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Abstract

Cocaine is a potent disruptor of photic and non-photic pathways for circadian entrainment of the
master circadian clock of the suprachiasmatic nucleus (SCN). These actions of cocaine likely
involve its modulation of molecular (clock gene) components for SCN clock timekeeping. At
present, however, the physiological basis of such an interaction is unclear. To address this
question, we compared photic and non-photic phase-resetting responses between wild-type (WT)
and Per2 mutant mice expressing nonfunctional PER2 protein to systemic and intra-SCN cocaine
administrations. In the systemic trials, cocaine was administered i.p. (20 mg/kg) either at midday
or prior to a light pulse in the early night to assess its non-photic and photic behavioral phase-
resetting actions, respectively. In the intra-SCN trial, cocaine was administered by reverse
microdialysis at midday to determine if the SCN is a direct target for its non-photic phase-resetting
action. Non-photic phase-advancing responses to i.p. cocaine at midday were significantly (~3.5-
fold) greater in Per2 mutants than WTs. However, the phase-advancing action of intra-SCN
cocaine perfusion at midday did not differ between genotypes. In the light pulse trial, Per2
mutants exhibited larger photic phase-delays than did WTs, and the attenuating action of cocaine
on this response was proportionately larger than in WTs. These data indicate that the Per2 clock
gene is a potent modulator of cocaine’s actions in the circadian system. With regard to non-photic
phase-resetting, the SCN is confirmed as a direct target of cocaine action; however, Per2
modulation of this effect likely occurs outside of the SCN.
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1. INTRODUCTION

Cocaine abuse is associated with disturbances in the daily patterns of circadian-timed
homeostatic functions, including those of the endocrine, autonomic, and immune systems [1,
2]. These actions indicate that cocaine may directly or indirectly disrupt circadian timing,
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which could contribute to the process of addiction. The basis for such effects of cocaine may
be related to the reciprocal interaction between cocaine and circadian clock gene activity.
Cocaine is known to affect central clock gene expression, and conversely, circadian clock
genes (in particular Per2) regulate cocaine intake and reward. The Per2 clock gene is
rhythmically expressed in the SCN, as well as in other regions, and stabilizes endogenous
circadian pacemaker activity, as shown in studies from Per2 mutant mice that express
inactive PER2 protein [3, 4]. Notably, Per2 mutant mice exhibit greater frequencies of drug
(cocaine or ethanol) self-administration [5, 6], higher levels of voluntary drug intake [7, 8],
and stronger conditioned and two-bottle free-choice preferences for drug solutions over
water compared to wild-type mice [5, 6, 7, 8]. Behavioral analyses have shown that Per2
mutant mice also have differential locomotor reactions to acute and repeated presentations
of rewards, including cocaine, compared to wild-type mice [5, 6, 9].

Recently, we have reported that acute and chronic modes of cocaine administration are
highly disruptive to photic and non-photic circadian clock phase-resetting and entrainment
[10, 11]. Acute cocaine treatment at midday promotes large non-photic phase-advance shifts
of locomotor rhythms, and similar drug treatment at night blocks photic phase-delay shifts
[10]. Notably, chronic forced and free-choice regimens of oral cocaine administration
significantly alter the intrinsic free-running period of the circadian clock, an effect which
persists for months after cocaine withdrawal [11]. We have also demonstrated that the SCN
is a direct target of cocaine’s photic and non-photic phase-resetting action in vitro and that
this action is mediated by its inhibition of the serotonin transporter [10, 12].

While the effects of the Per2 mutation on drug intake and reward are well documented, data
are lacking on whether this mutation affects circadian clock photic and non-photic responses
to cocaine. By inference, such action would earmark the Per2 gene as an important
modulator of cocaine action in the circadian system. This information would significantly
extend current knowledge of the genetics of drug addiction, particularly with regard to
recent studies demonstrating that polymorphisms of Per2 in humans are strongly tied to
increased risk for cocaine dependence [13].

