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Methylphenidate Modifies the Motion of the Circadian Clock
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People with attention-deficit/hyperactivity disorder (ADHD) often experience sleep problems, and these are frequently exacerbated by
the methylphenidate they take to manage their ADHD symptoms. Many of the changes to sleep are consistent with a change in the
underlying circadian clock. The present study was designed to determine if methylphenidate alone could alter properties of the circadian
clock. Young male mice were examined in light—dark cycles and in constant darkness and recordings were performed on behavioral
activity, sleep, and electrical activity in the suprachiasmatic nucleus (SCN) of freely moving mice. Methylphenidate in the drinking water
(0.08%) significantly increased activity in the mid-to-late night, and led to a delay in the onset of activity and sleep relative to the light—dark
cycle. While locomotor levels returned to baseline after treatment ended, the phase angle of entrainment required at least a week to
return to baseline levels. In constant darkness, the free-running period of both wheel-running and general locomotor rhythms was
lengthened by methylphenidate. When the treatment ended, the free-running period either remained stable or only partially reverted to
baseline levels. Methylphenidate also altered the electrical firing rate rhythms in the SCN. It induced a delay in the trough of the rhythm,
an increment in rhythm amplitude, and a reduction in rhythm variability. These observations suggest that methylphenidate alters the
underlying circadian clock. The observed changes are consistent with clock alterations that would promote sleep-onset insomnia.
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INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is charac-
terized by inattention, hyperactivity, and impulsiveness,
symptoms that closely resemble those observed following
sleep deprivation (Pilcher and Huffcutt, 1996; Sadeh, 2007;
Van der Heijden et al, 2005). Children (Owens et al, 2009)
and adults (Boonstra et al, 2007; Sobanski et al, 2008; Van
Veen et al, 2010) with ADHD frequently exhibit sleep
problems, including shorter sleep duration, difficulty
waking up, daytime sleepiness, increased nocturnal move-
ments, longer sleep latencies, and more nocturnal awaken-
ing. These symptoms affect a large proportion of adults with
ADHD, with 65% complaining of always having trouble
sleeping and 87% reporting difficulty going to bed on time
(Boonstra et al, 2007). When examining the subset of ADHD
patients with sleep-onset insomnia, additional symptoms
are observed, most notably delayed onset and offset of sleep,
delayed dim-light melatonin onset, and an attenuated
amplitude of the rest-activity cycle (Novakova et al, 2011;
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Van Veen et al, 2010), all symptoms consistent with a
disruption of the circadian clock. Supporting this is the
recent observation that a polymorphism associated with the
gene clock, one of the molecular ‘gears’ of the intracellular
circadian clock, may be a contributing factor for adult
ADHD (Kissling et al, 2008).

Methylphenidate is an amphetamine derivative and is the
first choice medical treatment for ADHD in both adults and
children. It acts as a reuptake inhibitor at both dopamine
and norepinephrine transporters, increasing levels of these
neurotransmitters in the synapse (Kodo et al, 2010). While
methylphenidate is quite effective at managing the inatten-
tion, impulsiveness, and hyperactivity associated with
ADHD, it may not help the co-morbid sleep problems,
and in fact methylphenidate may exacerbate these symp-
toms. In children, placebo-controlled studies have demon-
strated that methylphenidate leads to longer sleep latency,
lower sleep efficiency, decreased total sleep time (Corkum
et al, 2008; Galland et al, 2010; Sangal et al, 2006; Schwartz
et al, 2004), increased motor activity at sleep onset,
decreased circadian amplitude, and phase delayed daily
rhythms (Ironside et al, 2010). Many of these symptoms are
consistent with either a phase delayed circadian clock or a
circadian clock with a lengthened period. It has long been
appreciated that amphetamines, such as methamphetamine,
can have a pronounced effect on the rat circadian clock,
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lengthening period, and disrupting entrainment to light-
dark cycles (Honma et al, 1986). A few studies have
demonstrated that methylphenidate can alter the distribu-
tion of activity over the day in rats (Algahim et al, 2009;
Gaytan et al, 1997; Lee et al, 2011), although specific
parameters such as phase angle of entrainment and free-
running period could not be assessed in these studies, and
the circadian clock located in the suprachiasmatic nucleus
(SCN; Antle and Silver, 2005) was not examined. The
present study was designed to determine if methylphenidate
on its own in healthy animals could alter properties of the
circadian clock.

