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Abstract
People suffering of attention-deficit/hyperactivity disorder (ADHD) and treated with the psychostimulant methylphenidate
(MPH) show sleep-wake cycle and daily rhythm alterations despite the beneficial effects of MPH on behavioral symptoms
(i.e., hyperactivity, attention). In nocturnal rodents (i.e., mice), chronic exposure to MPH alters the neural activity of the circadian
clock in the suprachiasmatic nucleus (SCN), behavioral rhythms, and the sleep-wake cycle. Here, we studied the effects of MPH
on daily rhythms of behavior and body temperature of the diurnal rodent Arvicanthis ansorgei. Under a light-dark cycle, chronic
exposure to MPH in drinking water delayed the onset of both activity and body temperature rhythms. Interestingly, delays were
larger when MPH access was restricted to the first 6 h of the light phase (i.e., activity phase) of the 24-h cycle. Since MPH effects
are dependent on animal’s fluid intake, in a last experiment, we controlled the time and dose of MPH delivery in Arvicanthis
using an intraperitoneal perfusion method. Similarly to the experiment with MPH in drinking water, Arvicanthis showed a delay
in the onset of general activity and body temperature when MPH infusions, but not vehicle, were during the first 6 h of the light
phase. This study indicates that MPH alters daily rhythms in a time-dependent manner and proposes the use of a diurnal rodent
for the study of the effects of MPH on the circadian clock. Knowing the circadian modulation on the effects of MPH in behavior
could give new insights in the treatment of ADHD.
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Introduction
The psychostimulant methylphenidate (MPH; or short acting
methylphenidate) is mainly used, successfully, for the treatment of attention-deficit/hyperactivity disorder (ADHD) in
children and adults (Arnsten 2006; Bush 2010; Pliszka
2005). It reduces symptoms of inattention, impulsivity, and
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hyperactivity in around 70% of patients. MPH has major actions in the neurotransmission of dopamine (DA) and norepinephrine (NE), blocking dopamine transporters (DAT) which
lead to an increase of extracellular DA and NE concentrations
(Del Campo et al. 2011; Contini et al. 2013; Koda et al. 2010).
Despite the beneficial effects of MPH in attention, impulsivity,
and hyperactivity, there are side effects observed in different
physiological processes. The sleep-wake cycle and daily
rhythms of activity are some of those physiological processes
which are highly altered in patients suffering of ADHD and
treated with MPH (Van der Heijden et al. 2005; Owens et al.
2009). Among sleep alterations, patients suffer of delays in the
onset of sleep, insomnia, and a reduction in the REM sleep
stages (Galland et al. 2010; Van der Heijden et al. 2005;
Sobanski et al. 2008). Moreover, daily rhythms of activity
are also affected during MPH medication. In ADHD children
treated with MPH, alterations in the amplitude, the phase of
the rhythm of motor activity, and the amount of locomotion
were reported (Corkum et al. 2008; Ironside et al. 2010). In
studies in adult ADHD patients, similar alterations on daily
rhythms were found during MPH treatment (Van Veen et al.
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2010). Both ADHD patients treated with MPH and ADHD
patients not treated show alterations in other daily physiological variables like the pineal hormone melatonin and serotonin, which are dependent on the hypothalamic suprachiasmatic clock (SCN) (Molina-Carballo et al. 2013; Novakova et al.
2011; Welsh et al. 2010).
In animal studies, effects of MPH on daily and circadian
rhythms have also been reported. In rats, repetitive administration of MPH alters the daily rhythms of locomotor activity
in a dose-dependent manner (Algahim et al. 2009; Trinh et al.
2013). In mice under a light-dark cycle (LD), it was shown
that MPH (0.08%) administration ad libitum in drinking water
changes the phase of the locomotor activity rhythm (delay in
the onset of activity) and the amount of locomotion (Antle et
al. 2012). In constant darkness conditions (DD), MPH treatment leads to an increase in locomotor activity and a lengthening of the circadian period of behavior. Interestingly, the
electrical firing rate rhythm in the SCN of mice is delayed
and shows an increase in the amplitude, suggesting that
MPH alters the body clock functioning (Antle et al. 2012).
Moreover, daily MPH affects daily rhythms of clock gene
expression in the mouse SCN (Baird et al. 2013). These results
indicate that MPH alters the electrical and molecular timekeeping mechanism of the circadian brain and that this is
reflected in the behavioral and physiological expression of
daily rhythms in nocturnal rodents.
There is a good evidence for the effects of MPH on daily
and circadian rhythms, and on the SCN clock activity using
nocturnal rats and mice. However, the use of diurnal species is
limited and may be relevant for the understanding on the effect
of drugs in circadian physiology, and for the development of
new treatments against circadian and psychiatry disorders including ADHD. Despite the close similarity of the SCN circadian clock between nocturnal and diurnal species, clock
gene expression in extra-SCN oscillators is opposite in phase
between species. For example, whereas SCN Per2 gene expression is high at daytime in both nocturnal hamsters and
diurnal squirrels, expression in the motor cortex is in antiphase
between species: higher at night in nocturnal hamsters and at
day in squirrels (Mrosovsky et al. 2001). MPH affects mainly
the cathecolaminergic system (in the mid and brainstem)
which is clock controlled, but with opposite phases between
nocturnal and diurnal species. Therefore, the main goal of the
present study was to evaluate the effects of MPH in the diurnal
rodent Arvicanthis ansorgei on two main outputs of the circadian clock: the daily rhythms of general locomotion and body
temperature. This species has the particularity, different to rats
and mice, to show diurnal and crepuscular patterns of behavior and physiology (Hubbard et al. 2015). Locomotor activity
in Arvicanthis occurs principally at light phase. Light is the
principal synchronizer for the circadian system (Meijer and
Schwartz 2003). Non-photic entrainment by synchronizers
such as exercise, drugs or food is dependent on the locomotion
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or arousal state of the organism (Hut et al. 1999). Importantly,
light modulates the effects of non-photic cues on the circadian
clock (Mrosovsky 1996). Arvicanthis drink and eat at the
lights on (similar to humans) and therefore, the effects of
MPH intake could be modulated by light, a situation opposite
to nocturnal rodents. Hence, Arvicanthis is a complementary
(to nocturnal rodents) and interesting model to evaluate the
effects of MPH on daily physiology.

