) and abstinence weeks 14-17 (right)
presented as Mean + SEM (*p<0.05, **p<0.01, ***p<0.001).
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Figure 2:
Weekly food intake presented as Mean + SEM (a - HD < W, p<0.05; $ - HD < LD, p<0.05).

Insert: Total food consumption during treatment week 0-12 (left) and abstinence weeks 14—
17 (right) presented as Mean + SEM (*p<0.05).
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Figure 3:

Weekly body weight presented as Mean + SEM (a - HD < W, p<0.05; $- HD < LD,
p<0.05). Insert: Percent change in body weight during treatment (week 0-13) and
abstinence (week 14-18) presented as Mean + SEM (**p<0.05).
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(A) Floor plane distance traveled in the open field presented as Mean + SEM (a - HD > W,

Abstinence

p<0.05; $ - HD > LD, p<0.05). Insert: Floor plane distance traveled during treatment (week
10) and abstinence (week 5) presented as Mean + SEM (***p<0.001). Figure 4: (B) Center

distance travelled presented as Mean + SEM ($ - HD > LD, p<0.05; a — HD > W, p<0.05).
Insert: Center distance travelled during treatment (week 10) and abstinence (week 5)
presented as Mean + SEM (***p<0.001).
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Figure 5:

(A) Hourly circadian locomotor activity during week 8 of treatment presented as Mean +
SEM ($ - HD > LD, p<0.05; a — HD > W, p<0.05). Insert: Total activity throughout the
dark cycle presented as Mean + SEM (***p<0.001). Figure 5: (B) Hourly circadian
locomotor activity during week 4 of abstinence presented as Mean + SEM (a — HD > W,
p<0.05; # - LD > W, p<0.05). Insert: Total activity throughout the dark cycle presented as
Mean + SEM.
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Figure 6:
Percentage of total elevated plus maze test time spent in the open arm on treatment week 10

and abstinence week 2 and 5 presented as Mean + SEM (% - significantly different from
treatment week, p<0.01; **p<0.01).
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(A) Latency to immobility in the forced swim test presented as Mean + SEM (% -

significantly different from treatment week, p<0.01; *p<0.05). (B) Time spent immobile in
the forced swim test presented as Mean + SEM (% - significantly different from treatment

week, p<0.05; **p<0.01).
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Figure 8:
Discrimination index in Crawley’s three-chamber sociability test on treatment week 12 and

abstinence week 2 and 5 presented as Mean + SEM (% - significantly different from
treatment week, p<0.05; *p<0.05).
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