2. METHODS

2.1. Animals

Male mice with a nonfunctional homolog of Per2 (Per2 mutant; B6.12957-Per 2tm1Brd;j)
and wild-type (WT; B6(Cg)-Tyr®2J/J) controls were raised from breeder pairs backcrossed
on a C57BL/6 background (The Jackson Laboratory, Bar Harbor, ME, USA). Mice were 8-
10 weeks old at the time of experimentation. Animals were singly housed in polycarbonate
cages under a 12L:12D photocycle (270 lux; LD) in a temperature-controlled vivarium
(23°C). Food and water were provided ad libitum. All experiments were performed using the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and
approved by the Kent State University Institutional Animal Care and Use Committee.

2.2. Behavioral Measures

General circadian locomotor activity was recorded using overhead infrared motion detectors
interfaced with a computerized data acquisition system (Clocklab; Coulbourn Instruments,
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Whitehall, PA, USA). Data were collected in 10 min bins. Activity onset associated with
lights-off under LD (designated as zeitgeber time [ZT] 12) was defined by the initial 10 min
period that: 1) coincided with an intensity of activity that exceeded 10% of the maximum
rate for the day; 2) preceded by at least 4 hr of activity quiescence; and 3) followed by at
least 60 min of sustained activity. Following release to constant darkness (DD) to examine
phase-shifts using a modified Aschoff type Il procedure [14] and rhythm period in response
to drug administration and genotype, activity onset was used as the reference point for the
beginning of the subjective night (designated as circadian time [CT] 12). Phase-shifts were
calculated from the 1) back extrapolation of the least squares line through activity onsets on
days 3-10 after treatment; and 2) extrapolation of the least squares line calculated from
activity onset data collected for a minimum of 7 days prior to treatment. Assessments of
changes in activity (duration and intensity) after i.p. and intra-SCN drug treatment were
undertaken using data exported from a Clocklab data acquisition system. A count
represented an individual event registered by an overhead infrared sensor. Activity duration
represented the length of increased activity bouts (relative to pre-treatment level)
immediately following treatment at midday. Each bout was defined as the sum of activity
events collected in each 10 min bin.

2.3. Drug Administration

In the systemic cocaine trials, mice received an intraperitoneal (i.p.) injection of
physiological saline or cocaine hydrochloride (20 mg/kg; Sigma-Aldrich Corp St. Louis,
MO, USA) dissolved in physiological saline. In the intra-SCN trial, artificial cerebrospinal
fluid (ACSF) or cocaine hydrochloride (0.5 mM) dissolved in ACSF was perfused at a flow
rate of 1.0 pl/min through a microdialysis probe (see below) targeting the lateral margin of
the suprachiasmatic nucleus (SCN; anteroposterior, —0.46 mm from bregma; lateral, +0.20
mm from midline; horizontal, 5.50 mm from dura). Concentrically designed microdialysis
probes were constructed from a 26-gauge stainless steel outer cannula into which was
inserted 32-gauge fused silica tubing. Hemicellulose dialysis tubing (230 um outer diameter;
12 kDa MW cutoff; SpectraPore, Fisher Scientific) was affixed to the outer cannula with
epoxy glue. The active dialysis length was 1.0 mm. Theoretical probe efficiency was
estimated in vitro by measuring the yield of cocaine from probes immersed ina 0.5 mM
cocaine solution at 37°C. Probe efficiency averaged ~23%. Based on in vitro probe
efficiency of 23%, this provided a theoretical cocaine concentration of ~ 115 pM outside the
probe. The microdialysis probe was inserted three days prior to intra-SCN drug
administration which is sufficient for blood brain barrier repair and return of locomotor
activity rhythms to baseline levels [see ref. 10]. For probe implantation, animals were
anesthetized with pentobarbital sodium (Nembutal; 35 mg/kg) and pretreated with Marcaine
(0.25% bupivicaine; 0.05 ml) in the scalp area and atropine subcutaneously (0.09%; 0.10 ml)
to reduce localized pain and respiratory occlusion, respectively. Probes were secured to the
skull with dental cement and stainless steel screws. Surgery was undertaken at the beginning
of the light phase under LD. Mice were returned to their home cages following surgery.
Following experimentation, microdialysis probe placement was verified from 60 pm-thick
cryostat sections stained with cresyl violet.
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2.4. Experimental Protocols

In both experiments, general locomotor activity rhythms of WT and Per2 mutant mice were
monitored for 2 wk under LD prior to experimentation to establish baseline conditions.