MATERIALS AND METHODS
Animals and Housing

Male C57BL6 mice (Harlan, Horst, The Netherlands) were
either 6 weeks (n =45, behavioral experiment) or 12 weeks
(n =12, in-vivo electrophysiology; n =8, sleep-wake record-
ings) of age at the start of the study. Animals in the
behavioral part of the study were individually housed in
cages equipped with running wheels (n =24), with passive
infrared motion sensors (PIRs, n =12), or with both (n=9).
Animals in the electrophysiology and sleep part of the
study were individually housed in standard mouse cages
before recording, and were transferred to large recording
chambers (Deboer et al, 2007b; Houben et al, 2009).
Animals started the experiment under a 12h:12h light-
dark cycle, with ad libitum access to food and drink
throughout the experiment. Wheel-running and general
locomotion as assessed through PIRs were monitored using
a computer running Clocklab data collection software
(Actimetrics, Wilmette, IL). Activity counts were summed
over each minute. All experiments were approved by the
Institutional Animal Studies Committee of the Leiden
University Medical Centre.

Drug Preparation

Methylphenidate (Novartis Pharma B.V., Arnhem, The
Netherlands) was dissolved in drinking water at a
concentration of 0.8 mg/ml. This dose was based on that
found to produce a significant circadian response in SCN
lesioned rats (Honma and Honma, 1992). Fresh methyl-
phenidate solution was provided every 3 days at noon.

Behavioral Study 1—Light Dark Cycle

Mice (n=12) were housed in a 12:12 LD cycle throughout
the experiment, and were given normal drinking water for
2 weeks (Baseline). At mid-day on the 15th day, mice
were started on either methylphenidate (0.08%, n=6) or
normal drinking water (n = 6). Fresh drinking solution was
provided every 3 days at mid-day. This regimen lasted for
3 weeks (Treatment), after which animals were placed back
on regular drinking water for a further 2 weeks (Recovery).

Activity records (actograms) were analyzed using the
Clocklab Analysis software, with data collected into 10-min
bins. Average waveforms of activity profiles were created
for each week of the experiment by first averaging the
daily activity profile for each animal over 7 days, and then
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averaging these profiles over each animal in the same
treatment group. Quantitative analysis summed the activity
in each animal’s average waveform into 4-hour blocks. Data
from the methylphenidate and water treatment groups
were analyzed separately using two-way repeated measures
analyses of variance (ANOVAs) with time of day and
week of treatment as independent variables. Phase angle of
entrainment was analyzed by determining time of activity
onset for each day, and averaging the seven onset times for
each week. The difference between time of dark onset and
activity onset provided the phase angle of entrainment.
Phase angle of entrainment data were analyzed using
two-way factorial ANOVAs with treatment condition and
treatment week as independent variables.

Behavioral Study 2—Constant Darkness

Mice were housed with either running wheels (n=12) or
PIRs (n=12). One mouse in the running wheel condition
died before drug treatment began and was excluded from
analysis. All mice started with 2 weeks in a 12:12 LD cycle
after which they were switched to constant darkness (DD).
After 2 weeks of DD (Baseline), half the mice from each
housing condition (n =6 wheels, n=6 PIRs) were started
on methylphenidate (0.08%), while the other half from each
housing condition (n=5 wheels, n=6 PIRs) stayed on
regular drinking water. Fresh drinking solution was
provided at noon every 3 days. This regimen lasted for 3
weeks (Treatment), after which animals were placed back
on regular drinking water for a further 2 weeks (Recovery).
Mice were 13 weeks old at the end of the methylphenidate
treatment. An additional set of mice (n=9) housed in cages
equipped with both running wheels and PIRs were used to
examine a dose response to methylphenidate. Baseline,
Treatment, and Recovery procedures were identical to those
described above, except that mice received 0.02% (n=3),
0.04% (n=3), or 0.12% (n=3) methylphenidate.

