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Abstract

Rationale: Intermittent Access (IntA) cocaine self-administration, which models intermittent
patterns of cocaine use in humans during the transition to addiction, is especially effective in
producing incentive-sensitization and other addiction-like behavior in male rats. However, female
rats show more robust psychomotor sensitization than males, and following initial use, women
develop problematic patterns of drug use more readily than men. We hypothesized, therefore, that
female rats might be more susceptible to the incentive-sensitization produced by IntA experience.

Objective: To assess changes in motivation for cocaine, using a behavioral economic indicator of
cocaine demand (“elasticity” of demand curves), and other addiction-like behavior, as a function
of IntA cocaine self-administration experience in male and female rats.

Results: IntA experience produced a progressive increase in motivation for cocaine in both males
and females, as indicated by a decrease in the elasticity of cocaine demand curves, and this
persisted undiminished following 14 days of abstinence. However, IntA produced a more rapid
and greater increase in motivation for cocaine (incentive-sensitization) in females than males.
Females also consumed more cocaine than males, although this did not predict changes in
motivation. On the other hand, there were no sex differences in the preferred level of cocaine
consumption when cost was low (Qg), nor in cocaine- or cue-induced reinstatement of drug-
seeking behavior.

Conclusions: The observation that females are more susceptible to incentive-sensitization when
intermittently exposed to cocaine may provide a mechanism for the more rapid development of
problematic drug use in females (“telescoping effect”) reported in clinical studies.
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INTRODUCTION

Women are reported to transition from initial casual or recreational patterns of drug use to
the problematic patterns of use that define addiction more readily than men (for reviews see
Fattore et al. 2008; Becker 2016; Becker and Koob 2016; Lynch 2018). For example, from
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the time of initial use women tend to seek treatment sooner than men, across a number of
drug classes (Anglin et al. 1987a; Griffin et al. 1989; Brady and Randall 1999), and when
they do seek treatment they present with more severe symptoms (Anglin et al. 1987b; Kosten
et al. 1993). In addition, women report higher levels of craving induced by the presentation
of cocaine-associated cues, more frequent cravings, greater difficulty in controlling their
cocaine use, and more often use more cocaine than intended (Robbins et al. 1999; Elman et
al. 2001; Kennedy et al. 2013). Although men and women do not differ in the amount of
cocaine they report using per use event, women provide fewer cocaine-negative samples than
men, suggesting they use cocaine more frequently (Kennedy et al., 2013). Taken together
these findings have been characterized as reflecting a “telescoping effect” in women — that
is, they progress from casual drug use to addiction faster than men and have a smaller
window for medical intervention and treatment (Piazza et al. 1989; Brady and Randall
1999).

Related findings have been reported in preclinical self-administration studies in rats. Perhaps
mirroring the “telescoping effect” in humans, female rats are more likely to acquire cocaine
self-administration (Lynch and Carroll 1999; Hu et al. 2004; see discussion for more
details). In addition, after limited drug experience female rats are more motivated to self-
administer cocaine (Roberts et al. 1989; Cummings et al. 2011), as assessed using a
progressive-ratio test (however also see Lynch and Taylor, 2004). In addition, when given
extended access to cocaine using a 24-hour access self-administration procedure, females
self-administer more drug than males (Lynch and Taylor 2004; Lynch et al. 2005) and the
same is true when male and female rats are given access to cocaine using the Long Access
(LgA) self-administration procedure (Roth and Carroll 2004; Smith et al. 2011).

It is still unclear, however, w/y women may transition to addiction more readily than men.
One possibility is suggested by the preclinical literature on behavioral sensitization produced
by intermittent exposure to a number of drugs of abuse (Robinson and Becker, 1986).
Behavioral sensitization refers to a persistent increase in the ability of a drug to induce a
number of drug effects as a result of past drug experience, and sensitization-related
neuroadaptations are hypothesized to play a critical role in the development of addiction
(Robinson and Berridge 1993; Vezina 2004; Berridge and Robinson 2016). It is relevant,
therefore, that female rats show more robust psychomotor sensitization than males following
repeated, intermittent exposure to experimenter-administered psychomotor stimulant drugs
(Robinson 1984; Robinson and Becker 1986; van Haaren and Meyer 1991).

Although females show greater psychomotor sensitization than males, the degree to which
there are sex differences in the incentive-sensitization produced by cocaine
selfadministration is not well studied. Following 24-hour cocaine self-administration access,
results are mixed as to whether motivation is increased more as a function of cocaine
experience in female than male rats (Lynch and Taylor, 2004; but see Ramoba et a/, 2013,
2014) and in studies that examined sex differences during LgA self-administration, tests for
motivation were not conducted after self-administration experience.