Material and methods
Animals and housing
Adult male Arvicanthis ansorgei (from our colony in
Strasbourg) weighting between 120 and 150 g were used for
all experiments. Arvicanthis ansorgei were captured in the
southern part of Mali (Samaya) since 1998 (Volobouev et al.
2002). Animals were individually housed in plastic cages
(35 × 22 × 40 cm) in a temperature-controlled room (23 ±
2 °C) and kept on a 12-h light-dark cycle (lights-on or
zeitgeber time 0, ZT0 at 7 h; during the dark phase, we
used dim red light, 5 lx) with free access to food (Ref.
105, SAFE, 89290, Augy, France) and water for at least
2 weeks before any behavioral manipulation. All experiments were performed in accordance with the rules of the
European Committee Council Directive of November 24,
1986 (86/609/EEC) and the French Department of
Agriculture (license no. 67-378).

Drug
For experiments 1 and 2, short acting methylphenidate (MPH,
10 mg RITALIN®; Novartis Pharma B.V., Arnhem,
The Netherlands) was dissolved in drinking water at concentrations of 0.8 mg/ml (Honma and Honma 1992; Antle et al.
2012) and 1.4 mg/ml. MPH was changed every 2 days for
fresh solution. Moreover, MPH was perfused intraperitoneally
(i.p.) during 6 h at the 1.4 mg/ml concentration in experiment
3. Saline (NaCl 0.9%) was used as vehicle.

Behavioral and temperature recordings and analysis
For general locomotion and body temperature recordings, we
used E-mitter telemetry devices (MiniMitter Co., Sunriver,
OR, USA) which were implanted intraperitoneally (i.p.) under
gaseous anesthesia (2% isoflurane in O2/N2O (50:50)). Data
were recorded every 5 min (Vitalview, MiniMitter). Thus,
general locomotor activity and body temperature were recorded and analyzed with ClockLab software (Actimetricts,
Evanston, IL, USA). Activity and temperature data were
displayed as double plot actograms and thermograms, respectively, using ClockLab software. In addition, we measured the
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phase angle of entrainment of both locomotor activity and
body temperature rhythms, which was defined as the time of
the onset of activity or the rise of temperature (ClockLab software) relative to the time of lights-on. To evaluate differences
in the phase angle of entrainment between water vs. MPH, we
compared the mean of the phase angle of entrainment for the
whole recording period of each experimental condition (baseline, MPH exposure, recovery).

