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Abstract

Rationale: Drug addiction is a complex disease that is impacted by numerous factors. One such
factor, time of day, influences drug intake, but there have been no investigations of how time of
day affects the amount of drug taken and the development of addiction-like behavior. Previous
data from our group show circadian disruption in rats given access to heroin during the light phase,
which is important because circadian disruption, itself, can increase drug intake. Thus, the goal of
this experiment was to determine how time of day of access affects heroin self-administration and
the development of addiction-like behaviors including escalation of heroin intake, willingness to
work for heroin on a progressive ratio schedule of reinforcement, seeking during extinction,
incubation of seeking, and reinstatement of heroin seeking behavior.

Materials and Methods: Male Sprague Dawley rats were given the opportunity to self-
administer heroin for 6 hours per trial during the second half of either the light or dark phase for
18 trials, including one progressive ratio challenge. Rats then underwent 14 days of abstinence,
with a five-hour extinction test occurring on both the first and the fourteenth days of abstinence.
The second extinction test was followed by a heroin prime and 1 hour of reinstatement testing. On
the following day, a subset of rats were tested in an additional extinction test where rats were
tested either at the same time of day as their previous self-administration sessions or during the
opposite light/dark phase.

Results: Relative to Light Access rats, Dark Access rats took more heroin, exhibited more goal-
directed behavior, exhibited more seeking during the dark phase, failed to extinguish seeking
during the 5h extinction test in the dark phase, and exhibited greater incubation of heroin seeking
following abstinence. However, Dark Access rats did not escalate drug taking over trials, work
harder for drug, or seek more during drug-induced reinstatement than Light Access rats.

Conclusions: These results show that time of access to heroin affects overall heroin intake and
seeking in extinction, but does not affect other addiction-like behaviors in rats.

Introduction.

Addiction is a chronic disease characterized by uncontrolled drug use and multiple relapses
(Edwards and Koob 2013; Leshner 1997; McLellan et al. 2000). Heroin use and overdose
has risen to an epidemic level in the United States. In a study seeking to determine relative
harmfulness of different drugs of abuse, heroin was determined to be the second most
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harmful drug to the user and to others (Nutt et al. 2010). In 2015, more than 300,000 people
in the United States were using heroin and more than 800,000 people had used heroin within
the last year (Center for Behavioral Health Statistics and Quality 2016). Most disturbingly,
in 2015, more than 33,000 people died from opioid overdose (Rudd et al. 2016), and this
number increased to over 42,000 in 2016 (Seth et al. 2018).

Previously, we have shown that self-administration of heroin during the light phase reverses
sleep-wake patterns and disrupts the timing of REM sleep into the abstinence period (Coffey
et al. 2016). A similar reversal of sleep-wake patterns was found in rats on the first day of
abstinence from a one-day binge alcohol administration protocol (Sharma et al. 2014).
Importantly, circadian disruption has been linked to increased intake of methamphetamine
(Doyle et al. 2015), alcohol (Gauvin et al. 1997), and morphine (Garmabi et al. 2016).
Repeated phase shifts, on the other hand, have been shown to decrease drinking in male, but
slightly increase drinking in female, high-alcohol drinking rats (Clark et al. 2007).
Importantly, there is evidence linking circadian shifts to decreased activation in the medial
prefrontal cortex and nucleus accumbens in response to reward and reward anticipation
(Hasler et al. 2012). Thus, previous data indicate that circadian disruption, induced in several
different ways, can modulate intake of a variety of drugs.

Time of administration can affect the pharmacokinetics of a drug, which can influence the
development of addiction (Allain et al. 2015). While time of day is not always reported in
drug self-administration studies, there are several studies that examined how time of access
affected drug intake. A previous study examining cocaine intake as a function of time of day
reported that rats took more cocaine during the early active phase than the early inactive
phase, but that intake was even higher halfway through the active phase and halfway through
the inactive phase. Specifically, intake was highest mid-inactive phase, where rats took
approximately 1.5 times more infusions compared to mid-active phase (Baird and Gauvin
2000). Similarly, rats given access to ethanol during the active phase initially drank more
alcohol, but the rats with inactive-phase access ultimately increased their intake to a greater
extent (Choi et al. 1990). When rats were given 23 h to self-administer heroin, their
infusions initially were concentrated in the active phase but, over trials, became evenly
spread across the entire day (Vendruscolo et al. 2011). Overall, previous data indicate that
cocaine intake in rats is higher mid-inactive phase compared to the mid-active phase, and
that increased intake in the inactive phase may be associated with the progression of
addictive processes. To our knowledge, there have been no investigations of the effect of
time of access on heroin self-administration.