2.4.1—Experiments 1 and 2 compared non-photic phase-advancing responses of Per2
mutant and WT mice to i.p. and intra-SCN administration of cocaine at ZT 6 (n=6/group),
respectively. For the latter trial, animals were surgically outfitted with a microdialysis probe
stereotaxically aimed at the lateral margin of the SCN three days prior to experimentation as
described above. On the day of experimentation, microdialysis probes were continuously
perfused with ACSF alone or ACSF + cocaine from a syringe pump (n=4/group).
Continuous 80 min perfusion of ACSF or ACSF + cocaine extended from ZT 6-7.3. In both
trials, animals were released into DD at the released to DD for 2 wk to assess phase-shifting
responses using the Aschoff type Il procedure.

2.4.2—Experiment 3 compared the action of i.p. administration of cocaine delivered 15
min prior to a phase-delaying 30 min light pulse (25 lux) or no light pulse beginning at ZT
16 (n=6/group) between Per2 mutant and WT mice. Immediately after the light pulse, the
mice were released to DD to assess phase-shifting.

2.5. Statistical Analyses

Univariate ANOVAs and subsequent Student Newman-Keuls post-hoc mean comparison
tests were used for treatment (cocaine or saline) and genotype (WT or Per2 mutant)
statistical comparisons of phase-resetting responses to cocaine administration. All statistical
analyses were completed with SPSS 19.0 (Chicago, IL). The significance level was set at
p<0.05, in all cases.

3. RESULTS

3.1. Experiments 1 and 2

Per2 mutation and cocaine-induced phase-resetting—Phase-advances of
locomotor activity rhythms were significantly larger for both WT and Per2 mutant mice
treated with i.p. cocaine compared with saline or no injection (F, 30 = 9.8; p<0.01; Fig. 1).
There was a main effect for genotype, such that Per2 mutants treated with cocaine had
significantly (~3.5 fold) larger phase-advance shifts compared with WTs (2.5£0.7 h vs.
0.7+0.3 h; Fq 30 = 16.5; p<0.01). There was also a significant interaction for genotype and
treatment (Fy 30 = 10.6; p<0.01). Analyses of rhythm period under free-running (DD)
conditions revealed a main effect for genotype (Per2 mutant: 23.2+0.3 h; WT: 23.9+0.1 h;
F1 30 = 15.5; p<0.01), but not for treatment (p>0.05). Within-genotype analyses revealed no
differences in behavioral activity measures between i.p. cocaine and saline groups in Per2
mutants (activity duration: 144455 min vs. 115+38 min, respectively; total activity counts:
243+95 vs. 496221, respectively; Student’s t test for both measures; p>0.05 for both). In
contrast, WTs were more behaviorally reactive to i.p. cocaine compared with saline (activity
duration: 210£30 min vs. 90£37 min, respectively; total activity counts: 432+60 vs. 179184,
respectively; Student’s t test for both measures; p<0.05 for both; Fig. 2).
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Localized reverse-microdialysis perfusion of the SCN region with cocaine dissolved in
ACSF (~115 uM estimated tissue concentration) at ZT 6 resulted in larger phase-advances
of locomotor activity rhythms compared with ACSF alone in WT and Per2 mutant mice
(F1,12= 9.1, p<0.01; Fig. 3). There was no main effect for genotype (F 1= 0.9; p>0.05).
Phase-advances averaged 4.1+1.2 h in WTs and 2.2+0.7 h for Per2 mutants perfused with
cocaine. Control perfusion with ACSF alone caused shifts of only 0.3+0.3 h for WTs and
0.3+0.5 h for Per2 mutants. There was also no significant interaction for genotype and
treatment (F1 12 = 2.0; p>0.05). Analyses of rhythm period under free-running conditions
revealed a main effect for genotype (Fy 12 = 21.5; p<0.01), but not for treatment (p>0.05).
Within-genotype analyses revealed no differences in behavioral activity measures between
Per2 mutants perfused with cocaine dissolved in ACSF or ACSF alone (Student’s t test;
p>0.05). In contrast, WTs were more behaviorally reactive to continuous perfusion of
cocaine dissolved in ACSF compared to ACSF alone in the SCN, with both activity duration
and intensity increasing by 3.3- and 3.5-fold, respectively (p<0.01; Fig. 2).