Experimental designs
Experiment 1: effects of chronic exposure to MPH on daily
rhythms of locomotion and temperature in Arvicanthis
ansorgei
In a first experiment, we evaluated the effects of MPH in
drinking water ad libitum at two different concentrations
(0.08 and 0.14%) in the entrained rhythms of locomotor activity and body temperature in Arvicanthis ansorgei. We used
initially the 0.8 mg/ml (0.08%; n = 6) concentration since it
was reported to have clear effects in behavioral rhythms of rats
(Honma and Honma 1992) and mice (Antle et al. 2012). In a
separate group of animals, we used a 0.14% concentration
(n = 5). Therefore, animals were first housed for 2 weeks under a LD cycle and then exposed to MPH in drinking water for
3 (0.08%) or 2 (0.14%) weeks. At the end, MPH was replaced
for water and recordings continued at least for 1 week more.

Experiment 2: effects of 6-h restricted schedules to MPH
on daily rhythms of locomotion and temperature
in Arvicanthis ansorgei
In this experiment, we evaluated the effect of 6-h access of
MPH in drinking water at two different time schedules from
the light phase of the LD cycle. Based on the data of the
experiment 1, we used the 0.14% MPH concentration.
Therefore, animals were first housed for 2 weeks under a
LD cycle and then exposed to MPH in drinking water for
2 weeks from the zeitgeber time 0 (ZT0) to ZT6 (early morning; n = 4) or ZT6 to ZT12 (late morning; n = 5). ZT0 refers to
lights on and because animals were entrained to a 12 h/12 h
LD cycle, ZT12 represents lights off. In the first week, animals
received MPH for 6 h and water for the rest 18 h of the 24-h
cycle (MPH + H2O). Because we observed that under this
protocol, animals diminished MPH intake (they have the
choice between water and MPH), at the second week of treatment, to ensure they drank MPH containing solution, animals
received only 6 h access to MPH at the early (ZT0-ZT6) or
late (ZT6-ZT12) day with water restriction during the rest 18 h
of the 24 h cycle. At the end, animals received water ad
libitum for 2 weeks more.
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Experiment 3: effects of 6-h restricted schedules to MPH
infusions on daily rhythms of locomotion and temperature
in Arvicanthis ansorgei
When MPH was given to animals in drinking water, the
amount of MPH intake was dependent on animal’s ingestion.
Thus, we designed a third experiment in which Arvicanthis
were implanted with an intra-abdominal catheter under
isoflurane anesthesia using local anesthesia as needed (lidocaine). For that, in the proximal end of the catheter, a polyethylene collar was formed into a right angle. The collar avoids
that the animal chews the catheter and the extension of the
catheter permitting a better efflux of liquid solutions. The
collar and catheter were introduced under the skin of the animal through an incision in the neck of at approximately 3 cm.
The distal end of the catheter was placed on a swivel fixed to a
bar hung from the top of the cage. This cannula system was
build-up to permit animals to move free into the cage. This
method has been previously described, except that the catheter
was implanted subcutaneously (Pitrosky et al. 1999). The
swivel was connected via polyethylene tube to a syringe carried by a pump (Harvard Apparatus, Holliston, MA, USA)
controlled by an electronic timer. Concomitant with catheter
setting, each animal was implanted i.p. with a Minimitter
transmitter as above to record general locomotor activity and
body temperature. Then, the infusion of MPH was programmed in time (6 h), concentration (1.4 mg/ml/6 h), and
rate of delivery (0.5 ml/h). For vehicle (0.9% NaCl), animals
received the same volume and rate of delivery (0.5 ml/h) as
MPH perfusions. Animals received MPH from ZT0 to ZT6
(n = 5). First, Arvicanthis were perfused with vehicle and then
MPH during 18 days for each condition. At the end, animals
remained for recordings of locomotion and temperature without any perfusion (recovery phase).