Free-running period was calculated for the three treat-
ment blocks (Baseline, Treatment, and Recovery) using a
Chi-squared periodogram routine in Clocklab. Given large
individual variability in period length in the Baseline block,
statistical analysis was performed on period change between
blocks (Treatment-Baseline; Recovery-Treatment). Period
change data were analyzed using two-way factorial ANOVAs
with treatment condition and treatment block as indepen-
dent variables.

Total activity levels were analyzed by determining the
average level of activity per 10 min bin for each day for each
animal. These daily averages were then averaged over all the
days in each treatment block (Baseline, Treatment, and
Recovery). Activity levels were normalized within each
animal relative to their baseline levels. Data from methyl-
phenidate and control animals were analyzed using two-way
repeated measures ANOVAs with treatment and treatment
block as independent variables.

Sleep-Wake Recordings

Animals (n=8) were implanted under deep anesthesia
(ketamine, 100 mg/kg; xylazine, 20 mg/kg; atropine 1 mg/kg)
with electroencephalogram (EEG) and electromyogram
(EMG) electrodes as described previously (Deboer et al,
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2007b). The electrodes were connected to a miniature
receptacle and the assembly was fixed to the skull with two
support screws and dental cement. At least 2 weeks were
allowed for post surgery recovery.

In a randomized cross-over design, the mice were
exposed to methylphenidate in the drinking water (0.08%)
or regular drinking water for at least 2 weeks starting
at about 14 weeks of age. Subsequently, a 24-h baseline day
was recorded followed by a 6-h sleep deprivation, starting
at lights on, and recovery was recorded for 18h. Sleep
deprivation was carried out by introducing objects (eg,
fresh food and nesting material) into the cage, and later by
tapping the cage whenever the animals appeared drowsy or
the EEG exhibited slow waves (Deboer et al, 2007a; Huber
et al, 2000). The mice were never disturbed during feeding
and drinking.

To adapt to the recording condition, the mice were
connected to the recording system by a flexible cable and
a counterbalanced swivel system for 3 days. The EEG and
EMG were simultaneously and continuously recorded for
48h. EEG and EMG were recorded, amplified, filtered, and
scored as previously described (Deboer et al, 2007b).

ANOVA served to determine the effect of treatment and
sleep deprivation on vigilance states and EEG slow-wave
activity (SWA, mean EEG power density between 0.75
and 4.0Hz) during non-rapid eye-movement (NREM)
sleep, which is a marker of sleep homeostatic regulation
(Achermann and Borbely, 2011). Whenever significant
effects were present (p<0.05), paired t-tests were used to
further evaluate differences.

In-Vivo Electrophysiology

Animals (n=12) were implanted with tripolar electrodes at
about 12 weeks of age. This older age of animal was
necessary for the reliability of coordinates and adequate
skull thickness. The tripolar electrodes (MS333-3, Plastics
One, Roanoke, VA) had two twisted and polyimide-insu-
lated stainless steel electrodes aimed at the SCN, and one
uninsulated electrode placed in the cortex as a reference.
Animals were anesthetized as described above. Using
a stereotaxic frame with digital readout precise to 10 um,
the skull was leveled both laterally and between bregma
and lambda. The electrode was implanted at a 5° angle,
at the same rostrocaudal level as bregma, 0.61 mm lateral
to midline, and 5.38 mm ventral to dura. The electrode
was fixed to the skull using jewellers’ screws and dental
acrylic. Following surgery, animals were given an analgesic
(buprenorphine, 0.1 mg/kg) and saline. Animals were
allowed 2 weeks to recover before being placed in the
recording chamber.

Animals were placed in custom-designed recording
chambers and were connected to a recording system with
a counterbalanced swivel allowing the animals to freely
move during the recording, as described previously
(Houben et al, 2009). The electrical activity was amplified
and bandwidth filtered (0.5-5kHz). Window discriminators
were used to detect action potentials, which were counted in
10-s bins. Drinking was monitored by breakage of an
infrared beam in front of the sipper tube, while general
locomotion was monitored using PIRs. Animals were
recorded for 12-15 days, with 4-5 days each of baseline,
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methylphenidate (0.08%), and recovery. Methylphenidate
treatment occurred at about 14 weeks of age. At the end of
the experiment, brains were collected to confirm electrode
placement as described previously (Deboer et al, 2007a).

