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Abstract

Methylphenidate (MP) is a commonly prescribed psychostimulant to individuals with Attention
Deficit Hyperactivity Disorder, and is often used illicitly among healthy individuals with
intermittent breaks to coincide with breaks from school. The present study examined how
intermittent abstinence periods impact the physiological and behavioral effects of chronic oral MP
self-administration in rats, and whether these effects persist following prolonged abstinence from
the drug. Rats were treated orally with water, low dose (LD), or high dose (HD) MP, beginning at
PND 28. This daily access continued for 3 consecutive weeks followed by a one-week abstinence;
after three repeats of this cycle, there was a 5-week abstinence period. Throughout the study, we
examined body weight, food intake, locomotor activity, and anxiety- and depressive-like
behaviors. During the treatment phase, HD MP decreased body weight, food intake, and
depressive- and anxiety-like behaviors, while it increased locomotor activity. During intermittent
abstinence, the effects of MP on locomotor activity were eliminated. During prolonged abstinence,
most of the effects of HD MP were ameliorated to control levels, with the exception of weight loss
and anxiolytic effects. These findings suggest that intermittent exposure to chronic MP causes
physiological and behavioral effects that are mostly reversible following prolonged abstinence.
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Introduction

Methylphenidate (MP, Ritalin) is one of the major stimulant drugs prescribed to individuals
with Attention Deficit Hyperactivity Disorder (ADHD) (Lakhan and Kirchgessner, 2012).
As the rate of prescriptions has increased over the past decades, so has the likelihood of
misuse and abuse (Piper et al., 2018). Reportedly, 16.2% of healthy college students illicitly
use stimulants and 96% of these same students specified using MP (White et al., 2006),
while 4% of healthy 8" and 10t graders use non-prescribed stimulant medications (Leén
and Martinez, 2017). Primary reasons for illicit MP use among healthy students were to
enhance concentration, increase alertness, and “get high” (Teter et al., 2006). With the
increasing illicit use of MP, it is important to properly study and understand the
consequences of MP use in healthy individuals and how different schedules of exposure
affect these consequences.

In individuals with ADHD, MP ameliorated attention deficit, hyperactivity, and impulsivity
(Konrad-Bindl et al., 2016). It also enhanced cognitive performance such as executive and
non-executive memory as well as reaction time in adolescents (Coghill et al., 2014). MP also
reportedly reduced depressive- and anxiety-like symptoms, while increasing social behaviors
in children with ADHD (Sobanski et al., 2008; Golubchik et al., 2017). While MP has
generally been known to disrupt sleep in children with ADHD (Storebg et al., 2015), some
studies suggest that MP may help to enhance sleep in adults with ADHD (Sobanski et al.,
2008). Similar to ADHD patients, MP enhanced response inhibition and memory (Peloquin
and Klorman, 1986; Vaidya et al., 1998), improved working memory and attention, and
reduced distractibility in healthy individuals (Elliott et al., 1997; Volkow et al., 2002).

Rather than a regular daily pattern of chronic MP administration, healthy individuals may
consume MP only during peak periods when its cognitive-enhancing effects are desired
(Franke et al., 2012; Beyer et al., 2014; Urban and Gao, 2017; Juarez-Portilla et al., 2018).
These patterns of use are also evident in individuals with ADHD who are prescribed MP.
Reportedly, 25% to 75% of individuals prescribed MP take intentional breaks from
medicine-taking, otherwise known as “drug holidays” (Ibrahim and Donyai, 2014). “Drug
holidays” often coincide with weekends and seasonal breaks from school, with fewer
prescriptions of MP being written in the summer compared to spring months (Martins et al.,
2004; Cascade et al., 2008; Shyu et al., 2016). The American Academy of Child and
Adolescent Psychiatry (AACAP) recommends these breaks in order to test the need for
continued pharmacotherapy in children and adolescents with ADHD (Pliszka, 2007; van de
Loo-Neus et al., 2011; Ibrahim and Donyai, 2014), and parents tend to utilize these breaks in
order to manage the negative side effects observed in their children, including suppressed
appetite and stunted growth (Ibrahim and Donyai, 2014; Shyu et al., 2016). However, few
clinical and preclinical studies on the behavioral and physiological impact of “drug
holidays” have been conducted (Martins et al., 2004; Griggs et al., 2010; Carias et al., 2019).
Therefore, it is important to further understand the behavioral and developmental effects of
interrupted schedules of MP use, in addition to the existing knowledge of uninterrupted
chronic daily MP use (Thanos et al., 2015; Robison et al., 2017a; Robison et al., 2017b;
Martin et al., 2018; Uddin et al., 2018).
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The goal of this study was to use a rat model to examine the long-lasting physiological,
behavioral and developmental effects of three consecutive cycles of a three-week daily MP
consumption followed by one-week abstinence, and the reversal of such effects during a
five-week abstinence period. We hypothesized that chronic MP exposure would be
associated with hyperactivity and decreased anxiety, depressive-like symptoms, and social
interaction as previously reported following weekday-only (Carias et al., 2019) and
uninterrupted chronic 13-week daily MP use (Robison et al., 2017b; Martin et al., 2018) in
adolescent rats. The current schedule of administration was chosen in order to supplement
our previous report on weekday-only administration (Carias et al., 2019). We expected these
effects to persist regardless of the intermittent 1 week abstinence from MP, but to be
reversed during the prolonged 5-week abstinence period. The findings from this study may
provide further insight on the behavioral and developmental consequences of different
schedules of MP use that occur, including intermittent and prolonged abstinence periods.