The purpose of the present study was to determine whether male and female rats differ in the
extent to which they are susceptible to incentive-sensitization following cocaine self-
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administration. To do this we used a recently developed Intermittent Access (IntA) cocaine
self-administration procedure (Zimmer et al. 2012; Kawa et al. 2016; Allain et al. 2017).
Relative to the widely used Long Access (LgA) self-administration procedure (Ahmed and
Koob 1998; Ahmed 2012), IntA is thought to better reflect patterns of cocaine use in
humans, and is particularly effective at producing incentive-sensitization and addiction-like
behavior, despite producing far less total drug intake than LgA (Zimmer et al. 2012; Kawa et
al. 2016; Allain et al. 2017; James et al. 2018; Allain et al. 2015 for review). In addition, in
male rats the degree of psychomotor sensitization seen during IntA self-administration
predicts subsequent motivation for cocaine (Allain et al. 2017). IntA self-administration has
not yet been studied in females, and so we compared the degree of incentive-sensitization
produced by IntA experience in male and female rats, assessed using a behavioral economic
indicator of cocaine demand (Bentzley et al. 2013; Kawa et al. 2016). We hypothesized that,
as with psychomotor sensitization, IntA experience would produce a more rapid and greater
increase in cocaine demand (incentive-sensitization) in female than male rats. The results
support this hypothesis.

MATERIALS AND METHODS

Apparatus

A total of 52 (28 males; 24 females) Sprague-Dawley rats (Envigo, Haslett, MI) weighing
250-275 g on arrival were housed individually on a reverse 12-h light/12-h dark cycle (lights
on at 20:00) in a climate-controlled colony room. All rats were 9-14 weeks old upon arrival
(females tended to be slightly older) and all rats were beyond adolescence by the time the
experiment began (Ojeda et al. 1980; Sisk and Zehr 2005). Males and females were housed
in separate but identical housing rooms. All testing was conducted during the 12-hour lights
off period. After arrival, rats were given 1 week to acclimate to the colony room before
testing began. Water and food were available ad libitum throughout the experiment. The rats
were weighed regularly throughout the experiment and once/week the concentration of each
rat’s cocaine solution was adjusted so that the self-administration dose was accurate for the
current body weight. All procedures were approved by the University of Michigan
Committee on the Use and Care of Animals (UCUCA).

Behavioral testing was conducted in standard (22x18x13 c¢cm) test chambers (Med
Associates, St Albans, VT, USA) located inside sound-attenuating cabinets. A ventilating
fan masked background noise. Within the test chambers, two nose poke ports were located 3
cm above the floor on the left and right side of the wall, and one port was designated active
and the other inactive (side counter-balanced across chambers). A red house light was
located at the top, center of the wall opposite the nose ports. During self-administration
portions of the experiment, a nose poke into the active port was detected by an infrared
photo beam inside the hole and resulted in an intravenous cocaine infusion, delivered by a
pump mounted outside the sound attenuating cabinet, through a tube connected to the rat’s
catheter back port. The infusion tube was suspended into the chamber via a swivel
mechanism, allowing the rat free movement. All measures were recorded using Med
Associates software.

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kawa and Robinson

Page 4

Intravenous catheter surgery

Male and female rats underwent intravenous catheter surgery as described previously
(Crombag et al. 2000). Briefly, rats were anesthetized using ketamine hydrochloride (90
mg/kg i.p.) and xylazine (10mg/kg i.p.) and a catheter was inserted into the right jugular
vein and tubing was run subcutaneously to a port located on the rat’s back. During recovery
from surgery rats were administered the analgesic carprofen (5 mg/kg s.c.). Following
surgery, catheters were flushed daily with 0.2 ml sterile saline containing 5 mg/ml
gentamicin sulfate (Medco, MO). Catheter patency was tested periodically with intravenous
injection of 0.1 ml methohexital sodium (10 mg/ml in sterile water, JHP Pharmaceuticals). If
a rat did not become ataxic within 10 seconds of the injection, the catheter was considered
not patent and the rat was removed from the study.

Self-administration: acquisition

Rats were given ~7 days to recover from the catheter surgery, and then self-administration
training commenced (see Fig. 1). The rats were placed into the chamber with the house light
illuminated and extinguishing the house light signaled the beginning of each session. At that
time a nose poke into the active port resulted in an intravenous infusion of cocaine
hydrochloride (NIDA) dissolved in 0.9% sterile saline (0.4 mg/kg/infusion in 50 pl delivered
over 2.6 seconds) on a fixed ratio-1 (FR-1) schedule. Each infusion was paired with the
illumination of a cue light in the active nose port for 20 seconds. Nose pokes during this 20
second period were recorded but had no consequences. An inactive nose port was also
present at all times and pokes there were recorded but had no consequences. To ensure that
during initial training all rats received the same amount of drug and cue exposure, an
infusion criteria (1C) procedure was imposed on self-administration sessions, as described
previously (Saunders and Robinson 2010). During these sessions, session length was
determined by how long it took each rat to reach the predetermined number of infusions, not
by an explicit time limit. Each rat had 3 sessions at IC10 and 5 sessions at 1C20. A total of 4
rats (3 males, 1 female) were excluded during acquisition training because they failed to
reach the infusion criteria or failed to discriminate between the active nose port and the
inactive nose port.

