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Abstract

The rewarding influence of drugs of abuse varies with time of day and appears to involve
interactions between the circadian and the mesocorticolimbic dopamine systems. The circadian
system is also intimately involved in measuring daylength. Thus, the present study examined the
impact of changing daylength (photoperiod) on cocaine-seeking behaviors. Male Sprague Dawley
rats were trained and tested on a 12L.:12D light:dark schedule for cocaine-induced reinstatement of
conditioned place preference (CPP) at three times of day (Zeitgeber time (ZT): 4, 12, and 20) to
determine a preference score. Rats were then shifted to either shorter (6L:18D) or longer (18L:6D)
photoperiods and then to constant conditions, re-tested for cocaine-induced reinstatement under
each different condition, and then returned to their original photoperiod (12L:12D) and tested once
more. Rats exhibited a circadian profile of preference score in constant darkness with a peak at
12h after lights-off. At both ZT4 and ZT20, but not at ZT12, shorter photoperiods profoundly
suppressed cocaine reinstatement, which did not recover even after switching back to 12L:12D. In
contrast, longer photoperiods did not alter reinstatement. Separate studies showed that the
suppression of cocaine reinstatement was not due to repeated testing. In an additional experiment,
we examined the photoperiodic regulation of tyrosine hydroxylase (TH) and dopamine transporter
(DAT) proteins in drug-naive rats. These results revealed photoperiodic modulation of proteins in
the prefrontal cortex and dorsal striatum, but not in the nucleus accumbens or ventral tegmental
area. Together, these findings add further support to the circadian genesis of cocaine-seeking
behaviors and demonstrate that drug-induced reinstatement is modulated by photoperiod.
Furthermore, the results suggest that photoperiod partly contributes to the seasonal expression of
certain drug-related behaviors in humans living at different latitudes and thus our findings may
have implications for novel targeting of circadian rhythms in the treatment of addiction.
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INTRODUCTION

Biological clocks located in the brain are thought to provide a temporal organization of
behavior (Pittendrigh, 1960, Aschoff and Wever, 1976, Reppert and Weaver, 2002, Hastings
et al., 2008). Specifically, neurons located within the suprachiasmatic nucleus of the
hypothalamus (SCN) comprise a so-called “master clock” — a hierarchy of molecular
interactions responsible for generating a wide variety of daily rhythms (Davidson et al.,
2003). Evidence supporting this role for the SCN includes: 1) loss of physiological
rhythmicity following SCN destruction or clock gene disruption, 2) continued expression of
behavioral rhythmicity in the absence of environmental light:dark cues, and 3) entrainment
(i.e., resetting) of clock rhythms daily to the environmental light:dark cycle via inputs of the
retinohypothalamic tract. It is also clear that the circadian system is important for the
translation of seasonal time (Sumova et al., 1995, Schwartz et al., 2001). If these
characteristics of the natural time-keeping system impact the addiction process in humans,
then methods could be developed to take advantage of this temporal gating of behavior.
Indeed, daily variation in drug overdoses (Morris, 1987, Raymond et al., 1992), seasonal
variation in drug arrests (Langworthy and McKelvie, 2005) and a wide variety of other
human behaviors have been reported (Bronson, 2004, Foster and Roenneberg, 2008).
Additionally, a recent longitudinal study of cocaine and cocaine metabolites in wastewater
reveal clear seasonal differences indicative of human seasonal cocaine use patterns (Mari et
al., 2009). In addition, several groups have examined the seasonal expression of illicit
behaviors in humans living at different latitudes (Sandyk and Kanofsky, 1992, Uitenbroek,
1996, Paschane, 1998, Sher, 2002, Rocchi et al., 2004, Veldhuizen et al., 2007) suggesting a
link between season and behavior. Lastly, the frequent co-morbidity between drug abuse and
depression (Quello et al., 2005), the positive effect of light treatment for seasonal affective
disorder and its variation with latitude (Potkin et al., 1986), and the recent discovery of the
role of clock genes in the etiology of bipolar disorder (McClung, 2007, Westrin and Lam,
2007), together suggest that a common mechanism may be involved.

The goal of the current series of experiments was to determine if daily and seasonal (i.e.,
photoperiodic) cues contribute to drug-seeking behavior in a rat model of drug-relapse:
cocaine-induced reinstatement of conditioned place preference (CPP). To this end, we
trained and tested rats at different times of day and examined their cocaine-induced
reinstatement behavior before and after shifts to longer or shorter photoperiods.

We have previously shown that cocaine sensitization, cocaine-induced reinstatement of
CPP, and the dopamine transporter (DAT) and tyrosine hydroxylase (TH) protein expression
vary with time of day (Sleipness et al., 2005, 20073, b). Much of this variation is due to an
important role of the suprachiasmatic nucleus of the hypothalamus (SCN) (Sleipness et al.,
2007a, b). In the context of the current study, we tested the hypothesis that these two
proteins, important for regulating dopamine neurotransmission during cocaine treatment
(Schmidt et al., 2001, Grimm et al., 2002, Thomsen et al., 2009, Ramamoorthy et al., 2010,
Schmitt and Reith, 2010), are also under photoperiodic control as is the case for several
other populations of DA neurons (Pozdeyev and Lavrikova, 2000, Thiery et al., 2002, Kang
et al., 2007, Leclerc et al., 2010).

