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Abstract

Cocaine abuse disrupts reward and homeostatic processes through diverse processes, including

those involved in circadian clock regulation. Recently we showed that cocaine administration to

mice disrupts nocturnal photic phase resetting of the suprachiasmatic (SCN) circadian clock,

whereas administration during the day induces non-photic phase shifts. Importantly, the same

effects are seen when cocaine is applied to the SCN in vitro, where it blocks photic-like

(glutamate-induced) phase shifts at night and induces phase advances during the day. Furthermore,

our previous data suggest that cocaine acts in the SCN by enhancing serotonin (5-HT) signaling.

For example, the in vitro actions of cocaine mimic those of 5-HT and are blocked by the 5-HT

antagonist, metergoline, but not the dopamine receptor antagonist, fluphenazine. Although our

data are consistent with cocaine acting through enhance 5-HT signaling, the nonselective actions

of cocaine as an antagonist of monoamine transporters raises the question of whether inhibition of

the 5-HT transporter (SERT) is key to its circadian effects. Here we investigate this issue using

transgenic mice expressing a SERT that exhibits normal 5-HT recognition and transport but

significantly reduced cocaine potency (SERT Met172). Circadian patterns of SCN behavioral and

neuronal activity did not differ between WT and SERT Met172 mice, nor did they differ in the

ability of the 5-HT1A,2,7 receptor agonist, 8-OH-DPAT to reset SCN clock phase, consistent with

the normal SERT expression and activity in the transgenic mice. However, 1) cocaine

administration does not induce phase advances when administered in vivo or in vitro in SERT

Met172 mice; 2) cocaine does not block photic or glutamate-induced (phase shifts in SERT

Met172 mice; and 3) cocaine does not induce long-term changes in free-running period in SERT

Met172 mice. We conclude that SERT antagonism is required for the phase shifting of the SCN

circadian clock induced by cocaine.
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Cocaine abuse disrupts homeostatic, immune, and reward processes by affecting diverse

neuronal processes, including those involved in circadian clock regulation. Recent work

focusing on interactions between cocaine and the circadian system has revealed a reciprocal

relationship whereby cocaine affects circadian timekeeping, and conversely, the circadian

system modulates cocaine intake, sensitization and reward (Baird and Gauvin, 2000;Roberts

et al., 2002;Abarca et al., 2002). The rhythm in cocaine self-administration is regulated by

the circadian clock, since it free-runs when animals are housed in constant conditions (Falk

et al., 1996). Conversely, cocaine administration disrupts multiple circadian behavioral and

physiological rhythms, including sleep, feeding, and endocrine fluctuations (McClung,

2008;Morgan et al., 2006). Additionally, daily cocaine injections can lead to anticipatory

activity suggestive of circadian entrainment (Tornatzky and Miczek, 1999). Recently we

showed that cocaine administration to mice at night disrupts photic phase resetting of the

suprachiasmatic (SCN) circadian clock, whereas administration during the day induces non-

photic phase shifts (Glass et al., 2012). Notably, the same effects are seen when cocaine is

applied directly to the SCN in vitro, where it blocks photic-like (glutamate-induced) phase

shifts at night and induces phase advances during the day, demonstrating that cocaine is

likely acting within the SCN to modulate circadian clock phase (Glass et al., 2012).

At a molecular level, the interplay between cocaine and the circadian system includes clear

bi-directional interactions between cocaine and circadian clock genes. For example, cocaine

disrupts circadian rhythms in Clock, Per1 and Per2 expression in a variety of brain areas

(Ahmed et al., 2005;Manev and Uz, 2006;Uz et al., 2005;Yuferov et al., 2003). Conversely,

decreased expression in each of these genes can alter cocaine preference and use (Abarca et

al., 2002;McClung et al., 2005;Gabriele et al., 2009). Moreover, decreased Per2 expression

leads to enhanced cocaine-induced phase shifts during the day and decreased cocaine-

induced inhibition of photic phase resetting at night (Brager et al., 2013).