Self-administration: within-session threshold procedure

The day after the final acquisition session, rats were trained on a within-session threshold
procedure, as described previously (Oleson and Roberts 2009; Oleson et al. 2011; Bentzley
et al. 2013; Kawa et al. 2016). Briefly, each session (1/day) was 110 minutes in length, FR-1
throughout, and every 10 minutes the dose of drug was decreased on a quarter logarithmic
scale (1.28, 0.72, 0.40, 0.23, 0.13, 0.072, 0.040, 0.023, 0.013, 0.007, 0.004 mg/kg/infusion).
During the threshold procedure, the nose port cue light was illuminated for the duration of
each infusion. Importantly, there was no timeout period following each infusion. As during
acquisition, the house light was illuminated when the rats were placed in the chambers and
extinguishing the house light signaled the beginning of each session.
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Demand curve fitting

Demand curves were generated from the threshold procedure using a focused-fitting
approach, as described previously (Bentzley et al. 2013; Kawa et al. 2016). Briefly, each
animal's brain cocaine concentration was calculated to determine relative stability during a
session. Demand data points that failed to meet stability criteria were truncated before
demand curves were fit by standard techniques (Bentzley et al. 2013). This typically resulted
in elimination of the data point from the first 10-min bin, during which the subject ‘loaded’
on cocaine (Oleson et al. 2011), and elimination of all data points that occurred more than
20-min (two data points) after Pmax, when the brain cocaine concentration had dropped
significantly (Bentzley et al. 2013). Using this focused-fit approach, the values alpha (a) and
Qo in the exponential demand equation (Hursh and Silberberg 2008) were manipulated to
minimize the residual sum of squares, i.e., the square of the difference between the
logarithm of the experimentally measured demand and the logarithm of the demand
predicted by the exponential demand equation (In Q=In Qp + k(e~*Q0C — 1)) was found for
each price and then summed across all prices. Demand curves were fit using an excel macro
that was developed and optimized for use with the within-session threshold procedure
(Bentzley et al. 2013 for details).

The two metrics obtained from this procedure reported here are Qg and a.. Qg is the
preferred level of cocaine consumption when no effort is required; that is, an inherent
extrapolation of the animal’s consumption at very low prices (Hursh and Silberberg 2008;
Oleson et al. 2011; Bentzley et al. 2013). Qg can be calculated several ways but here it is an
estimate of what consumption would be if cost were truly zero. a is a measure of normalized
demand elasticity and is equivalent to the slope of the demand curve (Hursh and Silberberg
2008; Bentzley et al. 2013). We report a because it is a uniquely unambiguous measure of
motivation that is inherently normalized with respect to Qq. Thus, changes in motivation that
are accompanied by changes in Qg (Bentzley et al. 2014), can be determined with greater
confidence than by just Pmax (another behavioral economic metric not reported here), or
even breakpoint on a progressive ratio schedule - as these measures are not influenced by
levels of stable consumption (Hursh and Silberberg 2008; Bentzley et al. 2013, 2014; James
et al. 2018). Motivation is inversely proportional to a., meaning a lower a value corresponds
to greater motivation (i.e. less elasticity and higher motivation).

For the initial (baseline) test, each rat was tested daily using the threshold procedure for a
minimum of four sessions and until it produced three consecutive sessions with less than +/
—25% variation in a.. For baseline data analysis, a and Qg values were averaged over these
last 3 sessions for each rat. Each probe test that followed the baseline test consisted of
testing each rat for two days using the threshold procedure. Data (not shown) from other
experiments have shown that after initial training the rats no longer require multiple days for
their behavior to stabilize. The same procedures were used in males and females for fitting
demand curves as there are no sex differences in the brain’s absorption of cocaine or the
resulting brain cocaine concentration (Bowman et al. 1999). For probe test data analysis, a
and Qg values were averaged over the 2 sessions for each rat. A total of 7 rats (2 males, 5
females) were excluded during the baseline threshold procedure because their behavior
failed to stabilize or their catheters failed.
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Self-Administration: intermittent access procedure (IntA)

After completion of the baseline threshold test the rats were allowed to continue to self-
administer cocaine, but now using an intermittent access (IntA) procedure, similar to that
described previously (Zimmer et al. 2012; Kawa et al. 2016). Briefly, the rats were placed
into the chamber with the house light illuminated. The beginning of the first 5-min Drug
Available period started 2 minutes after the rats were placed into the chamber and was
signaled by extinguishing the house light. During the Drug Available period a nose poke into
the active port resulted in an intravenous infusion of cocaine hydrochloride (NIDA)
dissolved in 0.9% sterile saline (0.4 mg/kg/infusion in 50 pl delivered over 2.6-sec) on a
FR-1 schedule. Each infusion was paired with the illumination of a cue light in the nose port
for the duration of the infusion. Pokes that were made during the 2.6-sec infusion period
were recorded but not additionally reinforced. It is important to note that there was no
timeout period following the infusion, so the rats could earn another infusion as soon as the
preceding infusion ended. After the 5-min Drug Available period, the house light turned on
and signaled a 25-min No-Drug Available period. During the No-Drug Available period nose
pokes were recorded but had no consequences. After 25-min, the house light was
extinguished and another 5-min Drug Available period began. An inactive port was also
present at all times and pokes there had no consequences.