Materials and Methods

Animals

Adolescent male (n=72) Sprague Dawley rats were obtained from Taconic Farms
(Germantown, NY). On arrival, rats were single housed in a temperature- and humidity-
controlled room on a reverse 12-hour light cycle (lights off at 08:00 h). Rat chow (Teklad,
Indianapolis, IN) was provided ad /ibitum, and animals had access to water for 8 hours daily.
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 University at Buffalo’s Institutional Animal Care and Use
Committee.

Experimental Design and Methylphenidate Consumption Paradigm

MP was delivered to rats as methylphenidate hydrochloride (Sigma-Aldrich, St Louis, MO)
in water (vehicle) beginning on PND 28. The present study employed a previously described
13-week MP dosing paradigm (Thanos et al., 2015; Robison et al., 2017a; Robison et al.,
2017b; Martin et al., 2018; Uddin et al., 2018; Carias et al., 2019) with slight modifications
as follows. Rats were assigned to either a low dose MP (LD), high dose MP (HD), or a water
group (n=24 per group) that had limited 8-hour daily access to the respective MP dose or
water on treatment weeks 1-3, 5-7, 9-11, and 13. The LD and HD treated rats received MP
orally as previously described (Thanos et al. 2015). Briefly, rats had access to either a 4
mg/kg or 30 mg/kg MP solution, respectively, during the first hour of access followed by a
10 mg/kg or 60 mg/kg MP solution, respectively, for the following 7 hours of access
(Thanos et al. 2015). This dosing paradigm has been 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 (Thanos
et al. 2015). This paradigm ensured that dosing was consistent independent of fluid
consumption. MP was provided for an 8 hour period (0900 h-1700 h) during the dark phase
(0800 h-2000 h). Weeks 4, 8, and 12 were each 1-week abstinence periods for the MP-
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treated groups as all animals had access to water during the 8-hour access period. After 13
weeks of treatment, half of the animals were sacrificed, while the other half received a 5-
week abstinence period (weeks 14-18) for the MP-treated groups when all animals had
access to water.

Behavioral Tests

Open field locomotor activity—Locomotor activity in an open field arena was assessed
during treatment weeks 1, 3, 5, 7, 9, and 11, and during abstinence weeks 4, 8, 12, 15, 16,
and 18. Rats were tested for 90 minutes during the dark cycle (1100 h-1700 h) in an open-
field arena (dimensions 40.64 cm x 40.64 cm x 40.64 cm, 2.54 cm beam space and 1.27 cm
spatial resolution) equipped with a photo beam activity monitoring system (Coulbourn
Instruments, Allentown, PA). Open field locomotor activity data was acquired with TruScan
v2.0 software. Distance traveled in the floor (horizontal) and vertical planes, floor plane
velocity, time spent moving, number of entries into and time spent in the vertical plane, and
both distance and time spent in the center of the chamber were analyzed.