In-Vivo SCN Electrical Activity Analysis

In-vivo electrical activity rhythms were smoothed with a
penalized least squares algorithm (Eilers, 2003). Trough
levels were subtracted from peak levels to determine the
amplitude of the electrical activity rhythm. The effect of
methylphenidate on amplitude was calculated by dividing
mean amplitude levels during methylphenidate treatment
by mean amplitude levels during baseline. Phase delays
were determined by comparing the trough time during
baseline with trough time during methylphenidate treat-
ment. In addition, the variability of the firing rate of the
SCN was calculated by averaging the standard deviation of
the firing rate during the peak +3h and the trough +3h.
Variability of the firing rate during baseline was compared
with the variability during the first day of methylphenidate
treatment. Results were examined with paired t-tests. All
means are presented in both the text and figures with their
SEMs. Threshold for determining significance was set at
p<0.05.

RESULTS
Methylphenidate Consumption

Mice drank 5.08+0.27ml of 0.08% methylphenidate per
day. This corresponds to a daily dose of 4.06 mg/day,
or 153.3 mg/kg/day for a 30-g mouse. Due to spillage, these
values are likely an overestimate of the actual amount of
drug consumed, and therefore represent the maximal dose.

Behavioral Study 1—Light Dark Cycle

Methylphenidate treatment changed the activity profile of the
animals, such that activity during the latter half of the night
was increased (Figure 1b and d). The activity levels quickly
returned to baseline when methylphenidate treatment was
terminated. This increase was significant during the last 8h
of the night (Treatment x Time interaction, F(s0,150)=3.01,
p<0.001). No such change was observed in animals that
remained on water throughout (Figure la and c).

Control animals maintained a stable phase angle of
entrainment throughout the study. By comparison, activity
onset was significantly delayed during methylphenidate
treatment (main effect of treatment, F50)=36.865,
p<0.001; Figure 2). The phase angle became significantly
later over the course of methylphenidate treatment (treat-
ment X week interaction, Fs 5oy =7.537, p<0.001). Post hoc
analysis revealed that the phase angle of entrainment during
the third week of methylphenidate treatment was signifi-
cantly later than during the first week of methylphenidate
treatment.

Behavioral Study 2—Constant Darkness

Due to clogged water bottles, two methylphenidate animals
were excluded from analysis in the wheel-running
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Methylphenidate increases locomotor activity in the mid-to-late night. Actograms depicting wheel-running behavior in animals given drinking

water control (a) or methylphenidate in drinking water (0.08%, b). Each horizontal line represents | day, with subsequent days plotted below the previous
day. Black vertical lines denote times when the running wheel rotated, with the height of the line being proportional to the number of rotations. Gray shading
indicates times of darkness, starting at hour 12. During baseline and recovery, animals were given normal drinking water. Average activity waveforms from
water control (c) or methylphenidate (0.08%, d) treated animals depicting the activity profile from each of the three portions of the study (Baseline, dashed
line; Treatment, solid line; Recovery, dotted line). Quantification of activity for water control (c) or methylphenidate (0.08%, d) treated animals from each
week during the experiment revealed significant increases in activity in the mid and late night in only the methylphenidate-treated animals.

condition. While control animals exhibited a shortening of
their free-running period over the first few weeks of the
experiment, methylphenidate animals differed significantly
from this pattern, exhibiting a lengthening of the free-
running period during methylphenidate treatment. This
pattern was observed in both animals recorded using
running wheels (treatment x time interaction, F(;q)=
16.928, p =0.003; Figure 3a—c) and with PIRs (treatment X
time interaction, F(;,0y=14.801, p =0.003; Figure 3d). An

additional analysis revealed a dose-dependent effect, where
0.08 and 0.12% methylphenidate produced period lengthen-
ing significantly different from water control treatment
(treatment x time interaction, F4;5)=6.448, p=0.003;
Figure 3c¢). In all, 0.02 and 0.04% methylphenidate produced
trends toward longer periods than control animals, but
these differences were non-significant, likely due to the
small sample size (n =3 each). While the period shortened
in animals with running wheels following the end of
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Figure 2 Methylphenidate significantly delays the onset of activity
relative to the time of dark onset. The phase of activity onset in water
control animals (white bars) was stable over the course of the experiment,
while methylphenidate-treated animals (gray bars) exhibited progressively
later activity onsets over successive weeks of treatment. *p <0.05.

methylphenidate treatment, no such change was observed in
animals in cages equipped with PIRs.