In this study we adjusted the traditional IntA procedure in an attempt to make it more
intermittent and less predictable. To this end, two of the No-Drug Available periods each day
were 50 minutes long instead of 25 minutes. The two periods that were extended was
randomly determined each day. Each IntA session consisted of 8 Drug-Available and 8 No-
Drug Available periods (six 25-min and two 50-min), resulting in a 4-hr and 50-minute
session.

Each rat underwent one IntA session/day for an average of 5 days/week. We varied the
number and pattern of days off each week to accentuate the intermittency - for example, one
week rats may have had only 1 day off and then the next week the rats may have had 3 days
off. However, rats were never given the day off directly before a probe test. The rats were
given a total of 30 IntA sessions and underwent probe tests, using the threshold procedure,
after the 10th and 30th IntA sessions and then again after a 14-day abstinence period (see
Fig. 1). A total of 41 rats began IntA testing, but 7 (5 males, 2 females) lost catheter patency
before the reinstatement tests, and therefore the N is lower for those later tests. In all, the rats
self-administered cocaine for a total of approximately 50 days, combining acquisition (mean
of 7 days), four threshold tests (mean of 11 days), and IntA (30 days).

Cocaine-induced reinstatement test

Following the final probe test (after the 14-day abstinence period), rats were tested for
cocaine-induced reinstatement using procedures similar to those described previously
(Deroche et al. 1999; Kawa et al. 2016). On the first day of this two-day test, rats were
placed in the self-administration chambers with the house light illuminated. When the
session started two minutes later, the house light was extinguished. All nose pokes during
this test were recorded but had no consequences (that is, neither drug nor cue was
presented). After a 90-min extinction period the rats received four IV saline infusions (25,
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50, 100, 200 pl), each separated by 30-min. The following day the rats were tested using the
same procedure, except the saline was replaced by a cocaine solution (0.2, 0.4, 0.8, 1.6 mg/

kg).

Extinction and cue-induced reinstatement test

After the cocaine-induced reinstatement test, the rats underwent two-hour extinction
sessions (1/day) for at least 5 days and until they made less than 20 active nose pokes for
two consecutive sessions. The rats were placed into the chamber with the house light on and
the session started two minutes later. Upon the session starting, the house light turned off
and remained off for the duration of the session. Responses into the nose ports during these
sessions were recorded but had no consequences. The day after a rat met the extinction
criterion it underwent a day of testing identical to extinction, except on this day, pokes in the
active port were reinforced by the illumination of the cue light for 2.6-sec.

Statistical analysis

Linear mixed-models analyses were used for all repeated measures data. The best-fitting
model of repeated measures covariance was determined by the lower Akaike information
criterion score (West et al. 2007). Depending on the model selected, the degrees of freedom
may have been adjusted to a non-integer value. Data for the a measure was not normally
distributed and therefore all statistical tests involving a were made using log transformed
data, consistent with previous studies (Bentzley et al. 2014). Planned post-hoc contrasts (and
Bonferroni corrections) were done to compare data between the two sexes from the baseline
threshold test. In addition, data from the first three probe tests were analyzed together to test
the effects of increasing IntA experience. The fourth probe test was analyzed separately and
compared only to the third probe test to test the effect of an abstinence period on motivation
following IntA. Statistical significance was set at p<0.05.

RESULTS

There was no sex difference in the acquisition of cocaine self-administration

Rats were first trained to nose poke for cocaine. Due to the nature of the Infusion Criteria
procedure differences in the acquisition of self-administration would appear in the number
of responses made or the length of each session. The number of responses at the active nose
port increased across sessions (as the infusion criteria increased) (effect of I1C, F(1,46)=18.9,
p<0.001; Fig. 2a), but there was no effect of sex on the number of active pokes
(F(1,46)=0.82, p=0.37). Further, despite the number of infusions increasing, the rats finished
their sessions faster with increasing experience (effect of I1C, F(1,46)=8.27, p=0.006; Fig.
2b), but there was no effect of sex on session length (F(1,46)=0.23, p=0.636). Responding at
the inactive nose port was low in all rats and there was no effect of sex (F(1,46)=0.03,
p=0.87) or IC (F(1,45)=3.85, p=0.056; data not shown).

There was no sex difference in cocaine demand after limited cocaine experience

After limited cocaine self-administration experience females have been reported to be more
motivated to self-administer cocaine than males (Roberts et al. 1989). Therefore, we
separately analyzed data from the baseline threshold test to determine if there were sex
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differences after limited cocaine experience (the acquisition period), prior to IntA
experience. Males and females did not differ in the number of sessions required to stabilize
on the threshold procedure. Females showed a trend toward a lower a (greater motivation)
than males (F(1,87)=3.32, p=0.072; Fig. 2c¢), and females and males did not differ in their
preferred level of consumption when cost was nil (Qg) (F(1,28)=0.02, p=0.885; Fig. 2d). A
similar non-significant trend was obtained from statistical analysis of the behavioral
economic metric Pmax (data not shown).