Circadian activity—24-hour circadian locomotor activity was assessed as previously
described (Robison et al., 2017b) during treatment weeks 1, 2, 3, and 11, and during
abstinence weeks 4, 8, 12, 15, 16, and 18. Circadian locomotor activity, designated by beam
breaks, was measured using a photo beam activity monitor (Starr Life Sciences Corp,
VitalView software 1.1; Oakmont, Pennsylvania) attached to the cage top of each animal’s
original home cage (50 cm x 25 cm x 30 cm high). Throughout the 24-hour experiment, ad
libitum access to chow and the 8-hour limited access-drinking paradigm were maintained.

Elevated Plus Maze—Anxiety-like behavior was assessed on an elevated plus maze as
previously described (Thanos et al., 2015) on week 10 of the 13-week treatment phase and
week 2 and 5 of the 5-week abstinence phase. The test lasted for 5 minutes during the dark
cycle (1100 h-1700 h) and anxiety-like behavior was measured as a proportion of time spent
in the open arms to the total test time. Test sessions were recorded using D-Link cameras
and software (D-Link Corporation Taipei, Taiwan) and the results were analyzed using
TopScan behavioral analysis software (Clever Sys Inc. Reston, Virginia).

Forced Swim Test—Depressive-like behavior was measured using the forced swim test
during week 10 of the 13-week treatment phase and week 1 of the 5-week abstinence phase.
Rats were placed in a bucket measuring 39cm x 27cm (height by diameter) filled with water
at room temperature. This test consisted of a 15-minute habituation run and a 5-minute test
run that took place 24 hours after the habituation run. All testing occurred during the dark
cycle (1100h-1700h). Depressive-like behaviors were measured as the latency to immobility,
time spent in high activity, and time spent immobile. Test sessions were recorded using D-
Link cameras and software (D-Link Corporation Taipei, Taiwan) and the results were
analyzed using TopScan behavioral analysis software (Clever Sys Inc. Reston, Virginia).

Social Interaction—Saocial interaction was assessed during week 10 of the treatment
phase and week 2 of the 5-week abstinence phase. The testing apparatus consisted of 3
chambers measuring 20cm x 60cm (width x height). One cage measuring 21.59cm x 12.7cm
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x 11.43cm (length x width x height) was placed in opposite corners of each of the outer
chambers. There was a 3-minute habituation run followed by a 5-minute test run taking
place 30 minutes later. During the habituation run, the rat freely explored all chambers while
both cages were empty. During the test run, the rat freely explored all chambers while a
social rat was located in one of the apparatus cages to allow for the option of social
interaction. All testing occurred during the dark cycle (1100h-1700h). The discrimination
index was calculated as the ratio of time spent interacting with the social cage to the total
time spent interacting with both cages. The testing was recorded using D-Link cameras and
software (D-Link Corporation Taipei, Taiwan) and the results were analyzed using TopScan
behavioral analysis software (Clever Sys Inc. Reston, Virginia).

Statistical Analysis

Results

Body weight, food and fluid consumption, and open field locomotor activity were analyzed
separately during the 13-week treatment and 5-week abstinence phases using two-way
repeated measures ANOVAS, with treatment group and time (i.e. week of assessment) as the
between-and within-subject variables, respectively. This same ANOVA design was used to
analyze circadian activity during the dark phase of the light cycle compared across weeks.
Hourly circadian activity on week 11 of the 13-week treatment phase and week 2 of the 5-
week abstinence phase were each analyzed using a two-way repeated measures ANOVA
with time of day and treatment group as the within- and between-subject variables,
respectively. Elevated plus maze, forced swim test and social interaction data during the 13-
week treatment phase as well as forced swim test data during the 5-week abstinence phase
were analyzed using a one-way ANOVA with treatment group as the independent variable.
EPM and Sl data during the 5-week abstinence phase were analyzed using a two-way
repeated measures ANOVA with treatment group as the between-subject variable and week
of treatment as the within-subjects variable. When appropriate, follow-up Tukey’s HSD
post-hoc analyses were conducted for pair-wise comparisons. All statistical analyses were
run using the SigmaPlot 11.0 statistical program.

Physiological effects of chronic MP and abstinence

Fluid consumption—A two-way repeated measures ANOVA of average weekly fluid
intake revealed no significant effect [F (2, 896) = 1.530; p=0.224] when controlling for body
weight, consistent with what was reported in our original dosing paradigm paper (Thanos et
al., 2015) (data not shown).