Overall activity levels were significantly increased in
animals in DD during treatment with methylphenidate. This
was the case for both animals in cages equipped with
running wheels (treatment x time interaction, F(,4) = 3.82,
p<0.05; Figure 3e) and in cages equipped with PIRs
(treatment x time interaction, F(;,0)=31.958, p<0.001;
Figure 3f).

Sleep

Methylphenidate increased the amount of waking at the
expense of NREM sleep, whereas REM sleep was not
affected (Figure 4a and b). The largest difference between
treatment and control was found at the beginning of the
light period, where animals on methylphenidate showed
increased waking similar to dark period levels and a delay in
the onset of the main sleep period (Figure 4a). SWA in
NREM sleep showed the normal pattern of a gradual
decrease in the light period and an increase in the course
of the dark period under both conditions; however, under
methylphenidate a delayed peak in SWA was observed in
the second hour of the light period (Figure 4c). No
differences between conditions were observed in the
response to sleep deprivation or in the baseline EEG power
density spectra (0.25-25 Hz) of the different vigilance states
(data not shown).

In-Vivo Electrophysiology

SCN electrical activity rhythms were successfully recorded
in nine wild-type animals (Figure 5a). Methylphenidate
treatment significantly increased the amplitude of the SCN
electrical activity rhythm (Figure 5b; p<0.05), with an
average increase in the amplitude of 29%. The trough of
electrical SCN activity was significantly delayed from
5.32 £ 0.28 h during baseline to 6.08 £ 0.38 h during methyl-
phenidate treatment (Figure 5c). An acute decrease in

Neuropsychopharmacology

variability was observed during the first day of methylphe-
nidate treatment (p <0.05).

DISCUSSION

People with ADHD often exhibit sleep problems consistent
with a phase delayed circadian clock (Boonstra et al, 2007;
Owens et al, 2009; Sobanski et al, 2008; Van Veen et al,
2010). Some studies suggest that methylphenidate, a
common pharmacotherapy for ADHD, may exacerbate
these sleep problems (Corkum et al, 2008; Galland et al,
2010; Ironside et al, 2010; Sangal et al, 2006; Schwartz et al,
2004). We show here that in healthy adult mice, methyl-
phenidate alone can alter both sleep and circadian
rhythmicity. Activity levels are increased, particularly in
the mid-to-late part of the active phase, thereby altering
the circadian activity rhythm waveform. Methylphenidate-
treated animals started their activity significantly later
relative to dark onset than did control animals. Wake time
was lengthened and sleep onset at the beginning of the light
period was significantly delayed in methylphenidate-treated
animals. When housed in constant darkness, the free-
running period of both wheel-running and general loco-
motor rhythms lengthened relative to their baseline period.
Methylphenidate treatment also altered SCN electrical
activity, producing a delayed trough, increased amplitude,
and reduced variability. Changes in the SCN MUA rhythm,
specifically the downward slope and trough, have been
previously shown to correlate with behavioral activity
(Houben et al, 2009), a pattern observed in the present
study. All parameters of the SCN waveform taken together
(trough, peak, rising, and downward slope) were also
shifted, suggesting a delay in the SCN electrical activity
rhythm. Furthermore, methylphenidate treatment produced
an increase in the rhythm amplitude of SCN electrical
activity. These findings show that methylphenidate can alter
the circadian system, by affecting the properties of the
central clock.