Intake is important for the development of addiction, but animal models provide several
other crucial indicators of addictive processes including escalation of intake, motivation to
take drug, seeking once drug is no longer available, incubation, and relapse-like behavior.
The goal of the current study was to investigate how time of access influences not only
heroin self-administration, but also the development of addiction-like behaviors in rats. Our
hypothesis was that the circadian disruption previously observed in Light Access rats
(Coffey et al. 2016) would cause increased intake and addiction-like behaviors in rats given
access to heroin during the light phase compared to those given access to heroin during the
dark phase.
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The procedures described herein were approved by the Penn State College of Medicine
Institutional Animal Care and Use Committee. The subjects were 45 adult male Sprague
Dawley rats obtained from Charles River (7 rats were excluded from the study due to: injury,
2 rats; loss of catheter patency, 4 rats; or loss of intake data for three consecutive days, 1 rat).
Rats weighed between 331 and 433 grams at the beginning of the experiment. They were
housed individually in wire bottom cages in a temperature-controlled (21 °C) animal care
facility with either a 12:12 hour light:dark cycle (lights on at 2:00 am; n=17) or a 12:12 hour
reverse light:dark cycle (lights off at 2:30 am; n=21). Rats were given 2 weeks to adjust to
the experimental light/dark cycle prior to the start of self-administration. This schedule
allows ample time for re-entrainment (Marumoto et al. 1996; Takamure et al. 1991). Self-
administration sessions began 6 h into the light or dark cycle. This start time was chosen to
split the phase into two halves while still producing the circadian disruption seen previously
when self-administration began 4 h into the light phase (Coffey et al. 2016). The rats were
maintained with free access to dry Harlan Teklad rodent diet 6068 and water, except where
noted otherwise. Rats were housed in the same room as the self-administration chambers in
which they were tested. The windows on the doors to the room with the reverse light:dark
cycle were covered in red film and black trash bags to prevent light contamination during the
day.

Drugs.—Heroin was generously provided by the National Institute of Drug Abuse
(Triangle Institute, Research Triangle Park, NC). Heroin was mixed with 0.9% sterile saline
(0.0625 mg heroin/250 ml saline) weekly and covered with aluminum foil to protect the
solution from light.

Self-administration chambers.—Each rat was trained in one of twenty-two identical
operant conditioning chambers (MED Associates, St. Albans, VVT) described previously
(Grigson and Twining 2002; Twining et al. 2009). Each chamber measured 30.5 cm in length
x 24.0 cm in width x 29.0 cm in height, and was individually housed in a light- and sound-
attenuated cubicle. The chambers consisted of a clear Plexiglas top, front, and back wall.
The side walls were made of aluminum. Grid floors consisted of nineteen 4.8-mm stainless
steel rods, spaced 1.6 cm apart (center to center). Each chamber was equipped with two
retractable empty sipper spouts that entered through 1.3-cm diameter holes, spaced 16.4 cm
apart (center to center). A stimulus light was located 6.0 cm above each opening. Each
chamber also was equipped with a house light (25 W), a tone generator (Sonalert Time
Generator, 2900 Hz, Mallory, Indianapolis, IN), and a speaker for white noise (75 dB).
Heroin reinforcement was controlled by a lickometer circuit that monitored empty spout
contacts to operate a syringe pump (Model A, Razel Scientific Instruments, Stamford, CT).
A coupling assembly attached the syringe pump to the catheter assembly on the back of each
rat and entered through a 5.0-cm diameter hole in the top of the chamber. This assembly
consisted of a metal spring attached to a metal spacer with Tygon tubing inserted down the
center, protecting passage of the tubing from rat interference. The tubing was attached to a
counterbalanced swivel assembly (Instech, Plymouth Meeting, PA) that, in turn, was

Psychopharmacology (Berl). Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coffey et al.

Page 4

attached to the syringe pump. Events in the chamber and collection of the data were
controlled on-line with a Pentium computer that used programs written in the Medstate
notation language (MED Associates).

Catheter Surgeries.—Intra-jugular catheters were custom-made in our laboratory and
implanted as described previously (Twining et al. 2009). All animals received Carprofen (5
mg/kg) on the first postoperative day to ease pain. Any animals that exhibited signs of pain
thereafter were given an additional dose of Carprofen (5mg/kg) daily, as needed. Following
surgery, rats were allowed one week to recover. General maintenance of catheter patency
involved daily examination and flushing of catheters with heparinized saline (0.2 ml of 30
IU/ml heparin). Catheter patency was verified, as needed, using 0.2 ml of propofol (Diprivan
1%) administered intravenously.