Although the findings outlined above demonstrate important connections between cocaine

and the SCN circadian clock, they provide little information regarding the neurochemical

basis of these interactions. With respect to its rewarding properties, cocaine is thought to act

primarily by inhibiting the dopamine (DA) transporter, which regulates DA signaling in the

mesolimbic reward system (Ron and Jurd, 2005). However, cocaine also inhibits the

transporters for norepinephrine and serotonin (5-HT, SERT), and these actions could

contribute to the addictive effects of the psychostimulant (Uchimura and North,

1990;Sofuoglu and Sewell, 2008;Nonkes et al., 2011). With respect to cocaine's actions on

the circadian system, it seems less likely that they involve changes in DA signaling, since

DA receptors present in the fetal SCN are no longer expressed in the adult (Weaver et al.,

1992). Moreover, our previous findings suggest that cocaine acts in the SCN by enhancing

5-HT signaling (Glass et al., 2012). Thus, the in vitro actions of cocaine on SCN clock phase

mimic those of 5-HT and are blocked by the 5-HT receptor antagonist, metergoline but not

by the DA receptor antagonist, fluphenazine. These phase shifts are also prevented by pre-
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treatments with a low concentration of the 5-HT1A,2,7 receptor agonist, 8-OH-DPAT, which

has previously been shown to inhibit serotonergic phase resetting in vitro, likely by down-

regulating 5-HT receptors (Prosser et al., 2006).

Although our behavioral and pharmacological data are consistent with cocaine acting within

the SCN through enhanced 5-HT rather than DA signaling, a contributory role of 5-HT

reuptake inhibition has not been demonstrated. Here we explored this hypothesis using

recently developed transgenic mice (SERT Met172 ) that express a SERT protein bearing

the amino acid substitution, Ile172Met (Thompson et al., 2011;Ye and Blakely, 2011). The

substitution yields normal SERT protein expression and paroxetine-sensitive, 5-HT reuptake

in vitro and in vivo. However, the alteration leads to a more than 50 fold reduction in

cocaine sensitivity for 5-HT reuptake blockade (Thompson et al., 2011;Ye and Blakely,

2011). Here, we use the SERT Met172 mice to demonstrate a critical role of SERT reuptake

blockade in the phase shifting properties of cocaine, findings that underscore a key

contribution of 5-HT signaling to the plasticities that arise in the context of drug addiction. .

METHODS

2.1 Animals

All experiments used adult male mice ~8-20 weeks of age. For the in vitro experiments,

SERT Met172 homozygous mice maintained on either a 129S6/S4 background or C57BL/6J

background were obtained from colonies maintained at Vanderbilt University. Wild-type

mice for the in vitro experiments were C57BL/6 mice from Harlan Laboratories

(Indianapolis, IN, USA). Wild-type mice for the in vivo experiments were C57BL/6J mice

from Jackson Laboratories (Bar Harbor, Maine). All animals were housed in polycarbonate

cages under a 12:12 light-dark (LD) photoperiod in a temperature-controlled vivarium

(23°C) with food and water provided ad libitum. The experiments followed the National

Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were

approved by the Kent State University and University of Tennessee Institutional Animal

Care and Use Committees.

2.2 Brain slice preparation and single unit recording

Coronal brain slices (500 μm) containing the SCN were prepared during the daytime from

adult wild-type or SERT Met172 mice (2-5 months old), housed in LD conditions, as

reported previously (Prosser and Gillette, 1989;Prosser et al., 1993;Prosser, 2003). Slices

were prepared between Zeitgeber time (ZT) 0–4, where ZT 0 = lights-on and ZT 12 = lights-

off in the animal colony. Slices were maintained at the interface of a Hatton-style brain slice

chamber (Hatton et al., 1980), where they were perfused continuously with warm (37°C),

oxygenated (95% O2/5%CO2), glucose/bicarbonate-supplemented Earle's Balanced Salt

Solution (EBSS; MP Biomedicals, Solon, OH, USA), pH 7.4–7.5. Gentamicin (Sigma-

Aldrich; St. Louis, MO; 0.05%) was also added to the perfusion medium. All drugs were

prepared in warm, oxygenated EBSS and were bath-applied to the brain slices. At the onset

of the drug treatments, perfusion of the standard medium was stopped, the medium was

completely removed from the chamber, and fresh medium containing the drugs was applied.
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Previous experiments have demonstrated that changing the perfusion medium by itself does

not affect the phase of the circadian clock.