MATERIALS AND METHODS

Animals and Drugs

Male Sprague Dawley rats (Simonsen Laboratories, Gilroy, CA) weighing 280-300 g at the
start of the experiment were used. Animals were pair-housed and kept on a 12h light:12h
dark (12L:12D) photoperiod (actual time of lights-on and lights-off varied between rooms)
with ad libitum access to food and water unless otherwise stated. The experiments
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conformed to the National Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23), revised 1996. The Washington State University
Institutional Animal Care and Use Committee approved all procedures. Cocaine
hydrochloride was obtained from Sigma (St. Louis, MO), and doses are expressed as the
weight of the salt.

Conditioned Place Preference

Rats were trained and tested at Zeitgeber times (ZT): 4, 12, or 20 (ZT0 = time of lights-on).
These times were chosen based on our previous findings of low (ZT4) and high (ZT12)
cocaine-induced sensitization (Sleipness et al., 2005); ZT20 was examined to obtain more
complete time-of-day information on cocaine-induced CPP. To avoid the possible confound
of Zeitgeber time as a contextual cue (Ralph et al., 2002), rats trained at one time of day
were always tested for CPP or reinstated at the same time of day. Our studies employed a
three-compartment CPP apparatus, and rats were trained and tested for CPP followed by
extinction as described previously (Sleipness et al., 2007a) except that rats were
counterbalanced for receiving cocaine in the preferred or non-preferred compartment, as
determined from the Initial Preference day. The CPP chambers consisted of three
compartments with %" grid flooring and black walls in one chamber, solid flooring and gray
walls in the middle chamber, and %" bar flooring with white walls in the third chamber. All
training and testing began under a 12L.:12D photoperiod (Fig. 1) with rats trained and tested
at ZT4 in the light as described (Sleipness et al., 2007a), and rats initially trained and tested
for CPP at ZT12 or ZT20 in complete darkness.

For the CPP Test day (i.e. acquisition of CPP), a Preference Score was derived by
calculating the time (in seconds) spent on the cocaine-paired side during the Initial
Preference test subtracted from the time spent on the cocaine-paired side during the CPP
test. Rats whose preference score was not higher than Initial Preference were excluded from
further testing and were not included in any of the analyses.

All rats then underwent extinction training and testing wherein the rats were allowed free
access to all three chambers but did not receive drug. Rats were placed in the middle
chamber and allowed to move freely between the chambers for 15 min. To determine when
the rats had extinguished, the group mean was computed each day and compared to the
initial preference day; extinction testing continued until no statistical difference was
observed between the two preference scores.

Following extinction, reinstatement of cocaine-induced CPP behavior was examined.
Reinstatement testing was performed under several different photoperiods and in constant
conditions as shown in Figure 1. For cocaine-primed reinstatement, the Preference Score
was defined as time spent on the cocaine-paired side during the Reinstatement Test day
minus the time spent on the cocaine-paired side during the extinction session on the day
immediately preceding the Reinstatement Test day. For the first reinstatement, rats were
held under their 12L:12D light cycle and given a 15 mg/kg of body weight cocaine injection.
Animals were allowed to freely explore all three compartments for 15 min, and their
locomotor activity was monitored. At this point, their photoperiod was shifted to either a
shorter photoperiod (6L:18D) or a longer photoperiod (18L:6D; Fig.1). After a 6-9 day
period to allow for entrainment to the new lighting schedule (based on a conservative
estimate of one day required for each hour changed), the rats were given 2-4 days of
extinction training until they reached the criteria for extinction as described above. The next
day, they were given a second reinstatement as described at ZT4, ZT12, or ZT20, depending
on the group. Rats were then either switched from a 18L:6D photoperiod to constant light or
from 6L.:18D to constant darkness for 1-3 days and then given 1-3 additional days of
extinction until they met criteria for extinction. The extinction duration was kept to a

Neuroscience. Author manuscript; available in PMC 2012 March 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sorg et al.

Page 4

minimum to reduce the time that animals began to free-run. The free-running phenomenon
is a normal aspect of circadian rhythmicity in the absence of a daily light:dark cycle and is
characterized by a drift in the onset of a behavior over time (Pittendrigh, 1960). On the day
following extinction, rats were given a third cocaine reinstatement at the circadian times
corresponding to their initial training times (i.e., 4, 12, or 20). Lastly, rats were switched
back to their original 12L:12D photoperiod and allowed to readjust to the new photoperiod
for 5-16 days (Yamazaki et al., 2000,Reddy et al., 2002). At this time, 1-3 extinction days
were given until rats reached criteria for extinction, and a final cocaine-primed reinstatement
was given as described above. The photoperiod shifts used are not unlike those experienced
by individuals living at high latitudes, albeit in a much more protracted manner.

A separate control group of rats (n=8) was trained at ZT20 and tested repeatedly at intervals
identical to those used for the main experimental rats, but in this case, no photoperiod shifts
were included.