Habituation.—Water was removed from the rats 15 h prior to first habituation trial. Rats
were habituated to the self-administration chambers for 2 days. During these 2 days the rats
were given 1 h access to water in the self-administration chambers, first via the center spout
(which would become the inactive spout) on Day 1, and then via the right hand spout (which
would become the active spout) on Day 2. Immediately after removal from the chambers, the
rats were given 25 ml_ of water overnight. Following completion of the second habituation
trial, all rats were returned to water ad libitum.

Acquisition.—Beginning the next day, rats were given 6 h access to heroin for 16 non-
consecutive days (5 days on/2 days off). The stimulus light was illuminated for the entire
self-administration session, except during the 20s timeout following an infusion. This light
was white for Light Access rats and red for Dark Access rats, thus maintaining room
lighting for the groups during the self-administration sessions (McGuire et al. 1973). For
“on” days, rats were placed in the self-administration chambers for 6 h, starting either 6 h
into the light cycle (n=20) or 6 h into the dark cycle (n=24), and allowed to self-administer
heroin (0.12 mg/kg/infusion) on a fixed ratio 10 (FR10) schedule of reinforcement. The
FR10 schedule was chosen because the operant behavior (contacts on an empty spout) is a
very natural behavior for rats. The FR10 schedule of reinforcement dissociates active from
inactive responses, allowing for the observation of goal-directed behavior and assurance that
the rats have acquired the operant response. Infusions were given over 4—7 seconds at an
infusion rate of 2.154 ml/min. Once an infusion is earned, the spouts retract, the stimulus
light above the right hand (active) spout turns off, the house light turns on, and a tone sounds
for 20 seconds. After this 20 second timeout period, the house light and tone turn off, the
stimulus light turns back on, and the spouts return to where they are accessible to the rat.
Since the house light was an important cue, a white light, reflected toward the ceiling, was
used for both groups. Light during the night is known to induce phase shifts (Honma et al.
1978); however, nonphotic cues suppress light-entraining mechanisms through inhibition of
the suprachiasmatic nucleus (SCN), so heroin likely was preventing any effects of the house
light on entrainment (Challet and Pévet 2003). Indeed, morphine injections during the
subjective night have been shown to mitigate light-induced phase shifts (Mistlberger and
Holmes 1999). In addition, previous data from our group indicate that the availability of
heroin is a stronger timing signal than the light/dark cycle (Coffey et al. 2016) and that rats
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given access to heroin during the dark phase exhibit normal nocturnal sleep/wake patterns
(Coffey et al., unpublished results). There were 18 self-administration trials. For Trials 1-16
and 18, the FR10 schedule of reinforcement was used. Trial 17 was the progressive ratio
challenge (described below).

Progressive Ratio (PR) Challenge.—Twenty-four h after the sixteenth FR10 self-
administration trial, rats were allowed to self-administer heroin on a PR schedule of
reinforcement. Under this schedule, a rat is required to make an increasing number of
operant responses on the empty spout to earn each subsequent infusion, beginning with the
usual 10 lick requirement (Infusion requirements: 10, 12, 16, 22, 30, 40, 52, 66, 82, 100,
120, 142, 166, etc.) (Imperio and Grigson 2015; Imperio et al. 2016). Breakpoint is defined
as the last ratio completed. The challenge ends when two h have passed since the rat’s last
infusion or after 8 h, whichever comes first. Twenty-four h after the PR challenge, rats were
given one additional maintenance trial (Trial 18) under the FR10 schedule of reinforcement.

Abstinence.—Immediately following the last day of acquisition, rats were maintained in
the home cages for 14 days. During this time, the rats were not given access to heroin.

Extinction Test 1.—All rats were placed in the self-administration chambers for 5 h on
the first day of abstinence for Extinction Test 1. Ten contacts with the empty “active” spout
resulted in activation of all cues previously associated with heroin, but no infusions were
received.

Extinction Test 2/Reinstatement.—All rats were placed back in the self-administration
chambers on the fourteenth day of abstinence for a 5 h extinction test, during which time no
drug was available. Again, 10 contacts on the active empty spout resulted in presentation of
all of the cues previously associated with heroin, but no drug delivery. After 5 h, the rats
received a single, computer-delivered, non-contingent infusion of heroin (0.12 mg/kg, i.v.)
followed by another hour of extinction conditions to test for heroin-induced reinstatement of
heroin-seeking behavior. All cues were presented, but no drug was available.