The procedure for neuronal recordings has been described previously (Prosser et al.,

1993;Prosser, 2003). Briefly, the spontaneous activity of single SCN neurons was recorded

extracellularly using glass capillary microelectrodes filled with 3M NaCl. Each neuron was

recorded for 5 min, and the data stored for later determination of firing rate using a

DataWave system (Berthoud, CO). Typically, 4–7 cells were recorded during each hour.

These individual firing rates were then used to calculate 2 h running averages, lagged by 1 h

(± SEM), to obtain a measure of population neuronal activity. As in previous studies

(Prosser et al., 1993;Prosser, 2003), the time of peak neuronal activity was assessed visually

by estimating, to the nearest quarter hour, the time of symmetrically highest activity. For

example, if the two highest 2 h means are equal, then the time of peak is estimated to be

halfway between them. Phase shifts were calculated as the difference in time-of-peak of

untreated slices vs. drug treated slices. Using these methods, the consistency of the results

obtained for each experimental manipulation is such that differences in phase of as little as

one hour are often statistically significant with few (n=2 to 3) replicates (Prosser,

2003;Prosser et al., 2006).

2.3 Circadian activity measurements

General circadian locomotor activity was measured using overhead passive infrared motion

detectors interfaced with a computerized data acquisition system (Clocklab: Coulbourn

Instruments, Whitehall, PA). The data were collected in 1 min bins, and activity onset

associated with lights-off (ZT 12) was defined by the initial 6 min period that 1) coincided

with an intensity of activity that exceeded 10% of the maximum rate for the day, 2) was

preceded by at least 4 hr of activity quiescence, and 3) was followed by at least 60 min of

sustained activity. Under constant darkness (DD),activity onset is designated as circadian

time (CT) 12 and is the phase reference point for the onset of the subjective night. Phase

shifts were determined using a modified Aschoff II protocol, where mice were released to

DD immediately after drug or control treatments (Aschoff, 1965). Release of animals into

DD is used to reveal the extent to which a phase-resetting treatment shifts clock time in the

absence of an entraining photocycle that would otherwise mask a phase-resetting effect.

Shifts were calculated as the difference between the projected times of activity onset of

baseline entrainment under LD and days following the cocaine/photic treatment under DD

as determined by 1) back extrapolation of the least-squares line through activity onsets on

days 3-7 after cocaine-photic treatment and 2) extrapolation of the least-squares line

calculated from activity onset data collected the last 5 days of baseline entrainment. In the

chronic cocaine drinking experiment, free-running circadian period was measured during the

last week of DD exposure using the Clocklab function for computing rhythm period from

activity onsets. Activity bout analyses were conducted using the total number of individual

activity episodes registered by the motion detectors across the entire 24-hour day averaged

over the last week immediately prior to release into DD.
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2.4 Drugs

Cocaine hydrochloride, glutamate and 8-OH-DPAT were obtained from Sigma-Aldrich

Corp St. Louis, MO, USA. For oral cocaine experiments, aqueous stock cocaine solutions

were adjusted to pH 3 and stored for 1 week or less at 4°C to prevent hydrolysis (Murray

and Al-Shora, 1978). In this regard, when cocaine is stored at room temperature in a solution

of pH 5.5 or higher it decomposes (mainly via hydrolysis to benzoylecgonine) within

approximately 13 days (Murray and Al-Shora, 1978). However, at low pH (4 or below)

cocaine can be stored at room temperature for up to 45 days without significant degradation.