Food consumption—During the 13-week treatment phase, a two-way repeated measures
ANOVA revealed a significant effect of time [F(12,827) = 199.640; p<.001] and interaction
between treatment and time [F24,827)=4.061; p<.001], while the effect of treatment was not
significant. Tukey’s post hoc analysis revealed that food intake was lower in the HD MP
group during weeks 1, 2, and 9 compared to the water group (p<.01). Food intake was also
higher in the LD MP group during weeks 1 and 9 compared to the HD MP group (p<.01). In
contrast, food intake was higher in the HD MP group during week 12 compared to the water
and LD MP groups (p<.05) (See Figure 1A).
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During the 5-week abstinence period, a two-way repeated measures ANOVA revealed a
significant main effect of time [F(4,131)=27.951; p<.001]. There was not a significant main
effect of treatment nor a significant interaction between treatment and time (See Figure 1A).

Body weight—During the 13-week treatment phase, a two-way repeated measures
ANOVA of average weekly weight revealed significant main effects of treatment
[F(2,896)=18.578; p<.001], time [F(13,896)=6,365.193; p<.001], and a significant
interaction between treatment and time [F(26,896)=15.337; p<.001]. Tukey’s post hoc
analysis revealed that the HD MP group weighed less than both the LD MP (p<.01) and
water (p<.01) groups during weeks 2-13 (See Figure 1B).

During the 5-week abstinence period, a two-way repeated measures ANOVA revealed
significant main effects of treatment [F(2,128)=5.817; p<0.01] and time
[F(32,128)=326.373; p<.001], while the interaction between treatment and time was not
significant. Tukey’s post hoc analysis revealed that, overall during abstinence, the water
group weighed more than both the LD MP (p<.05) and HD MP (p<.01) groups (See Figure
1B).

Behavioral effects of chronic MP and abstinence

Locomotor Activity

Floor Plane Activity: During the 13-week treatment phase, a two-way repeated measures
ANOVA of the duration of motion also revealed a significant main effect of time [F (8,497)
= 2.751; p<0.01] and a significant interaction between treatment and time [F(16,497) =
3.155; p<.001]. There was not a significant main effect of treatment. Tukey’s post hoc
analysis revealed that the HD MP group spent significantly more time moving during weeks
5, 7, and 9 compared to the water group (p<.01), and during week 9 compared to the LD MP
group (p<.01) (See Figure 2A) Also during the 13-week treatment phase, a two-way
repeated measures ANOVA of floor plane distance traveled revealed significant main effects
of treatment [F (2,497) =7.866; p<.001], time [F(8,497)=24.435; p<.001], and a significant
interaction between treatment and time [F(16,497)=3.494; p<.001]. Tukey’s post hoc
analysis revealed that the HD MP group traveled longer distance during weeks 3, 5, 7, 9, and
11 compared to the water group (p<.01), and during weeks 5, 7, 9, and 11 compared to the
LD MP group (p<.01) (See Figure 2B).

During the 5-week abstinence period, a two-way repeated measures ANOVA of the duration
of motion revealed a significant main effect of time [F (2, 64) = 12.518; p<.001] but neither
a main effect of treatment nor a significant interaction between treatment and time (See
Figure 2A). A two-way repeated measures ANOVA of distance traveled also revealed a
significant main effect of time [F (2, 64) = 15.771; p<.001]. There was not a significant main
effect of treatment nor a significant interaction between treatment and time (See Figure 2B).

Center Activity: During the 13-week treatment phase, a two-way repeated measures
ANOVA of center distance traveled revealed significant main effects of treatment [F (6, 497)
= 3.659; p<0.05], time [F(8,497) = 67.879; p<.001], and a significant interaction between
treatment and time [F(16,497) = 2.640; p<.001]. Tukey’s post hoc analysis revealed that the
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HD MP group traveled greater center distance during weeks 5, 7, 9, and 11 compared to the
water group (p<.01), and during weeks 5, 7, and 9 compared to the LD MP group (p<.05)
(See Figure 2C).

During the 5-week abstinence phase, a two-way repeated measures ANOVA revealed a
significant main effect of time [F (2, 64)=14.749; p<.001] but neither a main effect of
treatment nor a significant interaction between treatment and time (See Figure 2C).