During CPP testing, locomotor activity was also measured by interruption of infrared
photocell beam breaks.

Western blot analysis

Rats used for western blot analysis were treated exactly as described for CPP regarding
photoperiod shifts. No handling or injections were administered prior to sacrifice. Tissue
was collected and processed essentially as described previously (Sleipness et al., 2008) with
some minor modifications as follows. For the mPFC, 50 pg of total protein was loaded; for
the nucleus accumbens and dorsal striatum, 25 pg was loaded; and for the VTA, 16 pg was
loaded onto 4-15% Tris-HCI gradient gels (Bio-Rad, Hercules, CA) and subjected to
electrophoresis. The fluorescent secondary antibody for DAT was donkey anti-rat IgG
(1:3,000 dilution; Jackson ImmunoResearch Laboratories, DyLight 649) and for TH was
donkey anti-rabbit 1gG (1:10,000 dilution; Li-Cor Biosciences, IRDye 800CW).

Western blot images were obtained using the Odyssey infrared imaging system (Li-Cor
Bioscience). The optical density of bands was quantified using Odyssey software (v. 2.0.5),
and each band was normalized to the optical density of samples pooled from the same brain
regions of naive rats held under 12L:12D. Final values reported are expressed as a
percentage of the optical density from rats held under the 12L:12D cycle prior to any
photoperiod shifts.

Studies employing western blotting techniques typically include normalization to
housekeeping proteins such as actin or tubulin. However, as both of these are differentially
expressed in several brain regions depending on the time of day (Bredow et al., 1997, Taishi
et al., 1997), we quantified the amount of protein loaded using the Coomassie method as
stated above, which has a sensitivity of 1 pg/mL.

Data analysis

All CPP data from each group of rats that underwent a switch in photoperiod were analyzed
using a one-way analysis of variance (ANOVA) with one repeated measure over days. For
analysis of CPP data among the different testing times, a one-way ANOVA was conducted.
In the case of a significant difference across days in the ANOVA, a protected least
significant difference (Fisher’s PLSD) analysis was performed. For western blot analysis, a
one-way ANOVA was conducted separately for DAT and TH for each brain area followed
by a Fisher’s PLSD test. In the case of comparison between two different groups across
days, a two-way ANOVA with one repeated measure over days was conducted. Differences
were considered statistically significant if p < 0.05.
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The main goal of this study was to reveal the photoperiodic and circadian contributions to
cocaine-seeking behavior. Figure 2A-C shows the effect of different photoperiods on
cocaine-induced reinstatement of CPP in rats trained and tested at ZT4, ZT12 or ZT20. At
ZT4 (Figure 2A), when rats were switched from 12L:12D to shorter photoperiod and then
returned to 12L.:12D (6L:18D to 24D and back to 12L:12D), there was a significant effect of
photoperiod (F11 43 = 5.12, p < 0.005). Post-hoc analysis revealed a reduction in cocaine-
primed reinstatement in rats exposed to constant darkness (OL:24D) compared with rats held
under a short photoperiod (6L:18D). In addition, reinstatement remained suppressed even
when rats were switched from constant darkness back to a 12L.:12D photoperiod. In contrast,
no significant effects on cocaine-primed reinstatement were observed in animals that were
switched from a 12L.:12D photoperiod to longer photoperiod and then returned to 12L:12D
(18L:6D to 24L and back to 12L.:12D).

At ZT12 (Figure 2B), there were no significant effects of photoperiod switches on cocaine-
primed reinstatement.

At ZT20, the effect of photoperiod on reinstatement was somewhat similar to that found at
ZT4. Figure 2C shows that when rats were switched from a 12L.:12D photoperiod to shorter
photoperiod, there was a significant effect of photoperiod (F12 51 = 3.53, p < 0.003). Post-
hoc analysis revealed a decrease in cocaine-primed reinstatement under constant darkness
(24D) compared with rats at 12L.:12D, and this suppression persisted even after switching
back to 12L:12D. In addition, rats first taken through shorter photoperiod and then returned
to 12L.:12D were also suppressed compared with rats held at 6L:18D. Similar to what was
found at ZT4 and ZT12, animals that were switched from a 12L:12D photoperiod to longer
photoperiod did not demonstrate changes in cocaine-primed reinstatement.

To confirm that the changes in preference scores were not simply a reflection of changes in
locomotor activity, we assessed the number of total photocell beam breaks over the course
of the 15 min reinstatement periods. A two-way ANOVA revealed no significant differences
between ZTs or across the multiple reinstatement tests (Table 1). Thus, the suppression of
reinstatement is not simply attributed to a suppression of locomotor activity.

A second goal of this study was to determine if daily variation in cocaine-seeking behavior
was generated endogenously (i.e., in the absence of light:dark cues) to signify its circadian
genesis as was recently described (Bass et al., 2010). Comparing panels A, B and C in
Figure 2 under conditions of complete darkness (OL:24D) it is evident that reinstatement
varied between test times - peaking at 12hr after lights off and lower at both 4hr and 20hr
after lights-off (Time - F5 3p = 2.82, p < 0.024). In contrast, rats placed in constant light
(24L:0D) did not exhibit a significant daily variation in reinstatement.