To ensure the accurate dosing of cocaine, fresh solutions were made and replaced

approximately every 5 days. The water-only controls received water that was acidified to pH

3.

2.5 Experimental Protocols

2.5.1 Forced oral cocaine administration—After 2 weeks of baseline activity

measurements in LD, SERT Met172 and wild-type mice were given access to a single bottle

containing either cocaine solution (0.5%) or water alone for 3 weeks. Actogram analyses of

circadian locomotor behavior were continued throughout. For all experiments, fluid

consumption was measured daily and estimated to the nearest 0.25 ml using 50 ml graduated

drinking tubes. Thereafter, the cocaine solution was replaced with water and mice were

released into DD for 40 days to assess cocaine effects on free-running circadian period.

2.5.2 In vitro phase-resetting experiments using the SCN brain slice
preparation—Drugs were bath-applied for 10 min at either ZT 6 or ZT 16 during the

initial day in vitro. In the glutamate inhibition experiments, cocaine or 8-OH DPAT was

applied to the brain slices 5 min prior to and extended 5 min after its 10 min co-application

with glutamate (1 μM) at ZT 16.

2.5.3. In vivo non-photic phase-resetting experiments—SERT Met172 and control

mice under LD were caged individually, and their circadian locomotor activity rhythms

measured over a two-week period prior to experimentation. On the day of treatment, animals

received an injection of cocaine (20.0 mg/kg i.p) dissolved in physiological saline or saline

alone at ZT 6, the time of maximal phase-advances of the non-photic phase-response curve.

Immediately following drug injection, the animals were released into DD for 2 wks to assess

phase-advancing responses according to the Aschoff Type II procedure.

2.5.4. In vivo photic phase-resetting experiments—SERT Met172 and control mice

under LD were individually caged and their daily activity rhythms measured for a 2 wk

period prior to experimentation. On the day of experimentation, mice received an i.p.

injection of cocaine (20 mg/kg) dissolved in physiological saline or saline alone 15 min

preceding a 30 min light pulse (25 lux) delivered from ZT 16-16.5, the time of maximal

phase-delays of the photic phase-response curve. Immediately following the light pulse, the

animals were released into DD for 2 wks to assess the extent of phase-delaying according to

the Aschoff Type II procedure.
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2.6 Statistics

The effects of cocaine on non-photic and photic shifting and circadian rhythm period were

assessed by one- or two-way ANOVA. A Student Neuman-Keuls post-hoc comparison test

was utilized when the analysis of variance revealed significant treatment effects. In all cases,

the level of significance was set at p<0.05.

RESULTS

3.1 Baseline circadian rhythms in SERT Met172 transgenic mice

Before investigating potential changes in circadian clock phase resetting in the SERT

Met172 transgenic mice, we first assessed their baseline circadian rhythms under LD in vivo

(general locomotor activity) and in vitro (SCN neuronal activity). As seen in Fig 1, the

circadian rhythm of behavioral activity exhibited by SERT Met172 mice is the same as

wild-type controls, with respect to the phase angle of entrainment to LD and length of the

nocturnal activity period.

With respect to the in vitro neuronal activity rhythms, SCN-containing brain slices were

prepared from wild-type C57 mice and from SERT Met172 mice with both the C57 and 129

background. Slices were maintained for 2 days in vitro, and neuronal activity was monitored

on the second day. As shown in Fig 2, the time of peak activity in these brain slices was

~ZT 6, consistent with previous studies (Prosser et al., 1993; Prosser, 2003). Because in

these and subsequent experiments there were no differences between the SERT Met172

mice from the two backgrounds the data from the two groups were combined.