Statistics
All data were analyzed using Statistica Software
(STATISTICA 10.0) and presented as mean ± SEM. In experiment 1, comparisons were made using a two-way ANOVA
for repeated measurements (Water vs. MPH vs. recovery as
repeated measure, and the dose 0.08% vs. 0.14% and day vs.
night conditions as independent variables) and a one-way
ANOVA for repeated measurements for phase (onsets) changes. In experiments 2 and 3, comparisons were made using a
one-way ANOVA for repeated measurements (baseline vs.
MPH-6 h restriction vs. recovery or NaCl vs. MPH vs. recovery). For comparison between two groups (MPH intake), a t
test was used. When a significant main effect by treatment was
observed, post hoc pairwise comparisons were conducted
using the Fisher’s LSD test. The confidence level for significance in all tests was set at p < 0.05.
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Results
MPH intake delays the activity onset of locomotion
and temperature in Arvicanthis ansorgei
A significant day-night (ZT0–12 vs. ZT12–24) difference in
locomotor activity (F(1,18) = 5.15; p = 0.03) and body temperature (F(1,18) = 30; p < 0.001) was exhibited in Arvicanthis,
indicating the diurnal profile of animals (Fig. 1). When we
compared baseline conditions (BL) with MPH exposure, locomotion and body temperature were affected in animals on
the 0.14% MPH concentration (Fig. 1c, e; locomotion, F(1,18)
= 6.7; p = 0.01; temperature, F(1,18) = 13; p = 0.002). MPH
intake (ml) per day showed no significant differences between
concentrations (0.15 ± 0.1 ml/g BW of 0.08%; 0.17 ± 0.01 ml/
g BW of 0.14%; t9 = − 1.648; p = 0.13). However, these values
corresponded to a daily dose of 0.12 mg/g BW/day for the
0.08% group and 0.24 mg/g BW/day (0.14%) which were
statistically different (t9 = − 9.440; p < 0.01).
Arvicanthis are diurnal species with crepuscular behavioral
patterns, thus, even if the onset of locomotor activity or body
temperature begins before lights on, when animals were on
MPH the onset was delayed and closer to the lights on (Fig. 1).
In animals exposed to drinking water containing 0.08 or
0.14% MPH, the onsets of both the locomotor activity and

Fig. 1 a Actograms and b thermograms (body temperature) of
representative Arvicanthis in LD conditions receiving MPH in drinking
water at 0.08 or 0.14% concentrations. Black lines at the left of each
figure indicate the duration of MPH exposure. Black-white horizontal
bars in the top of each figure represent the light/dark cycle in zeitgeber
time (ZT, hours; lights-on at ZT0). c Group mean (±SEM) of the day
(ZT0–12) and night (ZT12–24) locomotor activity in Arvicanthis
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body temperature were significantly delayed compared to
the onset previous to the treatment (locomotion, F(2,18) =
6.48; p = 0.007, Fig. 1d; body temperature, F(2,18) = 11.03;
p = 0.0007, Fig. 1f). The effect of MPH on phase was not
different between doses (Fig. 1a, d, Locomotion, F(2,18) =
1.88; p = 0.18; Fig. 1b, f temperature, F(2,18) = 2.15; p =
0.14). After MPH exposure (recovery), onsets in locomotion
and temperature were similar to the previous phases before
MPH exposure (Fig. 1).

MPH intake at early or late day, differentially, delays
the onset of locomotion and temperature
In the second experiment, we evaluated whether MPH effects
on daily rhythms of behavior and temperature are time-dependent. In the first week, when animals were exposed to 6-h
access of MPH at the early (from ZT0 to ZT6) or late-day
(from ZT6 to ZT12), no significant changes in the day-night
(ZT0–12 vs. ZT12–24) profiles of locomotor activity or temperature were observed (Figs. 2 and 3). In the second week,
when animals received only MPH for 6 h and where water
was restricted for the rest 18 h, day-night profiles of locomotor
activity were significantly affected in MPH-exposed animals
at the late day (F(2,16) = 14.02; p = 0.0003; Fig. 3). Body temperature increased significantly at daytime in animals exposed

receiving water (black bars) and MPH (gray bars) at 0.08 or 0.14% concentrations. d Phase of activity onset in animals in water baseline conditions (BL) under methylphenidate exposure (MPH) and recovery after the
exposure. e Body temperature (Tb) day-night differences in animals receiving water and 0.08 or 0.14% MPH. f Phase of temperature onset in
animals in water baseline conditions (BL) under MPH exposure and
recovery after the exposure. *p < 0.05, BL vs. MPH, (LSD post hoc test)
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Fig. 2 a Actogram and b thermogram (body temperature) of a
representative Arvicanthis in LD conditions receiving 6-h access to
0.14% of MPH on the first 6 h of the light period (from zeitgeber time
0, ZT0 to ZT6). In the first week (dotted line), animals received MPH for
6 h and tap water for the rest 18 h of the 24 h cycle. At the second week of
treatment (continued line), animals received only 6-h access to MPH
(0.14%) at the early day (ZT0–ZT6). Black lines at the left of each figure
indicate the duration of MPH exposure. Black-white horizontal bars in the
top of each figure represent the light/dark cycle in zeitgeber time (ZT,
hours; Lights-on at ZT0). Yellow bars in bottom indicate the time of MPH
access. c Group mean (±SEM) of the day (ZT0–12) and night (ZT12–24)