There was no sex difference in learning to discriminate Drug Available and No-Drug
Available periods during IntA self-administration

Following the baseline threshold test all rats underwent 30 IntA self-administration sessions.
All rats quickly learned to discriminate between the alternating Drug Available and No-Drug
periods, which were signaled by off/on cycles of the house light, respectively (Fig. 3a and
b). In addition, both males and females made more active nose pokes during the Drug
Available period with increasing IntA experience, indicating an escalation of responding
(effect of session, F(29,98.9)=5.03, p<0.001; Fig. 3c). Males and females did not differ in
the number of active nose pokes made during the Drug Available period (F(1,10.6)=1.4,
p=0.262). Also, both males and females decreased the number of nose pokes they made at
the active nose port during the No-Drug periods of IntA sessions (effect of session,
F(29,79)=2.84, p<0.001; Fig. 3d). However, females made more nose pokes at the active
port during the No-Drug period than males (F(1,23.8)=10.0, p=0.004). After the first 5 IntA
sessions the majority of No-Drug responding came in the last 5 minutes of the 25-minute
period (data not shown), as we have reported previously (Kawa et al. 2016), suggesting
persistent, anticipatory responding. It is important to note that the number of inactive nose
pokes during the Drug Available and No-Drug periods did not increase with increasing IntA
experience nor was there a difference between males and females in the number of inactive
responses made during either the Drug Available or No-Drug periods (all p-values>0.1; Fig.
3c and d)

Females self-administered more cocaine than males during IntA and displayed a different
pattern of intake

When analyzed collectively, both male and female rats consumed more cocaine (escalated
intake) as a function of increasing IntA experience (effect of session, F(29,128.2)=5.23,
p<0.001; Fig. 4a). When analyzed separately, both males (F(29,93.4)=2.28, p=0.002) and
females (F(29,94.4)=4.03, p<0.001) increased the number of infusions earned per session,
but females took significantly more infusions than males (effect of sex, F(2,97.3)=10.6,
p=0.002). However, males and females did not differ in the rate at which their intake
escalated (sex X session interaction, F(29, 128.2)=1.18, p=0.265).

In light of the difference in the number of infusions earned, we analyzed the temporal
pattern of intake in males and females (Fig. 4b-f). Both males and females took most of their
infusions during the first minute of each Drug Available period, and the number of infusions
earned in this 1st minute increased as a function of IntA experience (effect of session,
F(29,212.8)=10.5, p<0.001). However, there was no sex difference in the number of
infusions earned in the 1st minute of the Drug-Available periods (effect of sex,
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F(1,17.3)=1.98, p=0.18), nor in the rate of escalation of intake (sex X session interaction,
F(29,212.8)=0.55, p=0.97). Further, all of the escalation of intake that occurred across
sessions took place in the first minute, as there was no effect of session on the number of
infusions earned in the 2nd, 3rd, 4th, or 5th minute of the Drug Available periods (all p-
values>0.05). However, females took more infusions than males in minutes 2 (p<0.001), 3
(p<0.001), 4 (p<0.001), and 5 (p=0.007), which accounts for their greater total intake
evident in Fig. 4a.

Motivation for cocaine increased with IntA experience in both males and females, but
females showed a more rapid and greater increase in motivation than males

There was
correlation

Rats were tested for their motivation to self-administer cocaine using the within-session
threshold procedure prior to IntA experience, after 10 IntA sessions, and then again after 30
IntA sessions. Motivation for cocaine increased as a function of IntA experience in both
sexes, indicated by a significant main effect of probe test on a (F(2,62.8)=7.01, p=0.002;
Fig. 5a). In addition, females were more motivated than males on these probe tests indicated
by a lower a (effect of sex, F(1,32.2)=14.4, p=0.001). When analyzed across all 3 of these
probe tests, the motivation of females did not change to a greater extent than that of males
(session X sex interaction, F(2, 62.8)=2.21, p=0.119). However, to assess how motivation
changed with limited IntA experience we also compared only the baseline probe test and 1st
probe test (after 10 IntA sessions), as this was when the greatest change was seen in females.
This yielded a significant interaction (session X sex interaction, F(1,32.6)=4.16, p=0.049),
suggesting that motivation for cocaine increased more rapidly in females than males.

Rats were also tested on the within-session threshold procedure after a 14-day abstinence
period that followed 30 IntA sessions. A test comparing motivation (a.) on the 3rd probe test
to the 4th probe test (post-abstinence) indicated a significant increase in motivation
following the abstinence period (F(1,57)=2.6, p=0.048) and that females remained more
motivated than males (effect of sex, F(1,57)=25.8, p<0.001; test X sex interaction,
F(1,57)=0.825, p=0.37). We also analyzed Pmax using identical statistical tests to a and for
each test the results (significant/non-significant) were consistent (data not shown).