The changes in SCN activity could arise from the activation
of neurotransmitter pathways, such as those that involve
norepinephrine, or through methylphenidate altering activity
levels that then alter clock properties. Activity can phase shift
(Bobrzynska and Mrosovsky, 1998) and entrain (Edgar and
Dement, 1991a; Marchant and Mistlberger, 1996) circadian
rhythms. SCN firing rate is related to activity, with lower
firing rate during bouts of spontaneous activity (Schaap and
Meijer, 2001; van Oosterhout et al, 2012; Yamazaki et al,
1998). Increased activity has been shown to alter free-
running period (Deboer and Tobler, 2000; Edgar et al, 1991b;
Mrosovsky, 1999; Yamada et al, 1988, 1990). Finally,
scheduled confinement to a novel wheel typically leads to
increased activity and can alter the phase angle of entrain-
ment to a variety of lighting regimes (Sinclair and
Mistlberger, 1997). Thus, the question arises by which route
the SCN is affected. As behavioral activity is able to influence
the clock, one possibility is that SCN activity is changed as a
consequence of the behavioral changes. We can reject this
option for the following reasons: first, while increased
activity has been shown to alter free-running period, higher
activity is associated with shorter periods (Deboer and
Tobler, 2000; Edgar et al, 1991b; Mrosovsky, 1999; Yamada
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Figure 3 Representative double-plotted wheel-running actograms from water control (a) and methylphenidate (b) treated animals. The plotting
convention is the same as for Figure |, except that each horizontal line represents 2 days of activity, with subsequent days plotted both to the right of and
below the previous day. After 2 weeks of exposure to a light/dark cycle, the animals were transferred to constant darkness for 7 weeks, with the treatment
phase (normal drinking water or 0.08% methylphenidate) beginning at the start of the third week (upside down white triangle) and ending at the end of the
fifth week (upside right white triangle). Methylphenidate significantly lengthens the free-running period of locomotor circadian rhythms measured with both
running wheels (c) and passive infrared motion sensors (d). VWhereas animals treated with normal drinking water (white bars) typically exhibit a shorter free-
running period over time in constant darkness, methylphenidate-treated animals (gray bars) exhibited lengthening of their period during treatment in a dose-
dependent manner (c). Following the end of treatment, most methylphenidate-treated animals in cages equipped with running wheels exhibited a shortening
in their free-running period, a phenomenon not observed in methylphenidate-treated animals in cages equipped with passive infrared motion sensors. Data
contributing to the period change were calculated as period during the denoted bin (Treatment or Recovery) minus the period in the previous bin (Baseline
or Treatment, respectively). *p <0.05. Methylphenidate treatment significantly increases total wheel-running activity (e) and general locomotor activity as
assessed with passive infrared motion sensors (f) in animals housed in constant darkness. While activity levels of water-treated control animals (solid lines
with filled circles) remained relatively stable over the experiment, methylphenidate-treated animals (dashed lines with open circles) were significantly
elevated during treatment relative to baseline, and then dropped significantly following cessation of treatment. *p <0.05.
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Figure 4 Methylphenidate (M) significantly changes the distribution (a) and total amount (b) of waking and non-rapid eye-movement (NREM) sleep
compared with water control (W). Peak slow-wave activity in NREM sleep is delayed by | h, but the time course is similar to water control (c). *p <0.05.

et al, 1988, 1990). In our study the opposite was observed,
with a lengthening of free-running period in the methylphe-
nidate-treated animals. Furthermore, this lengthening of free-
running period was also observed in animals housed in cages
without running wheels where high amplitude activity was
more limited. Finally, activity levels returned to baseline
immediately after the end of treatment, but free-running
period either recovered incompletely in animals with running
wheels, or remained stable at the lengthened period in
animals without running wheels, suggesting that the change
in period during treatment was actually due to enduring
changes of the clock, rather than simply an acute response to
increased activity levels.

The lengthening of the free-running period in constant
darkness and the delay in sleep and activity rhythms is
consistent with a delayed phase angle of entrainment. In
addition, the trough in SCN electrical activity is also
delayed. With a longer endogenous period, animals would
need smaller daily delays of the circadian clock to remain
entrained to the light-dark cycle. As such, a delayed phase
angle of entrainment would expose less of the delay portion
of the phase response curve to light at dusk. While the
change in phase angle of entrainment is consistent with
a change in free-running period, we cannot exclude the
possibility that methylphenidate may alter phase angle of
entrainment by altering circadian responses to light either
by altering monoamine tone in the SCN or by altering
activity levels. Both monoamines and activity have been
shown to attenuate phase shifts to light (Antle et al, 2003;
Mistlberger and Antle, 1998; Rea and Pickard, 2000). The
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observation that phase angle required over a week to return
to baseline after the end of methylphenidate indicates that
the phase of the circadian clock was delayed. The change in
phase angle is also consistent with findings from placebo-
controlled and baseline-comparison human studies exam-
ining the effects of methylphenidate on various sleep and
circadian markers. Longer sleep latency and decreased total
sleep time were observed in people given methylphenidate
(Boonstra et al, 2007; Corkum et al, 2008; Galland et al,
2010; Sangal et al, 2006; Schwartz et al, 2004). A phase delay
in circadian locomotor rhythms has also been noted
(Ironside et al, 2010). These all point to an alteration in
the underlying circadian clock, and are consistent with the
delay of the phase angle of entrainment observed in the rest-
activity cycle and in sleep.