locomotor activity in Arvicanthis receiving water (H2O), MPH during the
6 first hours of the light phase and water for the rest 18 h of the 24-h cycle
(MPH + H2O) and only 6-h access to 0.14% MPH at the early (ZT0-ZT6).
d Phase of activity onset in animals in water baseline conditions (BL),
MPH + H2O, under MPH and recovery after the exposure. e Body temperature (Tb) day (ZT0–12) and night (ZT12–24) differences in
Arvicanthis receiving water, MPH + H2O, and 0.14% MPH. f Phase of
temperature onset in animals in water baseline conditions (BL), MPH +
H2O, under MPH exposure and recovery. *p < 0.05, different to BL conditions (post hoc test)

to MPH at the early (F(2,12) = 28; p < 0.01), but not at late day
(F(2,16) = 2; p = 0.25; Figs. 2 and 3). No differences were
found on daily MPH intake (mg/g BW) per 6 h between times
of exposure (early day 0.19 mg/g BW vs. 0.18 mg/g BW; t7 =
1.26; p = 0.24).
Phase delays induced by MPH were significant for locomotion and temperature in both groups early-day (locomotion,
F(3,9) = 22.8; p < 0.001; temperature, F(3,9) = 106.1; p < 0.0001;
Fig. 2d, f) and late-day exposed (locomotion, F(3,12) = 3.68; p =
0.04; temperature, F(3,12) = 23.3; p < 0.001; Fig. 3d, f). However,
these effects were larger in those animals receiving the drug at the
early day than those receiving it in the late day (locomotion, early
day 0.83 h vs. late day 0.36 h, t7 = 2.8; p = 0.02; temperature,
early day 0.87 h vs. late day 0.47 h, t7 = 4.4; p = 0.002) suggesting that the level of MPH effects in the phase of daily rhythms is
time-dependent. In addition, at the recovery period, phase delays
were not totally rescued in animals exposed to MPH from ZT0 to
ZT6 (Fig. 2d, f), and this effect was statistically significant (LSD

post hoc test, locomotion, p = 0.001; temperature, p < 0.0001).
Phases of the late day group recover much better after MPH
exposure (Fig. 3d, f). Effects of 6 h of MPH at the early day
may be induced by the restriction factor. However, in an additional group of animals, 6 h of water restriction from ZT0 to ZT6
does not induce any change in either locomotion or temperature
when onsets were compared to the baseline condition (Fig. S1).

MPH perfusion at early day delays the onset
of locomotion and temperature
In the last experiment, we wanted to evaluate whether a timefixed perfusion of MPH could induce a delay in the onset of
the rhythms of locomotion and body temperature. When we
infused NaCl vehicle during at least 2 weeks, at the early
(ZT0–ZT6) day, no significant changes in locomotion or body
temperature were observed (Fig. 4). However, when MPH
was infused, we observed an increase in locomotion and in
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Fig. 3 a Actogram and b thermogram (body temperature) of a
representative Arvicanthis in LD conditions receiving 6-h access to
0.14% of MPH on the last 6 h of the light period (from zeitgeber time
0, ZT6 to ZT12). In the first week (dotted line), animals received MPH for
6 h and water for the rest 18 h of the 24-h cycle. At the second week of
treatment (continued line), animals received only 6-h access to MPH
(0.14%) at the late day (ZT6–ZT12). Black lines at the left of each figure
indicate the duration of MPH exposure. Black-white horizontal bars represent the light/dark cycle in zeitgeber time (ZT, hours; lights-on at ZT0).
Yellow bars in bottom indicate the time of MPH access. c Group mean

(±SEM) of the day (ZT0–12) and night (ZT12–ZT24) locomotor activity
in Arvicanthis receiving water (H2O), MPH during the last 6 h of the light
phase and water for the rest 18 h of the 24-h cycle (MPH + H2O) and only
6-h access to 0.14% MPH at the late day (ZT6–ZT12). d Phase of activity
onset in animals in water baseline conditions (BL), MPH + H2O, under
MPH and recovery after the exposure. e Body temperature (Tb) day
(ZT0–12) and night (ZT12–24) differences in Arvicanthis receiving water, MPH + H2O and 0.14% MPH. f Phase of temperature onset in animals in water baseline conditions (BL), MPH + H2O, under MPH exposure and recovery. *p < 0.05, different to BL conditions (post hoc test)

temperature values almost during the whole light phase (ZT0–
12) (Fig. 4a, b, c, e; locomotion, F(2,16) = 6.98; p = 0.006;
temperature, F(2,16) = 15; p = 0.0001).
Then, we evaluated the changes in the onset of activity and
temperature rhythms and found significant delays of both activity (0.65 h) and temperature (0.89 h) induced by MPH but
not saline perfusion (Fig. 4d; locomotion, F(3,12) = 10.8; p <
0.001; Fig. 4f; temperature, F (3,12) = 31.3; p < 0.001).
Moreover, when MPH perfusion was end up, onsets of locomotion and temperature keep delayed in a significant manner
(Fig. 4d, f; post hoc test, locomotion, p = 0.01; temperature,
p = 0.001).