There were no differences in place preference behavior among ZTs for the drug-free CPP
test (p = 0.603) or for the first cocaine-primed reinstatement under 12L:12D (p = 0.732, not
shown). This finding is similar to what we observed previously (Sleipness et al., 2007a).

One possibility is that repeated testing for cocaine-primed reinstatement diminished the
extent of reinstatement over sessions and that the effects attributed to changes in
photoperiod were due instead to the phenomenon of extinction during repeated testing. To
test for this possibility, a separate group of rats was trained and tested at ZT20 and given
CPP training and extinction as before and then re-tested for reinstatement multiple times
while maintained under a 12L.:12D photoperiod. Figure 3 shows cocaine-primed
reinstatement results in animals held under the 12L.:12D photoperiod in comparison with
reinstatement responses under longer or shorter photoperiods at ZT20 (taken from Figure
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2C). Rats maintained under the 12L:12D schedule did not significantly alter their
reinstatement response over repeated testing (p > 0.05). When reinstatement responses at
12L.:12D were compared with those of animals given longer photoperiod or switched back
to 12L.:12D after longer daylengths (Figure 3A), again no differences were found. However,
when these reinstatement responses were compared with those from animals given shorter
photoperiod or switched back to 12L:12D after housing under shorter photoperiod (Figure
3B), there was a significant effect of time (F3 75 = 6.15, p < 0.0009) and a significant
interaction (F3 75 = 2.85, p < 0.043). Thus, the suppression of cocaine-induced reinstatement
observed when animals were placed in constant darkness and also when they were returned
to a 12L.:12D photoperiod shown in Figure 2C was a result of the photoperiod, not repeated
reinstatement testing.

To determine if the suppression in reinstatement we observed at ZT20 in rats exposed to a
shorter photoperiod was dependent on a stepwise change in photoperiod (i.e.,12L:12D to 6L.:
18D to 0L:24D) or was independent of the first step in the sequence (6L:18D), an additional
group of rats was trained for CPP and extinguished as before. In this experiment, rats were
taken directly from the 12L.:12D photoperiod to constant darkness, and then switched back
to 12L.:12D. Figure 4 shows a comparison of these rats with those held under the same
photoperiods but first given a transition photoperiod of 6L:18D (from Figure 2C). The
results show that there was a decrease in cocaine-primed reinstatement in rats that were
switched directly from the 12L:12D to constant darkness and then back to the 12L.:12D
schedule (one-way ANOVA, p < 0.008), indicating that there was a significant suppression
of behavior without first transitioning rats through the 6L:18D photoperiod. These data
indicate that the suppression of reinstatement may be at least partially dependent on the
animal’s prior photoperiodic history.

Since normal behaviors and cocaine-induced behaviors (including reinstatement) are clearly
dependent on dopamine, we also assessed whether photoperiod itself can alter DAT and TH.
Figure 5A-H shows the results from western blot analysis of DAT and TH protein levels in
the mPFC, nucleus accumbens, dorsal striatum, and VTA collected at ZT20 from drug-naive
rats. Significant changes in DAT and TH levels were found only in the mPFC and dorsal
striatum, with the greatest magnitude of changes in the mPFC. No differences in DAT or TH
protein levels were found in the nucleus accumbens or VTA.

In the mPFC (Figure 5A), a one-way ANOVA revealed a significant effect of photoperiod
on DAT levels (Fg 41 = 4.64, p < 0.0014). The levels of DAT were reduced when rats were
switched back to the 12L:12D photoperiod from a shorter photoperiod in comparison to
when they were maintained on either a short photoperiod (6L:18D) or constant darkness.
Similarly, DAT levels were reduced when animals were returned to the 12L:12D
photoperiod in comparison to when they switched from a longer photoperiod (18L:6D).

The effect of photoperiod changes on TH in the mPFC (Figure 5B) were somewhat opposite
to the effect observed with DAT in this brain region (Fg 41 = 4.13, p <0.0031). Compared
with the starting 12L.:12D photoperiod, either a shorter photoperiod (6L:18D) or a longer
photoperiod (18L:6D) suppressed TH protein levels, and these levels were restored in
animals that were exposed to constant darkness or constant light. After the switch back to
the 12L.:12D photoperiod, no changes in TH were noted, with levels similar to those from
animals held under the original 12L.:12D photoperiod.

In the dorsal striatum, a one-way ANOVA revealed a significant influence of photoperiod
on DAT levels (Fg 41 = 5.13, p < 0.0007; Figure 5E) and TH levels (Fg 41 = 4.31, p < 0.0024,
Figure 5F); these changes were generally smaller in magnitude than those found in the
mPFC. A shorter photoperiod produced a significant increase in DAT levels between rats
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held under a 6L:18D photoperiod and rats that were switched back from constant darkness
to 12L:12D. Somewhat similarly, a longer photoperiod produced a significant increase in
DAT levels in the dorsal striatum of rats held under 12L.:12D and also of rats held under
18L:6D compared with rats held under constant light and with rats that were switched from
constant light back to 12L:12D. Overall, the pattern of DAT protein changes in the dorsal
striatum was virtually opposite to that found in the mPFC.