Another measure that can be extracted from the within-session threshold procedure is Qg, a
measure of preferred drug consumption when cost is essentially zero (Fig. 5b). There was no
significant change in Qg with increasing IntA experience (F(2,41.8)=0.27, p=0.763), nor was
there a difference in Qg between males and females (F(1,49)=0.99, p=0.325). In addition,
there was no change in Qg, and no difference between males and females, following the 14-
day abstinence period (all p-values>0.1).

Figures 5¢ and d show demand curves for a representative male and representative female
from the final probe test (following the 14-day abstinence period).

no correlation between total cocaine intake during IntA and a, but there was a
between IntA intake and Qg

One possible interpretation of our results was that the greater motivation (a) that was
observed in females was the result of them consuming more cocaine (relative to body
weight) than males during IntA. In order to test this, we correlated a values from the 2nd
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probe test (post-30 IntA sessions) with the average number of infusions self-administered
across the last 3 IntA sessions in both males and females (Fig. 6a and b). There was no
correlation in males (R2=0.06, p=0.30) or females (R?=0.01, p=0.73). We conducted the
same correlation analysis on a values from the 1st probe test (post-10 IntA sessions) with
the average number of infusions self-administered across sessions 8-10 of IntA (data not
shown). Again, there was no correlation in males (R2<0.01, p=0.92) or females (R?=0.1,
p=0.17) suggesting that IntA intake and motivation on the within-session threshold
procedure are dissociable.

We also asked whether Qg from the within-session threshold procedure was correlated with
IntA intake (Fig. 6¢ and d). To do this we took the average intake during a Drug-Available
block in both males and females from early-IntA (sessions 1-3) and correlated this with Qg
values from the baseline probe test (prior to IntA). We combined males and females for this
analysis because Qg did not differ between the sexes. Our results showed a significant
correlation between preferred cocaine consumption (Qg) and IntA intake (R2=0.12, p=0.03;
Fig 6¢). In addition to the correlation, it can be seen that rats ‘load-up’ to similar levels
during each Drug-Available block of IntA as they do during the within-session threshold
procedure. Further, when Qg was taken from the 2" probe test (post-30 IntA sessions) and
correlated with intake from the last 3 IntA sessions these measures were still significantly
correlated (R?=0.19, p=0.02; Fig 6d), perhaps suggesting that these two measures of
consumption reflect similar processes before and after escalation of cocaine intake.

There was no sex difference in drug- or cue-induced reinstatement

Following the 3rd, and final probe test, the rats underwent a 2-day, drug-induced
reinstatement test. The first day consisted of a 90-minute extinction period followed by
saline infusions and the second day consisted of a 90-minute extinction period followed by a
series of cocaine infusions (see methods). Males and females did not differ in their
extinction responding on the first day (effect of sex, F(2,27.3)=3.75 p=0.063; sex X time
interaction, F(17,55.9)=1.67, p=0.08; Fig. 7a) or the extinction portion of the second day
(data not shown). The cocaine-priming injections dose dependently reinstated drug-seeking
behavior in both males and females, as measured by responses in the previously active nose
port (effect of dose, F(4,26.4)=8.34, p<0.001; Fig. 7b) but not to a different extent in males
and females (effect of sex, F(1,25.0)=2.89, p=0.1). Notably, there was no effect of dose on
responses at the inactive nose port (effect of dose, p>0.1).

Following the drug-induced reinstatement test, rats underwent additional extinction training
for at least 5 days and then a test for cue-induced reinstatement of cocaine-seeking behavior
(conditioned reinforcement). Again, males and females did not differ in either the number of
responses made during extinction or the number of sessions required to meet a
predetermined extinction criteria (all p-values>0.1; Fig. 7c). Both males and females showed
robust cue-induced drug-seeking at the previously active nose port, compared to the last day
of extinction (effect of session, F(1,23.0)=106, p<0.001; Fig. 7d). In addition, there was no
effect of sex on cue-induced reinstatement (effect of sex, F(1,23.0)=0.58, p=0.45; session X
sex interaction, (F(1,23.0)=0.62, p=0.44). Notably, there was no effect of session on
responses directed towards the inactive nose port (effect of session, p>0.1).

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kawa and Robinson

Page 11

DISCUSSION

IntA cocaine self-administration experience models intermittent patterns of cocaine use
during the transition to addiction in humans (for review see Allain et al. 2015). A history of
IntA experience increases subsequent motivation for cocaine in male rats — that is, it
produces incentive-sensitization (Zimmer et al. 2012; Kawa et al. 2016; Allain et al. 2017;
Singer et al. 2018), and it does so more effectively than LgA self-administration experience
(Zimmer et al. 2012; Allain et al. 2018; Allain and Samaha 2018; James et al. 2018). Given
the clinical literature suggesting that women transition to addiction more readily than men
(see Introduction), we asked whether there are sex differences in incentive-sensitization
produced by IntA experience in rats.