Circadian sleep-wake activity

Hourly Activity: A two-way repeated measures ANOVA of hourly activity during week 11
of treatment revealed significant main effects of treatment [F (2, 1518) =5.081; p<0.01],
hour [F(22,1518)=75.135; p<.001], and a significant interaction between treatment and hour
[F(44,1518)=5.917; p<.001]. Tukey’s post hoc analysis revealed that the HD MP group had
greater circadian activity from 11:00h to 16:00h compared to the water group (p<.001), and
from 12:00h to 16:00h compared to the LD MP group (p<.05). Additionally, the LD MP
group had greater circadian activity from 11:00h to 12:00h compared to the water group (p<.
05). In contrast, the LD MP group had lower circadian activity during 18:00h compared to
the water group (p<.05) (See Figure 3A).

During week 2 of abstinence (week 15), a two-way repeated measures ANOVA revealed a
significant main effect of hour [F (22,704) = 25.995; p<.001] but neither a main effect of
treatment nor a significant interaction between treatment and hour (See Figure 3B).

Circadian Weekly Dark Phase Activity: Across the 13-week treatment phase, a two-way
repeated measures ANOVA of average weekly activity during the dark phase of the light
cycle revealed significant main effects of treatment [F(2,413)=10.821; p<.001], time
[F(6,413) =5.110; p<.001], and a significant interaction between treatment and time
[F(12,413) =10.722; p<.001]. Tukey’s post hoc analysis revealed that the HD MP group had
greater circadian activity during the dark phase of the light cycle during weeks 1, 2, 3, and
11 compared to the water (p<.001) and LD MP (p<.001) groups. Tukey’s post hoc analysis
further revealed that there was no difference between groups during weeks 4 and 8, which
were intermittent abstinence periods (See Figure 3C).

During the 5-week abstinence phase, a two-way repeated measures ANOVA revealed a
significant main effect of time [F (2, 64) = 1.373; p<0.05] but neither significant main effect
of treatment nor a significant interaction between treatment and time (See Figure 3C).

Elevated Plus Maze—A one-way ANOVA of the percent time spent in the open arms
during the treatment phase revealed a significant main effect of treatment [F (2, 68) =
13.484; p<0.001]. Tukey’s post-hoc analysis revealed that the HD group spent more time in
the open arms than both the LD group (p<0.001) and the water group (p<0.001) (See Figure
4). During the abstinence phase, a two-way repeated measures ANOVA revealed a
significant main effect of treatment [F (2, 63) = 4.827; p<0.05] but neither an effect of time
nor an interaction between time and treatment. Tukey’s post hoc analysis revealed that the
main effect of treatment was driven by a trend toward a significant difference between the
HD MP group and both the water (p = 0.05) and LD MP (p = 0.1) groups (See Figure 4).
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Forced Swim Test—During the treatment phase, a one-way ANOVA of latency to
immobility revealed a significant main effect of treatment [F (2, 66) = 7.796; p<0.001].
Tukey’s post-hoc analysis revealed that the HD group displayed greater latency to
immobility than both the LD (p<0.01) and water (p<0.001) groups (See Figure 5A). A one-
way ANOVA of time spent immobile also revealed a significant main effect of treatment [F
(2, 66) = 28.584; p<0.001]. Tukey’s post-hoc analysis revealed that the HD group spent less
time immobile than both the LD (p<0.001) and water (p<0.001) groups (See Figure 5B). A
one-way ANOVA of time spent displaying high activity revealed a significant main effect of
treatment [F (2, 66) = 34.448; p<0.001]. Tukey’s post-hoc analysis revealed that the HD
group spent more time in high activity than both the LD (p<0.001) and the water (p<0.001)
groups (See Figure 5C). During the abstinence phase, a one-way ANOVA revealed no
significant differences between treatment groups for either latency to immobility, time spent
immobile or time spent in high activity.

Social Interaction—During MP treatment and during the abstinence phase, there was no
significant difference between treatment groups on how much time was spent interacting
with the social object (p <.05) (data not shown).

Discussion

The present study examined the developmental and behavioral effects of three consecutive
cycles of a three-week daily MP exposure with each cycle followed by a one week
abstinence period. We further assessed the reversibility of such effects during a five-week
abstinence period after the third treatment cycle. Chronic HD MP decreased body weight
and sporadically decreased food consumption during some weeks of treatment. Chronic HD
MP exposure also decreased anxiety- and depressive-like effects, increased locomotor and
center time effects in the open field, and had no effect on social interaction. The anxiolytic
effects persisted after five weeks of prolonged abstinence, while the locomotor and anti-
depressive-like effects dropped to control levels following abstinence.