The direction and magnitude of changes in TH protein in the dorsal striatum were similar to
those of DAT in the dorsal striatum. A shorter photoperiod produced an increase in TH
levels when compared to rats that were either exposed to shorter photoperiod and returned to
a 12L.:12D photoperiod, rats that were initially held under 12L.:12D, and to rats that were
held under a shorter photoperiod (6L:18D) (Figure 5F). A longer photoperiod produced an
increase in TH levels in rats held under constant light (24L) compared with rats initially held
under 12L:12D. In addition, rats returned to 12L:12D after being held under a longer
photoperiod exhibited an increase in TH levels compared with rats held under a longer
photoperiod.

No significant changes were found in the nucleus accumbens (Figure 5C,D) or the VTA
(Figure 5G,H).

DISCUSSION

The main findings from this study are the following: 1) Photoperiod impacts cocaine-primed
reinstatement of CPP in a time-of-day dependent fashion. A complete suppression of
reinstatement is observed when rats are exposed to shorter photoperiods (at ZT4 and ZT20).
2) Exposure to a short photoperiod, but not a long photoperiod, followed by a return to the
original 12L:12D photoperiod under which rats were trained results in a failure to reinstate
with cocaine. 3) The levels of DAT and TH protein in drug-naive rats are altered by changes
in photoperiod directly; this occurred most profoundly in the mPFC and to a lesser extent in
the dorsal striatum, with no changes in the nucleus accumbens or VTA. 4) An endogenous
circadian rhythm of cocaine reinstatement, like that of cocaine self-administration, is
observed in animals housed in complete darkness.

Influence of photoperiod on CPP reinstatement

Our results demonstrate that a shift in photoperiod can dramatically alter cocaine-primed
reinstatement in rats. This effect was dependent on the time of day at which rats were trained
and tested for reinstatement. Previous studies have demonstrated time-of-day differences in
cocaine- or amphetamine-induced behaviors, including locomotor sensitization (Gaytan et
al., 1999, Abarca et al., 2002, Uz et al., 2002, Akhisaroglu et al., 2004, Sleipness et al.,
2005), CPP (Abarca et al., 2002, Kurtuncu et al., 2004, Webb et al., 2009b) and self-
administration (Deneau et al., 1969, Negus et al., 1995, Roberts and Andrews, 1997, Baird
and Gauvin, 2000, Roberts et al., 2002, Bass et al., 2010). Other work has demonstrated that
performance on a learning task is better when animals are trained and tested at the same time
of day compared to when training and testing times differ (Cain et al., 20044, Cain et al.,
2004b). We can add to this list, photoperiod history in the control of reinstatement behavior
based on our findings that reinstatement was suppressed in rats exposed to shorter
daylengths, whereas it was not in rats switched to longer daylengths

We now confirm using the CPP paradigm that this process is endogenously generated by
virtue of being expressed under conditions of constant darkness. The lack of clear
rhythmicity under conditions of constant light is somewhat unexpected given that cocaine
self-administration exhibits a free-running rhythm under these conditions, albeit with a
longer period and greatly suppressed intake (Bass et al., 2010). Thus, it is possible that even
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the slight elevation we observed at 20h after lights-on represents the endogenous peak in
cocaine reinstatement under our current conditions. This is not contradictory, as the peak
would be expected to occur later due to the slowing of the endogenous oscillator by light.
Nevertheless, more training and testing times will be required to confirm this hypothesis.

Interestingly, we did not find any photoperiod-induced changes in rats trained and tested at
ZT12. This lack of effect may be related to what we have termed the “reward potential” in
rats (Sleipness et al., 2007a), which we hypothesized is manifest as the synchronized
expression of motivated behavior (feeding, reproduction) to those times of day when an
animal is most likely to survive when engaged in them. For rats housed on a 12L.:12D light
cycle, the peak of reward was observed at the beginning of dark onset (ZT12). Even in
constant darkness, the peak in reinstatement occurred at 12hr after lights-off. Apparently,
changing the photoperiod was not able to influence cocaine-primed reinstatement even when
ZT12 occurred during the light phase (e.g., under 18L:6D) because it is apparently phase-
locked. This phenomenon could also reflect the proposed role of the circadian system in
learning and memory (Daan, 2000).

Reinstatement of CPP is dependent on spatial memory, and therefore the suppression of
cocaine-primed reinstatement observed at ZT4 and ZT20 may be due to a memory deficit
induced by shifting photoperiods rather than to a suppression of the reinforcing efficacy of
cocaine. Previous studies have examined the impact of phase shifts on memory performance
(Childs and Redfern, 1981, Tapp and Holloway, 1981, Fekete et al., 1985, Fekete et al.,
1986, Reijmers et al., 2001, Loh et al., 2010). In these studies, the photoperiod remained the
same, but the light cycle was shifted, so that rats were exposed to a jet-lag scenario. It is
doubtful that our results were due strictly to phase shifting since animals were given
adequate time to reentrain their activity cycles and thus adjust to a shift (Yamazaki et al.,
2000, Reddy et al., 2002). Nevertheless, the incorporation of photoperiod history may be
able to impact future performance and thus is worth considering in this context.