3.2 Effects of oral cocaine on free-running rhythms

Exposure of mice to a single bottle regimen of forced cocaine drinking (0.5 mg/ml) resulted

in an average daily intake of 64.6±5.0 mg/kg for SERT Met172 and 153.6±27.1 mg/kg for

wild-type mice (p<0.03). As previously shown (Stowie et al., 2012), when wild-type mice

previously given oral cocaine for 3 wks were placed in DD, they exhibited a persistent

lengthening of free-running period, vs. drug naïve mice, after cocaine withdrawal (23.9 ±

0.03 h vs. 23.69 ± 0.06 h, respectively; p<0.01; Fig. 1), as measured during the last week of

DD exposure. In contrast, SERT Met172 mice demonstrated no such cocaine-induced

alteration in free-running periods when compared to cocaine-naïve SERT Met172 mice

(23.77 ± 0.04 h vs. 23.69 ± 0.046 h, respectively; p>0.12). Activity bout analysis averaged

over the last week of cocaine treatment revealed no effect of drug treatment vs. water on

daily activity in wild-types (10.7×103±1.7×103 bouts/day vs. 7.2×103±3.0×103 bouts/day,

respectively; p>0.4) or SERT Met172 mice (8.4×103±1.9×103_bouts/day vs

5.7×103±2.3×103 bouts/day, respectively; p>0.4).

3.3 In vitro non-photic phase resetting in SCN brain slices

To begin assessing the effects of acute cocaine, we investigated non-photic phase resetting

in brain slices prepared from SERT Met172 mice. Bath application of the 5-HT1A,2,7

receptor agonist, 8-OH-DPAT (10 μM) to SERT Met172 brain slices for 10 min at ZT 6

induced 3 h phase advances (Fig 2), similar to that seen in wild-type SCN brain slices (Glass

et al., 2012). In contrast, cocaine (50 μM) treatment failed to induce changes in the phase of
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the SCN neuronal activity in the SERT Met172 brain slices. To confirm the insensitivity of

the SERT Met172 SCN to cocaine, we tested a higher concentration (250 μM), which also

did not induce a phase shift (Fig. 2). These data indicate that the phase-resetting actions of

cocaine within the SCN require a cocaine-sensitive 5-HT transporter.

3.4 In vitro glutamate-induced phase resetting in SCN brain slices

Previously we demonstrated that cocaine applied directly to SCN tissue isolated from wild-

type mice blocks glutamate-induced phase shifts at night (Glass et al., 2012). Here we

investigated whether cocaine induces similar effects in SCN brain slices prepared from

SERT Met172 mice. Bath application of glutamate (1 mM) to SERT Met172 brain slices for

10 min at ZT 16 induced a 3 h phase delay, similar to that seen in wild-type SCN brain

slices (Fig 3). The glutamate-induced phase delays were inhibited by co-application of 8-

OH-DPAT in both wild-type and SERT Met172 brain slices. However, cocaine co-

application was unable to block the glutamate-induced phase delays in the SERT Met172

brain slices. In control experiments, cocaine and DPAT applied alone at ZT 16 had no

effect. Thus, the ability of cocaine to inhibit photic-like (glutamate-induced) phase shifts in

vitro also requires a cocaine-sensitive 5-HT transporter.

3.5 In vivo non-photic phase resetting

Similar to our previous findings (Glass et al., 2012), acute i.p. injection of cocaine (20

mg/kg) in wild-type mice at midday elicited a phase advance response that was significantly

greater than in saline injected controls (0.65±0.10 h vs. 0.28±0.13 h, respectively; p<0.04;

Fig. 4). In contrast, similar cocaine treatment in SERT Met172 mice did not induce a

significant phase advance relative to saline controls (−0.16±0.25 h vs.−0.02±0.01 h,

respectively; p>0.4), indicating that the mutation renders the animals insensitive to the in

vivo non-photic clock-resetting action of cocaine.

3.6 In vivo photic phase resetting

Also consistent with our previous report (Glass et al., 2012), acute i.p. injection of cocaine

(20 mg/kg) in wild-type mice markedly suppressed the phase-delaying effect of light during

the early night compared to saline controls (0.84±0.17 h vs. 1.60±0.07 h, respectively;

p<0.003; Fig. 5). In SERT Met172 controls receiving saline injection, exposure to the same

photic stimulus elicited a similar phase-resetting response as in the saline treated wild-type

controls; however, pretreatment with cocaine had little suppressive effect on photic phase

resetting compared to SERT Met172 saline controls (1.38±0.24 h vs. 1.49±0.45 h,

respectively; p>0.84). Thus, the SERT I172M mutation also renders the animals insensitive

to the inhibitory action of cocaine on photic phase-resetting responses.