Motivation for cocaine was assessed before, during, and after IntA experience, using
behavioral economic procedures that allowed us to quantify changes in the “elasticity” of
cocaine demand curves - that is, the degree to which rats would work to defend their
preferred level of cocaine consumption as cost (in effort) progressively increased. The
elasticity of a demand curve is quantified by a metric called a (see Methods), which
provides a measure of motivation for a commodity (cocaine in this case). Lower a values
reflect less elasticity, and therefore, greater motivation. Relatively limited IntA self-
administration experience decreased a more readily in females than males and a was lower
in females than males throughout IntA testing. This is consistent with a study using similar
behavioral economic metrics to measure sex differences in the motivation to self-administer
methamphetamine after a relatively limited number of 2-hour self-administration sessions
(Cox et al. 2017). Motivation for cocaine further increased in males and females after 2
weeks of drug abstinence but still remained higher in females. In addition, females made
more responses during the No-Drug Available periods (especially towards the end of these
periods) - suggesting greater anticipation of the next Drug Available period (see Kawa et al.
2016 discussion). These findings are consistent, therefore, with the hypothesis that females
are more susceptible to incentive-sensitization than males.

Females also consumed more cocaine during IntA than males, similar to studies using other
self-administration procedures (Lynch and Taylor 2004; Roth and Carroll 2004; Lynch et al.
2005; Smith et al. 2011) and other drugs of abuse (Cicero et al. 2003; Hwa et al. 2011).
During IntA most cocaine consumption occurs within the first minute of each 5 minute Drug
Available period (Kawa et al. 2016; Allain et al. 2018), and that was also the case here, for
both males and females. Interestingly, there were no sex differences in cocaine intake during
the first minute of drug availability. Furthermore, the escalation of intake seen with
increasing IntA experience was confined to this first minute, as described previously (Allain
et al. 2018), and there was no sex difference in the degree of escalation. The sex difference
in total drug consumption was entirely due to females taking more cocaine than males in
minutes 2-5 of drug availability, when no escalation of intake was observed. Of course, it is
possible that the greater incentive-sensitization seen in females was a result of them
consuming more cocaine. However, there was no correlation between the total amount of
drug intake and motivation for cocaine (a), as has been reported by others for male rats
(Allain et al. 2018), suggesting this is not the explanation.
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In contrast with sex differences in motivation for cocaine, males and females did not differ
in Qgp, a measure of the preferred level of consumption when cost is low, nor did Qg change
in either sex with increasing IntA experience or following a 14-day abstinence period,
consistent with previous reports using males (Kawa et al. 2016; Singer et al. 2018; James et
al. 2018). This suggests that IntA produced robust changes in motivation for cocaine
(“wanting”) without altering the desired effects produced by the preferred brain level of
cocaine, which could in part reflect the degree of cocaine “liking”. If so, the absence of a sex
difference in Qg may be consistent with reports that in humans the degree of enjoyment
derived from cocaine use does not differ between the sexes, despite other differences in
addiction vulnerability (e.g. Kennedy et al. 2013). It is also worth noting, that unlike IntA,
LgA cocaine self-administration experience produces a persistent /ncrease in Qg (Oleson and
Roberts 2009; Bentzley et al. 2014; James et al. 2018).

Using the within-session threshold procedure to quantify cocaine consumption and

motivation

Throughout the study we relied on behavioral economic analysis of data derived from the
within-session threshold procedure. Traditionally manipulations of “‘unit price’ can be
achieved through two routes. One method is to change the number of responses required to
obtain a fixed amount of the commodity (often referred to as a progressive-ratio test) and the
other (used in this study) is to hold the response requirement the same throughout the
session but change the amount (or dose) of commodity delivered per response. Both
manipulations equivalently affect the “unit price’ of a commodity and generally individuals
will titrate their responding similarly in both cases (Collier et al., 1986; Hursh et al., 1988;
Bickel et al., 1990; but see Gan et al., 2010). One advantage of using threshold procedures
over PR procedures is that they differentiate between the preferred level of consumption and
motivation to work for the commaodity (Oleson and Roberts 2009; Oleson et al. 2011). That
is, threshold procedures yield metrics for the preferred level of drug consumption when
little, or no effort is required, and separately, the amount of effort a subject is willing to
expend for drug when the amount of effort required is increased. Distinct psychological and
neurobiological systems have been implicated in the preferred level of consumption and
motivation. (Brebner et al. 2000; Nicola and Deadwyler 2000; Sharpe and Samson 2001;
Espafia et al. 2010; Gan et al. 2010; Oleson et al. 2011; Guillem et al. 2014). For example, a
and Qg are dissociable metrics and have been shown to measure different processes
(Bentzley et al. 2013, 2014; Kawa et al. 2016; James et al. 2018; Fig. 6). In addition, a
number of studies have shown that the within-session threshold procedure is a valid
technique for manipulating ‘unit price’ including: studies that show manipulations similarly
and predictably affect the ‘motivation’ measures on the within-session threshold procedure
and ‘breakpoint’ from a PR test (Oleson et al. 2011), economic demand (but not preferred
consumption) derived from the within-session threshold procedure predicts other addiction-
like behaviors (Bentzley et al. 2014), and finally decreased responding during the within-
session threshold procedure is the result of increased ‘unit price’ and not session length or
satiation-demonstrated by presenting doses in an ascending order or with a 20-minute time-
out (intermittent threshold procedure) between each unit price (Porter-Stransky et al. 2017).
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Are females especially susceptible to the effects of intermittent drug experience?