ansorgei were evaluated. Our data indicated that MPH in
drinking water or perfused (i.p.) delays the onset of activity
and temperature rhythms, and this effect is strongest when
MPH is consumed in the first 6 h of the light period. These
data suggest that MPH lengthens the free running period of the
body clock with a time-dependent effect in Arvicanthis
ansorgei.
Altered behavioral activity patterns induced by MPH exposure have been reported previously in rats and mice, two
nocturnal species (Gaytan et al. 1997b; Antle et al. 2012).
Repeated administration of MPH at 2.5-mg/kg dose produces
behavioral sensitization-like effects in rats (Gaytan et al.
1997a; Sripada et al. 1998). In female rats, the chronic exposure of MPH alters the daily rhythm of locomotor activity in a
dose-dependent manner (Trinh et al. 2013). In rats and mice
receiving MPH in drinking water, wheel-running activity increases significantly when 0.8- or 1.2-mg concentrations are
used (Honma and Honma 1992; Antle et al. 2012). Here,

Discussion
In the present study, the effects of MPH on behavioral and
temperature rhythms in the diurnal rodent Arvicanthis
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Fig. 4 Representative actogram (a) and thermogram (b) of an Arvicanthis
exposed to a 6-h perfusion i.p. of NaCl (vehicle) or MPH on the first 6 h
of the light period (ZT0 to ZT6). Numbers of days of NaCl or MPH
perfusion are indicated by gray and black vertical lines, respectively, at
the left of each figure. Black-white horizontal bars represent the light/dark
cycle in zeitgeber time (ZT, hours; lights-on at ZT0). Yellow bars in
bottom indicate the time of NaCl and MPH perfusion. Group mean

values (±SEM) of day (ZT0–12) and night (ZT12–ZT24) locomotor activity (c) and body temperature (e) of Arvicanthis perfused i.p. with NaCl
or MPH from ZT0 to ZT6. Mean (±SEM) of locomotion (d) and rise body
temperature (f) onsets before lights-on for each condition (baseline, NaCl,
MPH, and recovery). *p < 0.01, MPH different from control (baseline,
BL) and vehicle (NaCl) post hoc test

using the 0.8-mg concentration in drinking water, we do not
observed a significant increase in locomotor activity or body
temperature of Arvicanthis. When concentrations were increased to 1.4 mg, locomotion and body temperature were
affected, indicating that physiological responses to MPH
may differ between species and between doses. Thus, specific
similarities of the effects MPH in rhythms of locomotor activity between nocturnal mice and diurnal rodents are the phase
delay in the onsets of activity, which may be dependent on a
direct effect in the SCN pacemaker which molecularly and
physiologically is close similar between nocturnal and diurnal
rodents.
Interestingly, in Rhesus monkeys, another diurnal mammal, the long-term exposure to MPH, in an oral self-dosing
procedure, had effects in the daily rhythm of general locomotion and cognitive functions (Soto et al. 2012). Because in
nocturnal mice and rats, a 0.8-mg dose in drinking water is
able to increase locomotor activity (Honma and Honma 1992;
Antle et al. 2012), it could be possible that the effects of lower
doses in behavior are not only species-specific, but also phasepreference dependent (diurnal vs. nocturnal), with a major

response to MPH in nocturnal individuals. Notwithstanding,
in a clinical study, children (with day-time chronotypes) with
ADHD, and weighting ≤ 25 kg, receiving an oral three
medication-dosing schedule of 5–15 mg of MPH doses, show
significant increases in motor activity mainly during the sleeponset period (Ironside et al. 2010). It could be interesting to
evaluate a possible correlation between the effects of MPH in
behavior and the phase preference of animals or chronotype in
humans.
The differences in the effects between rats and mice in
previous studies (Honma and Honma 1992; Antle et al.
2012) and Arvicanthis (present study) could be dependent
on the route of administration, which affects the bioavailability of the drug. Oral administration of MPH, different to other
routes (e.g., i.p, i.v.), has slower effects to reach the brain (due
to gastrointestinal absorption and liver metabolism) to produce changes in the DA activity and then in behavior
(Gerasimov et al. 2000; Dafny and Yang 2006). However,
the advantages of oral self-administration are non-stressful,
reliable, and resembles to the treatment in ADHD patients.
We did not observe a significant change in Arvicanthis