Stimulants, including MP, are known to decrease food consumption and body weight in
individuals with and without ADHD (Davis et al., 2007; Elfers and Roth, 2011; Danilovich
et al., 2014; Thanos et al., 2015; Diez-Suarez et al., 2017; Robison et al., 2017b; Martin et
al., 2018; Carias et al., 2019), and one of the reasons given for choosing to take “drug
holidays” among ADHD patients is to ameliorate these effects (Ibrahim and Donyai, 2014).
The knowledge from the present study is consistent with the findings in the present previous
reports that HD MP exposure generally decreased food consumption and body weight
(Thanos et al., 2015; Robison et al., 2017b; Martin et al., 2018; Carias et al., 2019), and
provides preclinical evidence that “drug holidays” do not protect against decreases in body
weight. The observed decrease in body weight in the HD MP-treated rats when compared to
the LD MP-treated rats corroborates previous reports of certain dose-dependent effects of
MP (Charles et al., 1978; Cooper et al., 2005; Cheng et al., 2014). Prolonged abstinence did
not ameliorate the associated weight loss in animals treated with HD MP, but did lead to a
suspected withdrawal-induced weight loss in animals treated with LD MP. Collectively,
these findings reveal that chronic HD MP exposure with intermittent abstinence periods
decreases body weight while sporadically decreasing food consumption.
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Previous studies reported a dose-related locomotor-increasing characteristic of chronic MP
exposure (Kuczenski and Segal, 2001; Penner et al., 2001; Yang et al., 2006; Griggs et al.,
2010). Indeed, similar to our previous reports following uninterrupted 13-week daily MP
exposure (Robison et al., 2017b; Martin et al., 2018) and 13-week daily MP exposure with
weekend abstinence periods (Carias et al., 2019), chronic MP consumption increased
locomotor activity in the present study. This effect was evident from the increased floor-
plane distance, floor plane move time, and center distance in the open field in the HD MP-
treated group compared to both LD and water groups during the treatment phase. Notably,
the MP-induced increase in locomotor activity during the treatment phase was absent during
the intermittent and prolonged abstinence periods. These findings suggest that the locomotor
activity-enhancing effects of chronic MP exposure are short-lived and may only be induced
in the physiological presence of MP.

Similar to our previous findings following chronic uninterrupted exposure (Robison et al.,
2017b; Martin et al., 2018) and chronic exposure with weekend abstinence periods (Carias et
al., 2019), we observed attenuated anxiety-like behaviors in the HD compared to both LD
and water groups during the treatment phase. This finding corroborates existing evidence
that MP administration exerts an anxiolytic effect on pre-pubertal mice (Normand Carrey,
2009), adult mice prenatally exposed to MP (McFadyen-Leussis et al., 2004) and on adult
rats (Britton and Bethancourt, 2009). The results across these studies collectively indicate
that MP exposure in healthy individuals can exert anxiolytic effects regardless of age, while
our present findings suggest that such effects can be dose-dependent. Interestingly, the HD
MP treated rats in the present study continued to demonstrate attenuated anxiety-like
behaviors during the prolonged abstinence period. This suggests that the anxiolytic effects of
chronic MP exposure in healthy subjects may persist following chronic treatment with
intermittent abstinence periods.

Previous clinical studies have provided evidence for an anti-depressive effect of MP
(Lazarus et al., 1994; Homsi et al., 2001; Kerr et al., 2012; Golubchik et al., 2017).
Consistent with such studies, we also observed attenuated depressive-like behaviors in the
HD MP-treated animals in the present study. As expected, this effect was eliminated during
the prolonged abstinence from the drug, suggesting that the anti-depressive effects of
chronic MP exposure in healthy individuals are reversible following prolonged abstinence
from the drug.

The reported effects of chronic MP exposure on social interaction in patients with ADHD
have been inconsistent. For instance, while one study reported decreased social interaction in
boys (Barkley and Cunningham, 1979), multiple studies have associated MP treatment with
improved social interaction (Whalen et al., 1987; Smith et al., 1998; Abikoff et al., 2004;
Jahromi et al., 2009). Unlike these studies but consistent with our previous report (Robison
et al., 2017b), we observed no effect of chronic MP exposure on social interaction in the
present study during both treatment and abstinence phases. Therefore, our findings suggest
that while chronic MP exposure may ameliorate impaired social behavior in individuals with
ADHD (Brown et al., 1984; Smith et al., 1998), the drug had no effect on social behavior in
healthy rats.