Changes to level and distribution of activity have been
noted to single and daily injections of methylphenidate.
Activity is altered in a dose-dependent manner, with low-
to-moderate doses producing activity above baseline for
1-3h, although high doses (40 mg/kg) lead to a delayed
onset of increased locomotor activity while animals first
engage in stereotypic behavior (Gaytan et al, 1997). Daily
injections for a week alter the amplitude, mean, and
acrophase of activity rhythms (Lee et al, 2009, 2011),
although the findings of these studies lacked the temporal
resolution for detecting the behavioral phenomena des-
cribed here. Similarly to other amphetamines, methyl-
phenidate has been shown to restore circadian rhythmicity
to animals rendered arrhythmic with SCN lesions (Honma
and Honma, 1992), although only when activity levels were
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Figure 5 Representative SCN MUA recordings of a freely moving mouse in a 12:12 LD cycle (white and gray shading) during baseline and
methylphenidate treatment (a). Individual data points represent 10s epochs. Smoothed data are indicated by a white line. Behavioral activity was measured
by passive infrared sensors and plotted at the bottom of the graph. Methylphenidate treatment (M) significantly increased the amplitude of the MUA rhythm
compared with water control in baseline (W) (b). The trough of the MUA rhythms is significantly delayed when switched from baseline to methylphenidate
treatment (c). During the first day of treatment, the variance of the MUA signal is significantly decreased (d). *p <0.05.

double those observed during baseline. These effects in
arrhythmic animals are thought to be due to the participa-
tion of a methamphetamine-sensitive circadian oscillator
(MASCO) that is separate and distinct from the SCN. Our
experiments differ essentially from experiments aimed to
understand the MASCO (Honma et al, 1986; Honma and
Honma, 1992). In these experiments, amphetamines were
provided to SCN lesioned animals, while in our present
study, the experiments were aimed to understand the
influence of an amphetamine derivative on the SCN in
healthy intact animals. When methamphetamine is given to
SCN intact rats, it alters circadian rhythmicity to a much
greater extent than was observed here, with large delays to
the phase angle of entrainment or even failure to entrain
(Honma et al, 1986). It is possible that the results observed
in those studies, as well as in the current study, may be due
to an interaction between the circadian clock in the SCN
and the MASCO. Recently, atomoxetine, another drug used
in the treatment of ADHD that shows greater selectivity for
the noradrenergic system, was shown to phase shift the
circadian clock when given as a single dose (O’Keeffe et al,
2012). The direction of phase shift observed depended on
lighting condition, in that administration during the mid
subjective day caused large delays in constant light and
small advances in constant dark. Preliminary findings from
our laboratory examining phase shifts to single doses of

methylphenidate detected no phase shifts at any phase in
constant dark (data not shown).

Methylphenidate delayed the onset of the main sleep bout
at the beginning of the light period and reduced the amount
of sleep over 24 h, matching findings reported in humans
(Galland et al, 2010). Both effects were mainly found in
NREM sleep whereas REM sleep was not changed signi-
ficantly. At the beginning of the light period, SWA in NREM
sleep showed a delayed peak compared with control.
The latter is in accordance with normal sleep homeostatic
responses to the increased waking and delayed sleep onset,
indicating that sleep homeostasis was not affected by
methylphenidate. The data suggest that methylphenidate
treatment renders the animals less susceptible to homeo-
static sleep pressure as the animals are more awake over
24h and are able to extend their active period by 1 h into the
light period. Methylphenidate blocks both dopamine and
norepinephrine transporters, increasing levels of these
neurotransmitters in the synapse (Kodo et al, 2010), which
can explain the increased waking as both monoamines are
known to have wake and arousal promoting effects (Espana
and Scammell, 2011). As a consequence, the animals initiate
their main sleep period approximately an hour later with a
higher sleep pressure than control.