3.2. Experiment 3

Per2 mutation and cocaine attenuation of photic phase-resetting—Photic phase-
delays of locomotor activity were significantly attenuated by cocaine in WT and Per2
mutant mice compared to saline controls (Fq 20= 34.3; p<0.01; Fig. 4). Although there was
no effect of genotype on the magnitude of cocaine attenuated shifts (WT = -0.3£0.4 h,
Per2-mutants = —0.3+0.2 h; Fy 50= 1.6; p>0.05), the percent cocaine inhibition vs. saline
was significantly greater for the Per2 mutant compared to WT mice (Per2 mutants =
88.9£0.7%, WT = 75.6+3.0%; F1 20= 18.0; p<0.01). There was also a significant interaction
for genotype and treatment (F1 29 = 13.7; p<0.01). There was little phase-delaying response
to cocaine or saline prior to sham (no light pulse) stimulation.

4.0 DISCUSSION

The circadian clock gene, Per2, is rhythmically expressed in the SCN and other areas, and is
necessary for stabilizing endogenous circadian pacemaker activity as revealed by studies
from Per2 mutant mice that express inactive PER2 protein [3]. In addition to its circadian
function, Per2 is also strongly implicated in cocaine-seeking behavior in rodents [6] and
cocaine dependence in humans [13]. This circadian clock gene-drug interaction appears to
be reciprocal, as cocaine treatment alters clock gene expression in brain regions involved in
drug-seeking and reward [15, 16]. Also, it has been reported that acute systemic cocaine
treatment significantly impacts non-photic and photic pathways for clock entrainment [10],
and chronic cocaine intake causes long-term alterations in the intrinsic free-running
circadian period [11]. The neurophysiological basis of these drug effects on circadian
entrainment and period is not clear, but it is likely that SCN clock genes are ultimately
involved. To shed light on this question, we assessed the circadian effects of acute cocaine
treatment in Per2 mutant mice. It was found that both non-photic and photic phase-resetting
responses to acute systemic cocaine were enhanced in Per2 mutant vs. WT mice.
Specifically, the non-photic phase-advancing action of cocaine at midday was significantly
(3.5-fold) greater in the Per2 mutants. Interestingly, the phase-advancing response to intra-
SCN cocaine application was similar between the two genotypes, suggesting that the
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enhanced shifting response of the Per2 mutants to systemic cocaine involves an extra-SCN
mechanism. The Per2 mutants exhibited larger nighttime photic phase-delays than did WTs,
and the attenuating action of cocaine on this response was proportionately greater than that
seen in WTSs. By inference, these data reveal that normal Per2 gene expression is a negative
modulator of cocaine’s effects in the circadian system. This function may have direct
relevance to reports that polymorphisms of this gene in humans are associated with
increased risks for cocaine dependence [13].

4.1. Cocaine and Non-Photic Phase-Resetting

The present demonstration that cocaine has a phase-advancing action when applied at
midday is consistent with a previous report on this effect as shown in vivo and in vitro [10].
This action is comparable to those of other non-phatic stimuli, such as wheel running, sleep
deprivation, and serotonin agonist (8-OH-DPAT) administration [17, 18]. Also in line with
being a non-photic stimulus, cocaine’s shifting effect is phase-dependent, as it does not
cause phase-shifts at early or late night [present results; 10]. Like the non-phatic stimuli
listed above, we hypothesize that the phase-resetting effect of cocaine in the absence of
nonfunctional Per2 is mediated through its stimulation of SCN serotonergic activity. This
contention is based upon several lines of converging evidence, including observations that
treatment with the 5-HT receptor antagonist, metergoline, blocks the phase-resetting effect
of cocaine invivo and in vitro, and serotonin desensitizing pretreatment with the 5-HT
receptor agonist, 8-OH-DPAT blocks this cocaine effect in vitro [10]. The neurochemical
basis of cocaine’s stimulatory effect on serotonergic transmission in the SCN is likely
through its inhibition of 5-HT transporters (SERT), resulting in increased extracellular levels
of 5-HT. Within the striatum, the ability of cocaine to bind to serotonin transporters is
evidenced by the total displacement of the cocaine analog (12°1-RTI-55) by the selective 5-
HT transport blocker, citalopram [19]. Also, brain microdialysis measurements have shown
that cocaine markedly increases the extracellular concentration of serotonin [20, 21].
Notably, our recent finding that transgenic mice with a cocaine-insensitive SERT [22] fail to
express cocaine-induced phase shifts in vitro strongly supports the SERT inhibition
hypothesis [12].