2330

behavior under the 0.08% concentration of MPH. However,
the onsets of rise locomotor activity and body temperature are
slightly delayed in animals exposed during 3 weeks to 0.08%
MPH. This effect was more evident in animals under the
higher 0.14% MPH concentration and was significant for both
behavior and temperature in this condition.
Psychostimulants like cocaine or methamphetamine are
able to produce molecular and cellular plastic modifications
in structures like the nucleus accumbens, even with one single
administration (Renthal and Nestler 2008). Thus, it will be
interesting to evaluate whether the SCN presents some cellular
(synaptic activity) or molecular modifications (transcription or
transductional modifications) in Arvicanthis, or in nocturnal
rats or mice, exposed to MPH, which can explain the altered
onsets in behavior and body temperature.
MPH affects mainly the brain catecholaminergic system,
increasing the extracellular DA concentrations by acting in the
DA transporter uptake (Robinson and Becker 1986;
Kuczenski and Segal 2002). Accompanying changes in the
brain DA concentrations, MPH induces an increase in locomotor activity. In Arvicanthis, similarly to other rodent species, locomotor activity increased in animals treated with
MPH, and this effect was higher and significant when MPH
was perfused. Moreover, temperature increased also by MPH
treatment, which can be the consequence of the enhanced
locomotor activity. Previous studies have been reported hyperthermia in rats treated with MPH and suggested that this
effect implicates serotonin (5-HT) brain changes, including
synthesis and turnover of 5-HT (Brase and Loh 1976;
Scheel-Kruger and Hasselager 1974). Here, we do not evaluate 5-HT changes in Arvicanthis induced by MPH. However,
Arvicanthis locomotion is correlated with brain 5-HT concentrations (Cuesta et al. 2008). Hence, the increase of locomotor
activity and body temperature by MPH might involve changes
in the 5-HT brain activity of Arvicanthis.
When MPH is used over a long time, MPH can affect the
DA activity and motor behavior. The observed permanent
changes in the onset of activity at recovery can reflect alteration at the level of the DA system which can affect the SCN
clock. The circadian system is sensitive to DA stimulation.
For example, methamphetamine in drinking water enlarges
the circadian period of the rhythm of locomotor activity in rats
and mice (Honma and Honma 1992; Antle et al. 2012). The
question remains how DA variations alter the clock. DA receptors in the SCN have been reported to be expressed in the
early stages of development in mammals (Weaver and
Reppert 1995), but it becomes nonfunctional in adult stages,
at least in hamsters (Strother et al. 1998). Importantly, a recent
study showed anatomical and functional projections from the
DAergic VTA to the mouse SCN, a link that interferes with
photoentrainment (Grippo et al. 2017). Thus, it is possible that
the modifications on the phase angle of entrainment by MPH
in Arvicanthis are dependent on the VTA-SCN pathway.
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Arousal and exercise are important non-photic signals to
shift behavioral rhythms in nocturnal (Bobrzynska and
Mrosovsky 1998; van Oosterhout et al. 2012) and diurnal
rodents (Hut et al. 1999; Kas and Edgar 2001). MPH increases
locomotor activity and induces phase delays similarly in both
nocturnal and diurnal species (Antle et al. 2012). However,
since main effects of MPH on the phase of rhythms in
Arvicanthis were observed when MPH exposure was at the
early day, with no significant changes in locomotion, MPH
resetting is not totally dependent on the behavioral increase by
the drug administration.
In children and adults under MPH medication, a phasedelay in the timing of the daily rhythm of motor activity and
in the onset of sleep has been reported (Boonstra et al. 2007;
Ironside et al. 2010; Weiss et al. 2006). Moreover, in these
patients, the delay in the sleep onset is frequently accompanied with an increase in arousal or locomotion (e.g., constant
turn in bed and more restless); changes in motor activity associated to DAergic activity. Phase delay effects in the onset
of wheel-running activity in mice are accompanied by sleepwake disturbances and circadian alterations in the firing rate of
the SCN clock in vivo (Antle et al. 2012). Therefore, it is
possible that delays in the onset of locomotor activity in
Arvicanthis by chronic MPH exposure are the consequence
of cellular changes in the body clock (e.g., electrical activity,
clock gene expression, coupling between SCN clock cells).
Behavioral responses to psychostimulants are time dependent (Abarca et al. 2002). Behavioral sensitization to repeated
cocaine, methamphetamine, and MPH administration has
main effects when injections are at daytime in mice and rats
(Gaytan et al. 1997b; Gaytan et al. 2000; Hutchinson et al.