The treatment with methylphenidate was relatively brief
in the present study, lasting 3 weeks in our behavioral
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experiments, 2 weeks in our sleep experiments, and 5 days
in our SCN recordings. Importantly, the phase angle of
entrainment continued to delay throughout treatment.
Therefore, we may not have observed the full effects of
methylphenidate on the circadian system that may develop
during long-term treatment. Given that people prescribed
methylphenidate take it multiple times a day for years, it
would be interesting to examine how long-term treatment
would alter circadian rhythmicity. If phase angle continued
to delay even further, then this would be consistent with
even more severe circadian disruptions that could con-
tribute to even more severe insomnia. No change in activity
levels was noted throughout the duration of treatment,
suggesting that this phenomenon does not habituate, at
least over the short term.

Various options for both dose and route of administra-
tion are possible. We observed a significant dose-dependent
effect on free-running period. The minimal dose to produce
a significant change in period also produced significant
changes to other circadian parameters, sleep architecture
and SCN electrical activity. The route of administration
used here suffers from the fact that the final dose consumed
is dependent on drinking behavior of the individual animal.
However, it is less invasive and disruptive than delivery
by repeated systemic injections or intravenous infusion
through a catheter. Osmotic minipumps, while less dis-
ruptive, have a limited capacity and would provide
continuous dosing. Our approach of delivery in drinking
water is unlimited and occurs only when the mice are
awake, more closely matching human consumption pat-
terns. The estimated maximal ingested dose with a 0.08%
methylphenidate solution (~150mg/kg/day) is much
higher than that typically used in humans, although the
pharmacokinetics are dramatically different between mice
and humans (Manjanatha et al, 2008). Similar trends to the
observed effect on circadian period were observed at lower
doses, but the magnitude of effect was smaller, and the low
sample size reduced statistical power. In comparison with
other mouse studies, it is important to note that our dose is
the cumulative amount consumed over 24h, while many
other studies in mice examining behavior use a single
injection (eg, Zhou et al, 2010).

Given the alteration in free-running period, timing of
sleep, and phase angle of entrainment, it will be important
to determine how circadian responses to light are altered.
Acute doses of atomoxetine alter responses to phase shifting
by light, as well as light-induced expression of a number of
clock genes and immediate early genes in the SCN (O’Keeffe
et al, 2012). Acute atomoxetine alters clock gene and
immediate early gene expression in the SCN at phases when
atomoxetine alone produces phase shifts, suggesting that
it not only alters light input, but also the underlying
transcription-translation feedback loops that give rise to the
intracellular circadian clock. Given the changes observed
here, it is likely that methylphenidate will also alter
the molecular clock, possibly changing the acrophase,
amplitude, or spatiotemporal patterns of gene expression
in the SCN.

Patients with ADHD often exhibit sleep problems, with
sleep-onset insomnia being a common complaint. While
methylphenidate manages many ADHD symptoms, it
appears to exacerbate the current sleep problems these
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patients experience. Given the changes observed here, it is
likely that chronic methylphenidate treatment alters the
circadian clock in such a way so as to promote sleep-onset
insomnia. Many of the symptoms of ADHD are similar to
what people experience following poor sleep. It has been
suggested (Corkum et al, 2008) that the sleep problems may
contribute to the severity of the ADHD symptoms. If this is
true, then it is possible that methylphenidate may also
contribute to ADHD symptoms by decreasing the quality of
sleep. A thorough screen of other ADHD medications may
reveal better alternatives for managing ADHD symptoms
that do not alter the underlying clock in such a way so as to
increase the likelihood and severity of insomnia. Conver-
sely, the present results on phase angle of entrainment,
free-running period, and delayed sleep onset suggest that
methylphenidate may be a useful treatment for circadian
sleep disorders such as advanced phase sleep syndrome.
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