The reason for the heightened phase-advancing response of the Per2 mutants to systemic
treatment is not clear but warrants further investigation in other Per2 transgenic (conditional
knockdown and overexpression) lines; however it could relate to demonstrations that
exposure to non-photic stimuli, including wheel-running, NPY and 8-OH-DPAT
administration suppresses Per2 expression [23, 24]. Thus, for the Per2 mutants, permanently
inactivated PER could theoretically render them more responsive to the phase-resetting
action of many non-photic stimuli. We also have shown that exposure to constant light, a
procedure that reduces Per2 mRNA expression [25], greatly increases the phase-resetting
actions of 8-OH-DPAT and other non-phatic stimuli at midday [17, 26]. An important
additional aspect related to the genotype difference in cocaine-induced phase-resetting is
that, while our intra-SCN perfusion and in vitro data [10] confirm that the SCN is directly
responsive to this drug action, the Per2 mutants’ shifting response to intra-SCN cocaine
administration was not statistically different from that of the WT mice (or to their shifting
response to systemic cocaine). In contrast, WT mice exhibited a ~4-fold increase in their

Behav Brain Res. Author manuscript; available in PMC 2014 April 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Brager et al.

Page 7

shifting response to the intra-SCN vs. systemic cocaine treatment. The similarity of SCN-
targeted phase-resetting responses between the Per2 mutant and WT mice raises the
possibility that, since their SCN’s appear to be equally responsive to cocaine, the increased
Per2 mutant shifting response to systemic cocaine may be due to slower peripheral
clearance of the drug compared to WTSs, or possibly, Per2 actions outside of the SCN.
Comparisons of the pharmacokinetic profile of cocaine activity and in vitro shifting
responses between both genotypes will be necessary to approach this question.

Two other points germane the cocaine phase-resetting effect should be considered. First,
cocaine enhances extracellular dopamine (DA) levels by inhibiting DA transporters, and this
could indirectly stimulate locomotor activity, resulting in a phase-resetting response.
Although DA is important for fetal SCN clock entrainment, it is most likely not involved in
the cocaine phase-resetting action, as the adult SCN does not respond to DA agonist
stimulation [27]. Moreover, in vitro co-treatment of the SCN with the dopamine antagonist,
fluphenazine, does not block cocaine-induced phase shifts. Second, the phase-resetting
response to cocaine could be mediated by behavioral arousal. This is unlikely however,
since the present analyses of locomotor activity intensity and duration after systemic drug
treatment revealed that only WTs were responsive to the locomotor-stimulating effects of
cocaine (relative to saline treatment). A reduction in locomotor responsiveness to acute
cocaine administration in Per2-mutant compared with wild-type mice has also been reported
in a previous study [5]. In sum, the amplified phase-advancing response to systemic cocaine
in Per2 mutant mice does not correlate with increases in activity duration or intensity.

4.2. Cocaine and Photic Phase-Resetting

Another potentially disruptive effect of cocaine observed here is its attenuation of photic
phase-delay shifts during the night. This finding concurs with previous demonstrations of
this effect as shown in vivo and in vitro [10]. Such an effect is significant, because the SCN
circadian clock synchronizes with the external environment largely through photic
information conveyed from the retina to the SCN [28, 29, 30]. Impairment of this
entrainment process by cocaine could theoretically cause marked disturbances in the timing
of behavioral and other circadian clock-regulated functions. The mechanism underlying
cocaine attenuation of photic phase-resetting may again be based on its enhancement of
increased 5-HT signaling since 5-HT is a potent negative regulator of photic signaling in the
SCN [30, 31, 32], and 5-HT antagonist treatment blocks cocaine’s inhibition of photic
(glutamate-mediated) shifts in vitro [10].