Extinction 3 and Light/Dark Access Switch.—On the day after the Extinction Test 2/
Reinstatement test, all rats in the second replication underwent a third extinction test that
was identical to the first. Time of test, however, was switched for half of the rats, creating
four groups: Light Access rats with light phase extinction (Light-Light, n=4), Dark Access
rats with dark phase extinction (Dark-Dark, n=5), Light Access rats with dark phase
extinction (Light-Dark, n=5), and Dark Access rats with light phase extinction (Dark-Light,
n=6). All 5 h extinction tests began 6 h into the light or dark phases.

Addiction-like behaviors.—For the purpose of this experiment, addiction-like behaviors
were defined as: escalation of drug taking in the first hour of access (Ahmed et al. 2000;
Edwards and Koob 2013), motivation to take heroin as measured by progressive ratio
(Deroche-Gamonet et al. 2004; Richardson and Roberts 1996), incubation of seeking during
extinction (Grimm et al. 2001; Kuntz et al. 2008), and seeking during reinstatement (de Wit
and Stewart 1983; Deroche-Gamonet et al. 2004; Shaham et al. 2003). Of note, throughout
this paper, “drug taking” refers specifically to heroin self-administration, either on FR10 or
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PR, and “drug seeking” refers to motivated attempts to take heroin during extinction and
reinstatement, when heroin is no longer available.

Data Analysis.—The data were analyzed using IBM SPSS Statistics (Mersion 24, IBM)
and Statistica (Mersion 7.1, StatSoft, Tulsa, OK), then graphed using Origin (\ersion 7,
OriginLab Corporation, Northampton, MA). Any missing infusion data were filled in by
taking the average of infusions taken the day before and the day after the missing value.
Three rats had one missing value each and one rat had three missing values throughout
acquisition. The data were then analyzed using 2 x 2 factorial analyses of variance
(ANOVAS) varying drug taker (low vs. high) and Access (light vs. dark) or 2 x 2 x 16 mixed
factorial ANOVAs varying drug taker (low vs. high drug taker), access (light vs. dark), and
trial (1-16). Significant interactions were followed by post hoc assessment using Student’s
Newman-Keuls tests with p < 0.05.

Low and high drug takers.

Infusions.

Escalation.

Rats were split into low and high drug takers based on the average number of infusions they
self-administered on terminal FR10 trials 16 and 18. Rats that took an average of at least 24
infusions across Trials 16 and 18 were labeled “high drug takers” (h=12: n=9 Dark Access;
n=3 Light Access), while rats that took fewer were “low drug takers” (n=26: n=12 Dark
Access; n=14 Light Access). Using this cutoff, these groups were found to be significantly
different in terminal heroin self-administration behavior, t(27)=2.45, p=0.02. Further,
assessment of the behavior of these two populations of rats demonstrates that the self-
administration procedure was sufficient to produce addiction-like behaviors in these rats.
While there were more high drug takers in the Dark Access group (n=9) than in the Light
Access group (n=3), a chi-square test confirmed that the proportion of low and high drug
takers did not significantly differ as a function of access, X2=2.76, p=0.096.

Across acquisition, Dark Access rats took more infusions than Light Access rats, overall,
and high drug takers took more infusions than low drug takers, regardless of time of access
(Figure 1). Support for these conclusions was provided by a 2 x 2 x 16 mixed factorial
ANOVA varying Access (Light, Dark), Drug Taker (Low, High), and Trial (1-16). Results
revealed significant main effects of Access, F(1,34)=4.98, p<0.02; Drug Taker,
F(1,34)=25.87, p<0.0001; and Trial, F(15,510)=14.01, p<0.000001. There also was a
significant Drug Taker x Trial interaction, F(15,510)=3.41, p<0.0001. Student Newman-
Keuls (SNK) post hoc tests revealed that high drug takers took significantly more infusions
on Trials 4-16 compared to Trial 1, overall, ps<0.05, indicating that high, but not low, drug
takers increased their intake across trials regardless of time of access (data not shown). No
other interaction effects were significant.