DISCUSSION

Research on substance abuse is complicated by the reality that most drugs of abuse,

including cocaine, affect multiple neurochemical signaling systems throughout the brain.

Therefore, it is important to assess the neurochemistry of drug actions at both the systemic

and local levels. Such was the scope of the present study, where complementary behavioral
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(in vivo) and electrophysiological (in vitro) approaches were used to explore the role of 5-

HT in mediating cocaine's actions in the mammalian circadian timing system.

Cocaine abuse disrupts circadian rhythms in sleep, endocrine, and immune processes

(McClung, 2008;Morgan et al., 2006). Our research has shown that cocaine functions, at

least in part, through direct actions within the SCN, where it can inhibit photic signaling

processes in vivo and in vitro and can induce its own phase shifts in circadian clock-

regulated behavioral and SCN neuronal activity rhythms when applied during the day (Glass

et al., 2012;Brager et al., 2013). Although cocaine can enhance DA, norepinephrine, and 5-

HT signaling by inhibiting their respective transporters throughout the brain, our previous

pharmacological data suggest that cocaine primarily acts by enhancing 5-HT signaling in the

SCN (Glass et al., 2012). Here we extended our investigation of the neurochemical

mechanisms through which cocaine affects the circadian system through the use of

genetically modified mice that express a SERT modified to limit cocaine potency (~60 fold).

These mice, originally generated to evaluate the SERT specificity of antidepressant actions,

have normal 5-HT- and paroxetine-inhibited 5-HT uptake, but significantly decreased

responsiveness to many SERT inhibitors, including cocaine (Thompson et al., 2011;Ye and

Blakely, 2011). Theoretically, because cocaine increases DA signaling but not 5-HT

signaling in these mice, their circadian clock should not respond to cocaine's non-photic and

photic actions. Consistent with this idea, both of these effects of cocaine were absent in the

SERT Met172 mice in vivo and in vitro. Moreover, the long-lasting effect of forced oral

cocaine administration on free-running period was also absent in the SERT Met172 mice.

An important caveat to these results stems from the 50% lower cocaine self-administration

in the SERT Met172 mice. Therefore, it will be critical to further evaluate this issue in

subsequent experiments where cocaine administration is experimentally regulated.

The in vitro effects of cocaine in the SCN are consistent with the psychostimulant acting to

increase 5-HT signaling in this brain region. The SCN receives direct serotonergic input

from the midbrain median raphe nuclei (Meyer-Bernstein et al., 1997), and there is a

pronounced circadian rhythm in 5-HT output in the SCN that is driven by rhythmic

behavioral activity/arousal (Dudley et al., 1998;Grossman et al., 2000). Similar to cocaine,

5-HT receptor agonists induce phase advances when administered during the day (Prosser,

2003), whereas at night these drugs inhibit photic (glutamate-mediated) phase shifts (present

data) (Rea et al., 1994;Rea and Pickard, 2000). How these circadian/SCN effects of cocaine

relate to its effects on the reward system are not clear. Circadian clock regulation of

mesolimbic neuronal activity (McClung, 2008;Hampp et al., 2008;Baltazar et al., 2013) may

contribute to circadian rhythms in cocaine use and reward properties, but this hypothesis has

not yet been tested directly, and the neurochemistry of these effects is not clear. The

prevailing view is that the rewarding properties of cocaine occur through increased DA

signaling (e.g., (Ron and Jurd, 2005)). However, recent studies suggest that increases in 5-

HT (Nonkes et al., 2011) and norepinephrine (Sofuoglu and Sewell, 2008) signaling may

also participate, particularly in cue saliency (Liu et al., 2013;Cunningham and Anastasio,

2014). The fact that the SERT Met172 mice drank less cocaine in the forced consumption

paradigm used here is consistent with either decreased reward or decreased palatability, but

this would need more extensive investigation.