Tapp and Holloway (1981) found that a 6 hr or 12 hr phase shift in rats immediately after
passive avoidance training impaired performance when rats were tested a few days later,
during the period of resynchronization. However, this effect persisted even after activity
rhythms of rats were re-entrained to the new light cycle. Since animals that were phase
shifted 5 days after training and then tested a few days later during circadian disorganization
did not demonstrate amnesia, these results pointed to an effect of phase shifts on memory
consolidation processes. The same study showed that retention of the passive avoidance
memory was dependent on the pattern of re-entrainment of circadian activity rhythms; rats
that demonstrated smooth shifts to the new cycle showed less impairment than rats that
demonstrated abrupt shifts to the new cycle. In the present study, rats were already trained
for CPP prior to altering their photoperiods, and thus the suppressive effect of photoperiodic
shifts on reinstatement would not likely be related to an effect on the consolidation of
memory. Instead, the suppressive effects of these shifts on CPP behavior may be related to
the process of reconsolidation.

Memory reconsolidation begins when original memories are reactivated into a labile state. In
the labile state, memories are susceptible to disruption by a variety of pharmacological
agents (Misanin et al., 1968, Lewis, 1979, Mactutus et al., 1979, Judge and Quartermain,
1982, Nader et al., 2000, Sara, 2000, Dudai, 2004, Alberini, 2005, Tronson et al., 2006,
Taylor et al., 2009). In drug abuse studies, disruption of reconsolidation is examined by
reactivating memory of the drug-associated context, cue, and/or the drug itself (interoceptive
cues) in the presence of a pharmacological agent. Later, in the absence of this agent, animals
are tested for suppressed drug-seeking behavior on a test for reinstatement induced by the
same stimulus used to reactivate the memory. Studies have shown that numerous agents
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suppress cocaine-seeking behavior in the CPP model (Miller and Marshall, 2005, Bernardi
et al., 2006, Milekic et al., 2006, Valjent et al., 2006, Robinson and Franklin, 2007, Brown
et al., 2008, Fricks-Gleason and Marshall, 2008, Itzhak, 2008, Wang et al., 2008, Zhai et al.,
2008, Yu et al., 2009). Because phase shifts can alter the rhythms of proteins in the brain
(Field et al., 2000, Yamazaki et al., 2000, Angeles-Castellanos et al., 2007), phase shifts
may be similar to pharmacological agents in their ability to disrupt the reconsolidation
process, which in the present experiment would be manifest as a suppression of CPP
reinstatement upon subsequent testing. Thus, simply reactivating the memory by cocaine-
primed reinstatement under certain photoperiods different from the one in which training
originally occurred might prevent reconsolidation of the salient cocaine-associated memory
and dampen subsequent cocaine-primed reinstatement. Therefore, similar to the “time-
stamp” described in fear conditioning (Cain et al., 2004a, Cain et al., 2008), a “photoperiod-
stamp” may also exist.

Other studies suggest that photoperiod shifts may impair the retrieval of memory. For
example, Fekete et al. (1985;1986) found that passive avoidance performance was impaired
only transiently during the time before rats could re-entrain to the new light cycle. In
addition, rats trained under their standard light cycle and phase shifted just prior to testing
for memory retention showed impaired performance; both of these results suggest that the
retrieval of memory was impaired. A retrieval impairment could explain the present
findings, but unlike the findings of Fekete et al. (1985;1986), rats in our study did not
demonstrate recovery of retrieval at ZT4 and ZT20 even after allowing rats the necessary
time to re-entrain to the new light cycle, indicating that photoperiod switches and phase
shifts (within the same photoperiod) utilize potentially different mechanisms.