Ahmed and Koob argue that escalation of drug intake in rodents models the progression
from controlled to uncontrolled drug use in humans (Ahmed et al. 2000). Here, we examined
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the number of infusions taken in the first hour of access across trials to assess escalation of
intake. The results indicated that Dark Access rats took more first-hour infusions than did
Light Access rats, overall, but that the groups did not differ in escalation (Figure 2a). In
contrast, high drug takers significantly escalated their intake, whereas low drug takers did
not (Figure 2b). In support of these conclusions, a 2 x 2 x 16 mixed factorial ANOVA
varying Access (Light, Dark), Drug Taker (Low, High), and Trial (1-16) revealed a
significant main effect of Access, F(1,34)=6.33, p<0.05, indicating that Dark Access rats
took more first-hour infusions than Light Access rats overall. The main effect of Drug Taker,
F(1,34)=14.52, p<0.001, also was significant, showing that high drug takers took more first-
hour infusions of heroin than low drug takers, as was the main effect of Trial,
F(15,510)=9.68, p<0.000001. The non-significant Access x Trial interaction demonstrated
that there was no difference in escalation of heroin self-administration across trials between
Dark and Light Access rats (Figure 2a). There was, however, a significant Drug Taker x
Trial interaction, F(15,510)=2.62, p=0.0008. SNK post hoc tests of this interaction revealed
that high drug takers took significantly more first-hour infusions on Trials 4-16 compared to
Trial 1, p<0.05, confirming that high drug takers, but not low drug takers, escalated their
heroin intake regardless of time of access (Figure 2b).

Active vs. Inactive Contacts.

A2 x 2 x 2 x 16 mixed factorial ANOVA varying Access (Light, Dark), Drug Taker (low,
high), Spout (active, inactive), and Trial (1-16) was run to examine how rats differentiated
between the active and inactive spouts. Results showed a significant main effect of Drug
Taker, F(1,34)=17.78, p=0.0002, and a significant Drug Taker x Trial interaction,
F(15,510)=3.03, p=0.0001. The main effect of Spout, F(1,34)=273.073, p<0.000001; the
Drug Taker x Spout interaction, F(1,34)=19.65, p=0.00009; and the Access x Spout
interaction, F(1,34)=10.15, p=0.003, were all significant. SNK post hoc tests on the Access
x Spout interaction indicated that Light Access rats and Dark Access rats both made more
active than inactive spout contacts, ps<0.05. Dark Access rats made more active spout
contacts than did Light Access rats, p<0.05, but the two groups made the same number of
inactive spout contacts, p>0.05. The Spout x Trial interaction also was significant,
F(15,510)=21.02, p<0.000001, and SNK post hoc tests indicated that, overall, rats made
more active than inactive spout contacts on Trials 3-16, ps<0.05. The Access x Contacts x
Trial interaction was not significant (Figure 3a).

Goal-Directed Behavior.

Goal-directed behavior was determined by dividing Active Licks/(Active + Inactive Licks)
and multiplying by 100 to express the number as a percentage. Dark Access rats exhibited
more goal-directed behavior than did Light Access rats (Figure 3b). In support, a2 x 2 x 16
mixed factorial ANOVA varying Access (Light, Dark), Drug Taker (Low, High), and Trial
(1-16) revealed a significant main effect of Access, F(1,34)=5.15, p<0.05. The main effect
of Trial also was significant, F(15,510)=19.79, p<0.000001, while the main effect of Drug
Taker was not.
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Progressive Ratio.

High drug takers worked harder for heroin on the progressive ratio challenge than did low
drug takers, but time of access did not exert a significant impact (Figure 4). This conclusion
was supported by a 2 x 2 ANOVA varying Access (Light, Dark) and Drug Taker (Low,
High). Results revealed a nonsignificant main effect of Access, F<1.0, but a significant main
effect of Drug Taker, F(1,34)=22.98, p=0.00003.

Extinction and Reinstatement Testing.

There were three extinction tests. Extinction Test 1 was a 5 h test held on the first day of
abstinence, 18 h following the end of the last self-administration session. Extinction Test 2
was held on the 14th day of abstinence. Immediately following the fifth hour of Extinction 2
testing, all rats received a non-contingent infusion of heroin and responding was tested for
an additional hour of reinstatement. A subset of rats (n=20) underwent Extinction Test 3,a 5
h test held on the 15th day of abstinence (18 h following the end of Extinction Test 2 and the
drug-induced reinstatement test).

Extinction Test 1.

During Extinction Test 1, Dark Access rats made more infusion attempts than did Light
Access rats, particularly in the first hour (Figure 5a, left panel). In support, a 2 x 2 x 5 mixed
factorial ANOVA varying Access (Light, Dark), Drug Taker (Low, High), and Hour (1-5)
revealed a significant main effect of Access, F(1,33)=10.90, p=0.002, indicating that Dark
Access rats exhibited more seeking, overall, than did Light Access rats. The main effect of
Hour also was significant, F(4,132)=74.53, p<0.000001, but the main effect of Drug Taker
was not. There was a significant Access x Hour interaction, F(4,132)=6.21, p=0.0001, and a
significant Access x Drug Taker x Hour interaction, F(4,132)=2.89, p=0.02. Post hoc tests
on this 3-way interaction revealed that, in hour 1, Dark Access high drug takers exhibited
more heroin seeking than rats in all other treatment conditions, p<0.05 (Figure 5a left panel).