Prosser et al. Page 8

Neuroscience. Author manuscript; available in PMC 2015 September 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



A second question is whether cocaine can also modulate circadian rhythms through non-

serotonergic processes. Our previous data suggest that, in addition to its actions in the SCN,

cocaine is also able to alter circadian rhythms through extra-SCN actions. We have shown

that both the photic and non-photic effects of systemically administered cocaine on circadian

rhythms are potentiated in Per2 mutant mice (Brager et al., 2013). However, the enhanced

non-photic responsiveness in these mice is not seen when cocaine is administered directly

into the SCN via reverse microdialysis (Brager et al., 2013). Thus, at least with respect to its

interactions with the Per2 gene, cocaine can influence circadian behavioral rhythms through

distinct intra- and extra-SCN mechanisms. Whether this regional difference in action also

holds for other circadian clock genes that have been linked to cocaine actions, including

Clock and Per1 (Abarca et al., 2002;McClung et al., 2005;Spencer et al., 2012;Falcon et al.,

2013), remains to be determined.

A third important issue is how the effects of cocaine shown here and in previous studies

(Glass et al., 2012;Brager et al., 2013) relate to long-term disruptions in circadian rhythms

that occur during chronic cocaine use. The cocaine-induced phase advances, inhibition of

photic-like phase delays, and altered free-running period are all consistent with cocaine-

induced disruptions of circadian clock genes, as shown in other studies (Yuferov et al.,

2005;Falcon et al., 2013). Notably, chronic intake of cocaine is associated with long-term

alterations in circadian-related processes, including free-running period (present results),

clock gene expression discussed above (Ahmed et al., 2005;Manev and Uz, 2006;Uz et al.,

2005;Yuferov et al., 2003), central neurotransmitter release and binding (Zeigler et al.,

1991), hormone secretion (Vescovi et al., 1992) and wheel-running behavior (Asami et al.,

1996), as well as deficits in learning, cognition (Calu et al., 2007;Zeigler et al., 1991) and

sleep architecture (Zeigler et al., 1991). In particular, the neurochemical basis for changes in

these functions is unknown, but could involve disruptions in circadian clock genes caused

by perturbed serotonin signaling in the SCN. The serotoninergic and circadian systems are

reciprocally linked anatomically and genetically: key clock genes are expressed in 5-HT

neurons, and the SCN clock receives substantial serotonergic input (Ciarleglio et al., 2011).

Thus, long-term cocaine-induced changes in 5-HT signaling theoretically could promote

prolonged changes in circadian processes. It will be important to determine the extent to

which SERT Met172 mice exhibit any of the drug-induced disruptions listed above, and thus

support a role for 5-HT (if any) in their etiology. These issues are of fundamental

importance when considering the degree to which behavioral, physiological, and clock gene

disruptions like those presented and discussed here contribute to the processes underlying

cocaine addiction (Abarca et al., 2002;Hasler et al., 2012;McClung et al., 2005;Perreau-Lenz

et al., 2007).

Abbreviations

5-HT Serotonin

CT Circadian time

DA Dopamine

DD Constant dark
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LD Light-dark

SCN Suprachiasmatic nucleus

SERT Serotonin transporter

ZT Zeitgeber time
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Highlights

• Cocaine in the day and night alters circadian clock phase regulation in vivo and

in vitro.

• Pharmacological experiments suggest this involves increased serotonergic

signaling.

• Here we used transgenic mice expressing a serotonin (5-HT) transporter (SERT)

with reduced cocaine potency (SERT Met172).

• The mice have normal circadian rhythms and phase shifting to light and

glutamate but the clock does not respond to cocaine.