Influence of photoperiod on DAT and TH protein levels

The photoperiodic control of rewarding behaviors has received little attention despite the
fact that photoperiod is well known to impact many physiological events including
reproduction, migration, hibernation, and coat characteristics (pelage). Reproduction is
considered highly dependent upon dopamine for its actions although the populations of DA
neurons involved differ from those of the reward system (i.e., tuberoinfundibular and A15
vs. mesolimbic/mesocortical) (Goodman et al., 2010). Our laboratory and others have
reported time-of-day differences in DAT and TH protein levels (Sleipness et al., 2007b,
Webb et al., 2009a, Webb et al., 2009b) and in DAT function (Sleipness et al., 2008) in the
mPFC and nucleus accumbens. Several other groups have also demonstrated diurnal or
circadian changes in dopamine and its metabolites (O’Neill and Fillenz, 1985, Paulson and
Robinson, 1994, Schade et al., 1995, Paulson and Robinson, 1996, Feenstra et al., 2000,
Castaneda et al., 2004, Wehb et al., 2009a) and in dopamine D2 receptor function (Tonissaar
et al., 2006). However, as far as we know, the influence of altered photoperiod on DAT and
TH within the mesocortical/mesolimbic DA system has not been examined. The impact of
photoperiodic shifts at ZT20 (the only time tested here) on TH and DAT protein
concentrations was greatest within the mPFC as compared with the dorsal striatum, which
generally showed smaller changes. The nucleus accumbens and VTA showed no changes
across different photoperiods. These results thus reveal a regional specificity in
photoperiodic influences and point to a selective engagement of brain region rather than a
non-specific effect. In the mPFC, DAT levels were highest for both short (6L:18D) and long
(18L:6D) photoperiods when TH levels were lowest, indicating that DAT function is highest
at a time when dopamine synthesis is low, which would be expected to produce an overall
decrease in basal dopamine levels in the mPFC. While it is unknown how these putative
alterations in basal dopamine in the absence of cocaine would translate into effects on place-
preference behavior during cocaine-primed reinstatement, the mPFC has been shown to play
a key role in cocaine-primed reinstatement for both CPP (Capriles et al., 2003, Sanchez et
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al., 2003, Zavala et al., 2003) and self-administration (McFarland and Kalivas, 2001, Park et
al., 2002, McFarland et al., 2003). In addition, recent work in the DAT knockout mouse
supports the notion that dopamine is important for memory recall under partial cue
conditions (Li et al., 2010). Given that animals tested during dark periods may perceive cues
differently from when they were presented in light conditions but at the same ZT, it is
suggested that the suppression of DAT by short photoperiods may mediate this disruption.
The levels of basal DAT protein in the mPFC under the 12L:12D cycle may not recover
completely once rats have been shifted to the shorter photoperiod, indicating that either the
shorter photoperiod under 6L:18D and/or the switch to constant darkness alters DAT levels.
This hypothesized process may thus partly underlie the suppression of reinstatement under
this photoperiod and after the return to 12L:12D. Similarly, the decreased levels of basal TH
in the mPFC after the shorter photoperiod (6L:18D) facilitate the suppression of
reinstatement, potentially either by a memory-related mechanism or a devaluation of
cocaine’s reinforcing effects during reinstatement under 6L:18D. However, the changes in
DAT and TH appeared to be nearly symmetrical between rats switched to a longer daylength
and those switched to a shorter daylength, suggesting that changes in these molecules are not
entirely sufficient to explain the suppressed reinstatement found only after shorter
daylengths.

The main changes in the dorsal striatum were an increase in both DAT and TH levels after
rats were taken through all photoperiod switches such that the levels of these molecules
were higher when they were returned to 12L:12D compared with when they were housed
under their original 12L:12D schedule (with exception of the shorter daylength for DAT).
Once again, however, these changes were generally symmetrical for animals switched to
shorter or longer daylengths, suggesting that any changes in DAT or TH likely only partially
explain the suppressed reinstatement after shorter, but not longer, daylengths.

Of note is that DAT and TH were assessed only under baseline conditions; that is, these
animals had no cocaine history, and cocaine was not present at the time of analysis. Thus, it
is possible that there is an interaction between photoperiod and the presence of cocaine
during reinstatement such that the function of these molecules is altered. This would be
expected to involve neurons in the VTA and NAc. Intriguingly, we have previously reported
that rats initially held under 12L:12D and then housed in complete darkness displayed an
unusual pattern of dopamine clearance in the mPFC (Sleipness et al., 2008). Cocaine, which
inhibited mPFC dopamine clearance at all times of day in rats held under 12L:12D, showed
no inhibition of clearance when rats were switched to complete darkness. Furthermore,
cocaine significantly enhanced dopamine uptake at 16hr after lights-off (Sleipness et al.,
2008). Thus, altering light:dark ratios can profoundly alter the clearance of dopamine in the
presence of cocaine.

The changes in TH and DAT protein levels may be linked to corresponding changes in gene
expression within the brain regions examined. Photoperiod changes are reflected in shifts of
the daily rhythm of several clock genes and proteins expressed in the SCN (Sumova et al.,
1995, Messager et al., 2000, Lincoln et al., 2002, Tournier et al., 2009). A role for Clock in
the mesolimbic DA system is now well established (McClung et al., 2005, Roybal et al.,
2007) and implicates the clock genes directly in the regulation of the brain’s mesolimbic DA
system. An interaction between clock genes and dopamine would therefore be expected to
account for the complement of cocaine-related behaviors in animals exposed to a variety of
different photoperiodic or seasonal conditions.

In summary, we found that cocaine-induced reinstatement is influenced in both circadian

(i.e., time-of-day) and photoperiodic (i.e., time-of-year) fashion. Photoperiod history appears
to be more important than absolute photoperiod for determining preference since all rats
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began and ended their photoperiod trials in exactly the same way. Photoperiod also caused
changes in both DAT and TH levels in the mPFC and dorsal striatum, suggesting these
proteins may mediate some of the photoperiodic effects on rewarding behaviors such as
cocaine-primed reinstatement, although this remains to be tested. Alterations in DAT and/or
TH would be expected to change local concentrations of DA in the mPFC and dorsal
striatum; therefore, if a “threshold” is required for cocaine’s rewarding effects (Norman et
al., 1999) the combination of photoperiod history and photoperiodic suppression of DAT/TH
could prevent reward from being expressed. Together, our findings lend support to the
hypothesis that photoperiod may contribute to the seasonal expression of certain illicit
behaviors in humans living at different latitudes and suggest that altering the light:dark ratio
could provide a novel method for modulating the reward potential of drugs of abuse.