In addition to the enhanced cocaine-induced non-photic phase-advances in Per2 mutants,
there was a marked attenuation of cocaine-induced photic phase-resetting in these animals.
Specifically, the extent of this attenuation was proportionately greater (90%) for the Per2
mutants compared to WT mice (75%). This result suggests that a normal physiologic level
of Per2 expression negatively modulates cocaine’s suppression of photic signaling in the
SCN. The basis of the enhanced cocaine suppression of Per2 mutant photic response is
unknown, but is possibly related to an increase in serotonergic signaling and/or slower rate
of clearance of cocaine compared to WT levels as posited above. We also observed that
photic stimulation during early night (ZT 16) increased phase-delaying responses to i.p.
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saline in Per2 mutants compared with WTs. Per2 mutant mice also have significantly
shorter intrinsic rhythms of locomotor activity compared to WTSs [present analyses, 33],
hypothetically requiring that Per2 mutant mice have larger phase-delaying responses in
order to re- entrain to LD.

In conclusion, there is growing evidence for a reciprocal linkage between neural pathways
regulating drug intake/reward and molecular systems for circadian timing. Our present
findings that: 1) cocaine significantly alters non-photic and photic circadian entrainment;
and 2) these effects are modulated by the Per2 clock gene lend support to this linkage. Our
results also have translational value, since tandem repeat polymorphisms of PER2 are
strongly linked to increased risks for cocaine dependence [13] and substance abuse is
thought to exacerbate drug-induced disruption to mammalian circadian timing systems [34].
The pervasive effects of cocaine on circadian timing compounded by perturbed Per2
expression could amplify misalignment of behavioral, physiological and endocrine rhythms
associated with cocaine consumption, thus contributing to the process of addiction.
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Figure 1.

Per2 mutation enhances the phase-advancing response to acute i.p. administration of cocaine at midday (ZT 6). Left panel:
graphic representation of the phase-resetting responses to cocaine and control treatments. Bars represent means+SEM. Bars with
different letters are significantly different within and between strains (p<0.05). Right panel: representative double-plotted
actograms of general locomotor activity showing phase-advancing responses to the cocaine and control treatments at ZT 6
(closed star designates time of treatments). Light and dark phases of the LD cycle are represented above the actograms by the
open and filled horizontal spaces, respectively. The shaded portion designates constant darkness following drug treatment (star).
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Figure 2.

Cocaine treatment enhances locomotor activity intensity in wild-type but not Per2 mutant mice. Bars represent meanstSEM of
fold-increases in activity duration immediately following systemic (i.p) or central (intra-SCN) cocaine compared with control
(saline of ACSF) treatment. Asterisks annotate within-genotype statistical differences (p<0.05).
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Figure 3.

Direct reverse-microdialysis perfusion of the SCN with cocaine at midday (ZT 6) phase-advances the daily locomotor activity
rhythm in Per2 mutant and WT mice. Left panel: graphic representation of the phase-resetting responses to cocaine and control
treatments. Bars represent means£SEM. Bars with different letters are significantly different within and between strains
(p<0.05). The insert is a photomicrograph showing a microdialysis probe tract (PT) targeted to the lateral margin the SCN. OC,
optic chiasm; 3V, third ventricle. Right panel: representative double-plotted actograms of general locomotor activity showing
phase-advancing responses to cocaine treatment (closed star designates onset of treatment). The light and dark phases of the LD
cycle are represented above the actograms by the open and filled horizontal spaces, respectively. The 3-day absence of
actographic data represents the post-operative recovery period. The shaded portion designates constant darkness following drug
treatment (star).
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Figure 4.
Acute i.p. administration of cocaine attenuates the phase-delaying response to photic stimulation during early night (ZT 16) in

Per2 mutant and WT mice. Left panel: graphic representation of the phase-delaying responses to light following cocaine and
control treatments. Bars represent meanstSEM. Bars with different letters are significantly different within and between strains
(p<0.05). Right panel: representative double-plotted actograms of general locomotor activity showing phase-resetting responses
to light following cocaine and control treatments (open star designates onset of treatment). The light and dark phases of the LD
cycle are represented above the actograms by the open and filled horizontal spaces, respectively. The shaded portion designates

constant darkness following drug treatment (star).