2014; Lee et al. 2011; Abarca et al. 2002). Humans use MPH
mainly three times at day, with 3.5 h (overlapping) intervals,
in the morning and late afternoon or even at the onset of night
(e.g., 8 pm) (Boonstra et al. 2007; Ironside et al. 2010; Weiss
et al. 2006; Schwartz et al. 2004). Therefore, we evaluated the
time effects of MPH, in our diurnal model, in a similar manner
as in humans. In our study, we evaluate the effects of MPH
exposure in drinking water at two different time points of the
light period of Arvicanthis: early day vs. late day rather than
day vs. night. In the first week, when animals had the access to
MPH in drinking water only during the first 6 h of the light
period, from ZT0 to ZT6, or at the last 6 h of the day, ZT6 to
ZT12, and tap water in the other 18 h of the 24 h cycle, animals did not drink MPH as we expected. In fact, Arvicanthis
drink less MPH and they increased water intake when it was
available after the 6 h of MPH access. The reduced intake of
MPH is probably due to diverse aspects of the solution: taste,
gastric misalignment, or the hyperactive effects. However, we
did not observe any anomalous prone position or crawling
behavior, and the concentration used in this experiment was
not sufficiently high to produce side effects. Thus, to continue
with the oral route administration and the daytime restriction
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to MPH, in a second week, animals received only 6-h access
of MPH in drinking water. Therefore, we observed strong
effects in behavior and body temperature, and phase delays
were significantly larger, for both locomotion and temperature, in animals receiving MPH at the early day. This suggests
a time-dependent effect of MPH on daily activity.
Time effects of MPH in drinking water in our study are
depending on the amount and the time of intake around the
6-h access. Thus, in our third experiment, we controlled better
this variable, and we perfused MPH during the first 6 h of the
light phase. Interestingly, we observed that phase-delays continued to be present when perfusion of MPH happens at the
early day, confirming the time-specific effects of MPH on
daily rhythms of behavior and the Arvicanthis ansorgei model
with a phenotypically diurnal Blate stage^ due to MPH intake.
Adults with ADHD dosed with MPH (0.5–1.0 mg/kg/day)
4–5 times daily show an increase in the sleep-onset latency
(Boonstra et al. 2007). In this study, the last MPH dose prescribed was at 20 h. Patients in this study may be medicated
around the daytime, which could contribute to the increase in
the latency of sleep onset (Boonstra et al. 2007). Similar data
have been reported in children with ADHD and medicated to
MPH. For example, in a study comparing the effects of MPH
vs. atomoxetine (a norepinephrin reuptake inhibitor) on sleep
in children with ADHD, it was reported that MPH treatment
affects the onset of sleep significantly even when the quality
of sleep, evaluated by personal questionnaires, was improved
in patients (Sangal et al. 2006). In this study, the time schedule
of medication for MPH was three times at day, at 8am, midday, and the last around 4–5pm (Sangal et al. 2006).
Moreover, other studies in which children receive MPH at
doses ranging between 5 and 15 mg per dose at three times
at day, 8am, 12pm, and 4pm, a significant reduction in the
quantity of sleep and an increase in the latency of sleep onset
of 65 min was determined (Corkum et al. 2008). Importantly,
in these studies (Corkum et al. 2008; Sangal et al. 2006), these
time schedules are quite comparable to our schedule of MPH
access at the early day in Arvicanthis. The size of the delay in
the onset is also similar compared to the Arvicanthis.
Together, our data support the previous studies in humans in
which MPH medication at the early day has strong effects in
the phase of the sleep-wake cycle and the daily rhythm of
locomotor activity.
Importantly, the effects of MPH observed in mice (Antle et
al. 2012) and Arvicanthis (present study) are in a normal condition with an undisrupted DAergic system. It will be interesting and necessary for further studies, the evaluation of the
effects of MPH in the circadian system of an animal model
of ADHD to confirm the disrupting effects in the sleep-wake
cycle by MPH observed in patients.
In summary, the present data suggest that the exposure to
MPH at the early day in Arvicanthis alters both behavioral and
physiological daily rhythms which are potentially non-
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reversible, and these effects are less evident when
Arvicanthis are exposed to MPH in the late day. This suggests
that side effects of MPH in circadian biology can be diminished or avoided if provided with the appropriate timing for
treatment, offering new perspectives for therapy in ADHD
patients.
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