• Thus, cocaine modulates the circadian clock by SERT-associated increases in 5-

HT signaling in the suprachiasmatic nucleus.
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Figure 1.
Effects of SERT Met172 mutation and chronic cocaine on circadian rhythms. A.
Representative double-plotted actograms of general locomotor activity of wild-type (WT;

left panels) and SERT Met172 mutant mice (right panels) receiving water alone (top panels)

or chronic forced oral cocaine (0.5 mg/ml) for 3 wk (bottom panels). Onset and withdrawal

from cocaine are designated by “C” and “W”, respectively. Shading represents release to

DD. Overhead filled horizontal bars represent the dark phase of the LD cycle. B. Histogram

representation (means ± SEM) of behavioral rhythm data showing the cocaine-induced

shortening of the free-running circadian period in wild-type mice that is not exhibited by the

SERT Met172 mutants. Bars with different letters are significantly different (p<0.05).

Numbers in bars are N's per group.
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Figure 2.
In vitro non-photic phase resetting of the SCN circadian clock. A. Shown are the 2 h means

± SEM of SCN neuronal activity in representative experiments. Neuronal activity peaks near

ZT 6 on the second day in vitro in a control (no drug) experiment. Neuronal activity peaks

approximately 3 h earlier after treatment with cocaine (50 μM) applied alone at ZT 6 to

wild-type (WT) SCN brain slices, indicating the SCN clock had been phase-advanced by 3

h. In contrast, cocaine application to SCN brain slices from SERT Met172 mice induces no

phase shift. Conversely, DPAT application to both WT and SERT Met172 brain slices
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induces similar phase advances. Horizontal bars: time of lights-off in the animal colony;

vertical bars: time of drug treatment; dotted line: mean time-of-peak in control (untreated)

brain slices. B. Histogram plot of mean ± SEM phase shifts induced by the different in vitro

treatments at ZT 6. *p<0.01 vs. mean time-of-peak in untreated WT brain slices.
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Figure 3.
In vitro photic phase resetting of the SCN circadian clock. A. Shown are the 2 h means ±

SEM of SCN neuronal activity in individual experiments. Glutamate (1mM) treatment at ZT

16 induces similar 2-3 h phase delays in SCN brain slices from WT and SERT Met172 mice.

Further, cocaine treatment alone induces no phase shifts in WT and SERT Met172 brain

slices. However, cocaine co-application blocks glutamate-induced phase shifts in WT SCN

brain slices, but does not block glutamate-induced phase shifts in brain slices from SERT

Met172 mice. B. Histogram plot of mean ± SEM phase shifts induced by the different in
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vitro treatments at ZT 16. *p<0.01 vs. mean time-of-peak in untreated WT brain slices. See

Fig 2 legend for details.
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Figure 4.
In vivo non-photic phase resetting of the SCN circadian clock. A. Representative double-

plotted actograms of general locomotor activity showing phase-advance shifting in response

to acute cocaine (20 mg/kg i.p. ) in wild-type mice (bottom left panel) that was not

expressed in SERT Met172 mutant mice (bottom right panel) or in saline injected controls

(top panels). B. Histogram representation (means ± SEM) of behavioral rhythm data

showing the phase-resetting action of acute cocaine (20 mg/kg i.p.) in wild-type mice (WT)

but not in SERT Met172 mutant mice. Saline injections had little phase-resetting effect. Bars

with different letters are significantly different (p<0.05). See Fig 1 legend for details.
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Figure 5.
In vivo photic phase resetting of the SCN circadian clock. A. Representative double-plotted

actograms of general locomotor activity showing acute cocaine (20 mg/kg i.p.) attenuation

of photic phase-delay responses to light pulses delivered at ZT 16.5 in wild-type mice (lower

left panel) but not in SERT Met172 mutant mice (lower right panel) relative to saline

controls (top panels). B. Histogram representation (means ± SEM) of behavioral rhythm

data showing inhibition of the phase-resetting action of acute cocaine (20 mg/kg i.p.) in

wild-type mice (WT) but not in SERT Me172 mutant mice relative to saline controls. Bars

with different letters are significantly different (p<0.05). Numbers in bars are N's per group.

See Fig 1 legend for details.
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