Extinction Test 2.

Incubation.

Dark Access rats also made more infusion attempts during the second extinction test than
did Light Access rats (Figure 5a, right panel). In support, a 2 x 2 x 5 mixed factorial
ANOVA varying Access (Light, Dark), Drug Taker (Low, High), and Hour (1-5) revealed a
significant main effect of Access, F(1,32)=19.39, p=0.0001, showing that Dark Access rats
made more infusion attempts than Light Access rats overall. The main effect of Hour also
was significant, F(4,128)=42.22, p<0.000001, and SNK post hoc tests revealed that seeking
during the first hour was greater than at all other time points, overall, p<0.05. Seeking during
hours 2 and 5 also was greater than seeking during hours 3 and 4, p<0.05. Other main effects
and interactions did not attain statistical significance, ps>0.05.

The two extinction tests, conducted on abstinence day 1 and abstinence day 14, allow for the
assessment of incubation of heroin seeking. Heroin seeking increased across the 14 d period,
and this effect was significant in Dark Access rats (Figure 5b). In support, a 2 x 2 x 2 mixed
factorial ANOVA varying Access (Light, Dark), Drug Taker (Low, High), and Test
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(Extinction Test 1, Extinction Test 2) revealed significant main effects of Access,
F(1,33)=15.76, p<0.001, and Test, F(1,33)=26.27, p<0.0001, on the total number of infusion
attempts across each 5 h test. The Access x Test interaction also was significant,
F(1,33)=6.4, p=0.016. Post hoc SNK tests revealed that there was a trend toward increased
seeking during the second extinction test compared to the first in Light Access rats, p=0.06,
but Dark Access rats exhibited increased seeking in the second extinction test compared to
the first, p<0.05, and compared to the Light Access rats, ps<0.05 (Figure 5b). The main
effect of Drug Taker was not significant, p>0.05.

Reinstatement.

High drug takers made more infusion attempts following the heroin prime than did low drug
takers, regardless of time of access (Figure 5c). As such, a 2 x 2 ANOVA varying Access
(Light, Dark) and Drug Taker (Low, High) revealed a nonsignificant main effect of Access,
but a significant main effect of Drug Taker, F(1,32)=7.10, p<0.02. The Access x Drug Taker
interaction was not significant (Figure 5c).

Extinction Test 3.

Extinction Test 3 was conducted either at the time of training (Light-Light and Dark-Dark)
or at the opposite time of day (Light-Dark and Dark-Light) (Figure 5d). Testing Dark Access
rats in the light phase (Dark-Light) caused these rats to exhibit less heroin seeking than Dark
Access rats tested in the dark. Testing Light Access rats in the dark phase (Light-Dark)
caused these rats to tend to exhibit more heroin seeking than Light Access rats tested in the
light phase. In support, a 2 x 2 x 5 ANOVA varying Access (Light, Dark), Time of Testing
(same, opposite), and Hour (1-5) revealed a significant Access x Time of Testing
interaction, F(1,16)=12.39, p<0.01. SNK post hoc tests indicated that the Dark-Dark group
exhibited more seeking, overall, than all other groups, p<0.05 (Figure 5d). There also was a
significant main effect of Hour, F(4,64)=27.69, p<0.000001. The main effects of Access and
Time of Testing were not significant. None of the other interactions were significant. There
was only one high drug taker each in the Light-Light and Light-Dark groups for Extinction
3, so the variable “Drug Taker” could not be included in the analysis.

Discussion.