RESEARCH HIGHLIGHTS
e This study examined if daylength (photoperiod) affects cocaine CPP in rats.
e The findings reveal that short, but not long, photoperiods suppress cocaine CPP.
e Cocaine CPP is sensitive to prior photoperiod history.

«  Proteins involved in regulating dopamine in the brain are affected by daylength.
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Figure 1.

Protocol for photoperiod shifts during CPP. Rats were initially housed on a 12L.:12D
schedule (arrow, Start) for CPP training, testing in the drug-free state, and for the first
reinstatement. Separate groups of rats were then shifted to either shorter or longer days,
followed by a shift to constant dark (OL:24D) or constant light (24L:0D), respectively, and
then shifted back to the original 12L:12D photoperiod. Numbers in parentheses indicate the
maximum number of days between photoperiods to allow for re-entrainment (range: 1-16)
depending on the magnitude of the photoperiod shift (see Methods for details). Separate
groups of rats were trained and tested at ZT4, ZT12, or ZT20. White bars represent the light
period; black bars represent the dark period.
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Figure 2.

Cocaine-induced reinstatement of CPP is suppressed at ZT4 and ZT20 by step-wise
photoperiod shifts to shorter days. Data are mean (x SEM) of the preference score at ZT4
(A), ZT12 (B), and ZT20 (C). Gray bars on either side of the center dotted line represent the
group of rats given their first reinstatement under the12L:12D photoperiod prior to their
subsequent step-wise photoperiod shifts. The groups trained and tested at ZT4 and ZT20 and
shifted to shorter days (black bars) showed a suppressed reinstatement, while the group
trained and tested at ZT12 did not suppress reinstatement. None of the groups shifted to
longer days (white bars) suppressed reinstatement. For all ZTs, N = 11-13/group. Significant
differences between groups are indicated by an asterisk.
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Figure 3.

Repeated testing does not suppress cocaine reinstatement in rats maintained on a 12L:12D
photoperiod. Data are mean (+ SEM) of the preference score in rats trained and tested at
ZT20. Shown are comparisons between rats given repeated reinstatement with no
photoperiod switches (No Switch) and rats from Figure 2C given repeated reinstatement
when photoperiods were switched (Switch) to longer days (A) and shorter days (B) and then
back to 12L:12D. Rats shifted to longer days in (A) showed no differences with rats under
the No Switch condition, while rats shifted to shorter days in (B) showed suppressed
reinstatement compared with rats under the No Switch condition. For No Switch, N = 14. *P
< 0.05, compared with initial reinstatement under 12L.:12D.; +P < 0.05, compared with the
No Switch group on the same day of testing.
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Figure 4.

Cocaine-induced reinstatement of CPP is also suppressed by omitting the 6L:18D
photoperiod shift. Data are mean (£ SEM) of the preference score in rats trained and tested
at ZT20. Comparison between rats given one less photoperiod shift at 6L:18D (No 6L:18D
exposure) with rats from Figure 2C given the 6L:18D photoperiod shift prior to the shift at
24D. Both groups demonstrated suppressed reinstatement compared with reinstatement
under their original 12L:12D schedule. For the No 6L:18D exposure group, N = 9. *P <
0.05, compared with initial reinstatement under 12L:12D.
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Figure 5.
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Protein levels of DAT and TH are altered in the mPFC and the dorsal striatum by
photoperiod shifts in drug-naive rats. Data are mean (£ SEM) of DAT and TH protein levels
expressed as a percent of 12L.:12D levels in the mPFC (A, B) the nucleus accumbens, (C, D)
the dorsal striatum, (E, F) and the VTA (G, H). Differences were found in the mPFC and
dorsal striatum for both DAT and TH, while no changes were found in the nucleus
accumbens or the VTA. Significant differences between groups are indicated by an asterisk.

N = 6/group.
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Table 1

Locomotor activity during cocaine-primed reinstatement

Original Shorter Constant  Return to Original
Photoperiod  Photoperiods  Darkness  Photoperiod
ZT (N) Reinstate Reinstate Reinstate  Reinstate 12L:12D
12L.:12D 6L:18D 0L:24D
4(12) 2025152 1857 + 115 1973+ 115 1773+85
12 (11) 1465+217 1799 + 215 2267 +235 2065 + 230
20 (13) 1396 +97 2365 + 704 1582 + 142 1581 + 112
Original Longer Constant  Return to
Photoperiod  Photoperiods Light Original
Photoperiod
ZT (N) Reinstate Reinstate Reinstate  Reinstate 12L.:12D
12L.:12D 18L:6D 24L.:0D
4(12) 2163 +162 2513+190 2014 +224 2266 + 209
12 (12) 1810+261 1931+ 173 2095 +155 1651 + 183
20(12) 1708 +142 2042 + 169 2016 +130 1995 + 190
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