Dev Psychobiol. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalinowski et al. Page 10

One limitation to this study that merits acknowledgement is the individual-housing of the
animals. While social isolation may lead to altered behavior, in this study single cage
housing was necessary to accurately monitor and quantify MP consumption. Future studies
in our lab will investigate the impact of chronic MP exposure on group-housed animals.

In conclusion, the present study demonstrates that an altered schedule of chronic MP
consumption consistent with real-world use (Ibrahim and Donyai, 2014) attenuates body
weight, and anxiety- and depressive-like behaviors but increases locomotor activity and
exploratory behaviors. However, while certain effects of MP treatment in healthy individuals
may be short-lived, other behavioral and developmental effects may persist even following
prolonged cessation of MP treatment. In summary, chronic non-prescribed MP use with
intermittent breaks can yield significant developmental and behavioral consequences, which
need further evaluation particularly since the rate of non-prescribed MP use continues to
rise.
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Figurel.
Physiological measures (n=24 per group). (A) Weekly food consumption presented as Mean

+ SEM (a - HD < W, p<.01; $- HD < LD, p<.01; » - HD > W, p<.05; @ - HD > LD, p<.05).
Insert: Weekly food consumption during week 11 (treatment) compared to week 18
(abstinence) presented as Mean + SEM. (B) Weekly body weight presented as Mean + SEM
(o -HD <W, p<.01; $- HD < LD, p<.01; * - W > HD & LD (main effect only), p<.05).
Insert: Body weight during week 11 (treatment) compared to week 18 (abstinence)
presented as Mean + SEM (*p<.05, ***p<.001).
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Figure 2:
Open Field (n=24 per group). (A) Move time in the open field presented as Mean + SEM (»

-HD > W, p<.01; @ - HD > LD, p<.01). Insert: Move time during treatment (week 11) and
abstinence (week 18) presented as Mean + SEM (*p<.05). (B) Distance traveled in the open
field presented as Mean + SEM (* - HD > W, p<.01; @ - HD > LD, p<.01). Insert: Distance
traveled during treatment (week 11) and abstinence (week 18) presented as Mean + SEM
(*p<.05). (C) Center distance traveled in the open field presented as Mean + SEM (* - HD >
W, p<.01; @ - HD > LD, p<.05). Insert: Center distance traveled during treatment (week
11) and abstinence (week 18) presented as Mean + SEM (*p<.05).
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Ci?cadian Activity (n=24 per group). (A) Hourly circadian locomotor activity during week
11 of treatment presented as Mean + SEM (# - LD < W, p<.05; ~ - HD > W, p<.001; @ - HD
> LD, p<.05; & - LD > W, p<.05). Insert: Total activity during week 11 of treatment
presented as Mean + SEM (*p<.05). (B) Hourly circadian locomotor activity during the
second week of prolonged abstinence (week 15) presented as Mean + SEM. Insert: Total
activity during week 15 presented as Mean + SEM. (C) Beam breaks during the dark phase
of the light cycle presented as Mean + SEM (***p<.001).
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Elevated Plus Maze (n=24 per group). Percent of time spent in open arms relative to total
test time (+SEM) shown for testing conducted during week 10 of the treatment phase and
weeks 2 and 5 of the abstinence phase. The HD group spent a greater proportion of time in
the open arms compared to the LD and water groups during MP treatment and abstinence

(***p<0.001).
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Figure5:
Forced Swim Test (n=24 per group). (A) Latency to Immobility is shown for testing

conducted during week 10 of treatment phase and week 2 of the abstinence phase. During
treatment, the HD group had a higher latency to immobility compared to both the LD
(p<0.01) and water groups (p<0.001). (B) Immobility time is shown for testing conducted
during week 10 of treatment phase and week 2 of the abstinence phase. The HD MP group
had a significantly lower time spent immobile than the LD and water groups (p<0.001)
during MP treatment. (C) High Activity time is shown for testing conducted during week 10
of treatment phase and week 2 of the abstinence phase. During the MP treatment phase, the
HD group spent significantly more time in high activity than both the LD and water groups
(p<0.001).
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