The goal of this study was to test whether time of daily access to heroin would impact heroin
self-administration and addiction-like behaviors. The results showed that Dark Access to
heroin increased intake, goal-directed behavior, incubation, and seeking during the dark
phase, but did not affect other addiction-like behaviors for heroin (See Table 1). These
findings do not support our hypothesis that the circadian disruption caused by Light Access
to heroin increases addiction vulnerability. In contrast to our hypothesis, Dark Access rats
took more heroin infusions than Light Access rats and exhibited more goal-directed
behavior, although both groups dedicated more than 80% of their total spout contacts to the
heroin-associated spout. Importantly, both Dark Access and Light Access groups reduced
inactive licks across acquisition, indicating that the effects seen in Dark Access rats were not
merely due to increased activity during the active phase. In Extinction Tests 1 and 2, Dark
Access rats showed more drug-seeking behavior than Light Access rats and exhibited a
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surprising failure to extinguish over the second 5 h test. Further, while Light Access rats
tended to exhibit incubation of heroin seeking across Extinction Test 1 and Extinction Test
2, this effect was very dramatic in Dark Access rats. Due to this continued seeking out to the
fifth hour of extinction testing, the heroin prime did not elicit a clear increase in infusion
attempts in Dark Access rats, although Light Access rats did reinstate seeking following the
prime. There was no difference in escalation of first-hour intake across trials or in the
motivation to take heroin on the progressive ratio challenge between the Dark and Light
Access rats. Finally, a preliminary test switching the time of access for Extinction Test 3
tended to increase seeking in Light Access rats tested in the dark phase and significantly
decreased seeking in Dark Access rats tested in the light phase. Thus, the effect in extinction
appears to be due to the time of testing, rather than the time of training. Taken together, the
above results show a dissociation of addiction-like behaviors that are usually seen together.
Dark Access rats exhibit more heroin taking, heroin seeking, and incubation but similar
escalation, motivation to take heroin, and drug-induced reinstatement of seeking compared
to Light Access rats. This differs from high drug takers, which consistently exhibit more
addiction-like behaviors than low drug takers. They exhibit increased heroin intake, first-
hour intake escalation, high motivation to take heroin, and robust reinstatement of heroin
seeking following the heroin prime compared to low drug takers (See Table 1). This pattern
of data is largely in keeping with the individual differences reported previously for low and
high heroin takers by Imperio and Grigson (2015). It should be noted that, while low drug
takers were evenly split across Light and Dark Access groups (n=12 Dark Access low drug
takers; n=14 Light Access low drug takers), there were 3 times more high drug takers in the
Dark Access group (n=9) compared to the Light Access group (n=3). This may have been
coincidental or it may have been a consequence of the fact that Dark Access rats take more
heroin than Light Access rats. Since high drug takers are defined by higher intake of drug
and generally show more addiction-like behaviors than low drug takers, it will be important
going forward to investigate how Dark Access rats take more heroin without mirroring the
full addiction-like behavior phenotype.

Since rats are nocturnal, it is possible that Light Access rats are simply sleeping instead of
seeking or taking heroin. However, EEG data confirmed that rats with access to heroin
during the light phase are consistently awake for the entire 6 hour self-administration
session, regardless of whether they are high or low drug takers (Coffey et al. 2016). In
contrast, we have previously seen that Light Access rats sleep for an average of ~2.9 h
during 6 h extinction/reinstatement tests, when heroin is no longer available (unpublished
observations from the data reported in Coffey et al. 2016). In this case, the rats slept for less
than 30 minutes of the first 2 h of the test, when the majority of seeking occurs. Taken
together, these data support sleep and sleepiness as a potential factor in reducing seeking in
extinction, but not heroin intake during acquisition, when self-administration sessions are
during the light phase.

Chronopharmacology refers to the study of how the time of day of drug administration
affects a drug’s pharmacology (Labrecque and Belanger 1991; Ohdo 2003; Reinberg 1992).
A recent study measured levels of morphine and its metabolite, morphine-3-glucoronide
(M3G), in the plasma and brain as a function of time of administration, then used computer
modeling to simulate the chronopharmacokinetics of morphine (Kervezee et al. 2017).
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Unfortunately, no such studies have been conducted for heroin, but these data are relevant to
heroin since it is quickly metabolized into morphine and 6-acetylmorphine (Inturrisi et al.
1983). The models showed that brain morphine levels were higher at 4 h or 8 h into the light
phase compared to 4 h or 8 h into the dark phase (Kervezee et al. 2017). These results would
be consistent with the conclusion that Dark Access rats are self-administering more heroin,
but reaching a similar high as the Light Access rats, thus explaining similarities in many
addiction-like behaviors. Importantly, brain levels of morphine were highest at dark onset
and higher at light onset than mid-light phase (Kervezee et al. 2017), indicating that follow-
up experiments to investigate how heroin self-administration changes at these times of day
are important.

In humans, there is a circadian rhythm in overdose likelihood (Gallerani et al. 2001;
Manfredini et al. 1994). Gallerani et al. (2001) investigated in more detail how sensitivity to
the effects of opioids may vary across the 24h period. While the peak in number of
overdoses occurred in the late afternoon (15:00-21:00), the peak in lethal overdoses
occurred in the early morning (3:00-8:59). Perhaps most telling, the necessary dose of
naloxone for revival also peaked between 3:00-8:59, despite similar levels of serum
morphine regardless of time of overdose in a subset of patients sampled. Thus, in the late
inactive period, people are more likely to die from an overdose and require more naloxone
for rescue despite similar levels of drug intake (Gallerani et al. 2001). These findings
suggest that people are most sensitive to the effects of opioids during the late inactive to
early active period, which would correspond to the late light phase to early dark phase in
rodents. In accordance, cancer patients self-administer more doses of morphine between
10:00-22:00, suggesting that they need more of the drug during the active period to achieve
the same analgesia as during the inactive period (Bruera et al. 1992). However, evidence
from the analgesia literature should be considered carefully because they reflect a
complicated interaction between morphine, endogenous opioids, and corticotropin-releasing
hormone (Oliverio et al. 1982; Rasmussen and Farr 2003; Yoshida et al. 2005), rather than a
difference in sensitivity to morphine’s effects. The above data indicate the possibility that
Dark Access rats take more drug because they are less responsive to heroin’s effects at that
time of day. Thus, Light Access and Dark Access rats may be reaching similar levels of
intoxication, but Light Access rats take less drug than Dark Access rats due to circadian
sensitivity. This interpretation is supported by the fact that increased intake in the Dark
Access rats is not associated with a full array of addiction-like behaviors. Perhaps most
telling is the similar levels of escalation between Light and Dark Access rats, which has
been hailed as a cardinal sign of addiction (Edwards and Koob 2013). Importantly, there is a
difference in addiction-like behaviors between high and low drug takers, revealing individual
differences, and perhaps vulnerabilities, that transcend time of access.
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Figure 1. Drug-taking behavior in Light and Dark Accessrats.
Mean (+/- SEM) number of heroin infusions across acquisition for Light Access low drug

takers (n=14) and high drug takers (n=3) and Dark Access low drug takers (n=12) and high
drug takers (n=9).
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Figure 2. First-hour infusions.
a. Mean (+/- SEM) number of heroin infusions taken in the first hour of each trial for Light

Access (n=17) and Dark Access (n=21) rats. b. Mean (+/- SEM) number of heroin infusions
taken in the first hour of each trial for low drug takers (n=26) and high drug takers (n=12).
*p<0.05 compared to Trial 1 for high drug takers.
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Figure 3. Goal-directed behavior
a. Active and inactive licks. Mean (+/— SEM) contacts on the active and inactive spouts by

acquisition trial for Light Access (n=17) and Dark Access (n=21) rats. b. Goal-directed
behavior. Mean (+/- SEM) goal-directed behavior (active licks/active licks + inactive licks
expressed as a percentage) averaged across the acquisition trials for Light Access (n=17) and
Dark Access (n=21) rats.
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Figure 5. Extinction/reinstatement.
There were three extinction tests: Extinction 1 (Abstinence Day 1), Extinction 2 (Abstinence

Day 14; included reinstatement), and Extinction 3 (Abstinence Day 15). a. Extinction.
Mean (+/- SEM) infusion attempts for Light Access low drug takers (n=14), Light Access
high drug takers (n=3), Dark Access low drug takers (n=12), and Dark Access high drug
takers (n=9) during the 5h Extinction Test 1 (left panel) and 5 h Extinction Test 2 (right
panel). *p<0.05 comparing Dark Access high drug takers to all other groups. b. Incubation.
Mean (+/- SEM) total infusion attempts during the 5h Extinction Test 1 and Extinction Test
2 for Light Access (n=17) and Dark Access (n=20) rats. **p<0.05 compared to all other data
points. c. Reinstatement. Mean (+/— SEM) infusion attempts during the 1 h drug-induced
reinstatement test for Light Access high drug takers (n=3), Light Access low drug takers
(n=14), Dark Access high drug takers (n=9), and Dark Access low drug takers (n=12). d.
Extinction 3. Mean (+/- SEM) infusion attempts across the 5 h Extinction Test 3 for Light
Access rats tested in the light phase (Light-Light; n=4), Light Access rats tested in the dark
phase (Light-Dark; n=5), Dark Access rats tested in the dark phase (Dark-Dark; n=5), and
Dark Access rats tested in the light phase (Dark-Light; n=6). **p<0.05 compared to all other
data points.
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Table 1.
Summary of results.
Light Dark Low Drug | High Drug
Access | Access Takers Takers
Infusions + ++ + ++
First Hour Infusions + + + ++
Active Licks + ++ + 4
Inactive Licks - - - -
Goal-Directed + ++ + +
Behavior
Progressive Ratio + + + ++
Extinction 1 and 2 + ++ + +
Incubation + ++ + +
Reinstatement + + + ++
Extinction Switch + - NA NA

+ reflects responding for drug.

++ reflects increased responding for drug significant at p<0.05 vs. +.

- reflects reduced responding for drug.
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