The “telescoping effect” describes the observation that women transition from first drug use
to addiction more rapidly and to a more severe extent than men (Anglin et al. 1987a, b;
Griffin et al. 1989; Kosten et al. 1993; Brady and Randall 1999). Our present findings show
that after only 10 days of IntA experience, motivation for cocaine (a) increased more in
female rats than in male rats, and starting from the first IntA session females consumed more
cocaine. These findings are both consistent with the telescoping effect and with several other
pre-clinical studies (Lynch and Carroll 1999; Hu et al. 2004). It should be noted that
females’ motivation for cocaine may also increase following other, less intermittent, self-
administration procedures (Lynch and Taylor 2004; but also see Raméa et al. 2013, 2014);
however, it appears that IntA was especially effective in increasing motivation for cocaine in
females, relative to males. Earlier studies involving experimenter-administered drug
injections are also consistent with the idea that females are particularly susceptible to
intermittent drug exposure. Females show greater psychomotor sensitization (Robinson
1984; Robinson and Becker 1986; van Haaren and Meyer 1991) and more rapidly induced
conditioned place preference (Russo et al. 2003) following repeated, experimenter
administered psychomotor stimulant drug injections.

A number of factors may contribute to the telescoping effect reported in women. As
suggested above, intermittent exposure to drugs may more readily produce sensitization-
related changes in brain systems that mediate the psychomotor activating and incentive
motivational effects of drugs in females, thus promoting a more rapid and pronounced
transition from casual drug use to addiction. Another factor that might contribute to the
telescoping effect is that it has been reliably shown that the reinforcing effects of cocaine
vary across the estrous or menstrual cycle (for reviews see Lynch 2018; Yoest et al. 2018).
Thus, when females self-administer cocaine across multiple days of their cycle, the drug-
experience may be more variable than in males, and thus by definition, more intermittent.
Given that intermittency promotes incentive-sensitization, this could contribute to the sex
differences described here, and to the telescoping effect in humans.

Female behavior was not more variable than male behavior despite not measuring estrous

phase

As noted in the methods section, we did not monitor the estrous cycle. A great deal of work
has been done to elucidate how circulating hormones interact with the brain and the role this
plays in addiction (for reviews see: Becker et al., 2012; Lynch, 2018; Yoest et al., 2018).
Based on this large body of literature it is likely that our behavioral measures would have
been affected by phase of the cycle. For example, it is possible that on the baseline probe test
females tested during estrus would have been more motivated than non-estrus females and
males. However, in general the magnitude of the effects of estrous cycle in females are small
relative to the effects of sex and IntA training on motivation that we observed here. It is also
important to note that at no point in our results was the variability of female behavior larger
than the variability of male behavior, consistent with a recent meta-analysis of data collected
from rats that concluded that female behavior was not more variable than male behavior,
even when females are tested without regard for estrous phase (Becker et al. 2016).
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Males and females did not differ in rate of acquisition or reinstatement

In this study males and females did not differ in the rate that they acquired self-
administration behavior nor in the number of responses made during acquisition (Fig. 2a and
b). This is in contrast to several previous reports that females acquire self-administration
faster than males at low doses of cocaine (Lynch and Carroll 1999) and when
ovariectomized with or without estradiol treatment (Hu et al. 2004). However, this
discrepancy is probably related to procedural differences in how the rats were trained to self-
administer cocaine. The present study utilized an “infusion criteria” procedure that was
developed to explicitly minimize individual differences (Saunders and Robinson 2010), by
ensuring that all rats experience the same amount of drug and cue exposure prior to any
subsequent testing.

Another interesting finding is that males and females did not differ during extinction or on
the drug- or cue-induced reinstatement tests (Fig. 7). The majority of extinction-
reinstatement studies find that females respond more during the early stages of extinction but
do not differ from males in the number of extinction sessions required to meet a
predetermined criteria (Lynch et al. 2005; Fuchs et al. 2005; Kippin et al. 2005; Feltenstein
et al. 2011). Similar to these studies, we did not see any sex difference in the number of
sessions required to meet an extinction criteria. However, we did not see increased
responding in females during early extinction. We believe this is most likely due to different
self-administration procedures used in these different studies. Here we used the IntA
procedure and rats were well accustomed to periods of No-Drug availability (essentially
extinction conditions) and the finding that females responded more during the No-Drug
periods of IntA is consistent with this interpretation (Fig. 3d). It is worth noting that males
and females did not differ in learning to discriminate between the Drug Available periods
and No-Drug periods of IntA and by session 5 of IntA, both males and females could clearly
discriminate between the two periods (Fig. 3a and b). Due to their experience with the No-
Drug periods of IntA, both males and females stopped responding relatively quickly during
the extinction training that preceded the reinstatement tests (i.e. Fig. 7a).

There is a lack of a consensus on whether females are more motivated by cocaine-paired
cues following cocaine self-administration. There are several reports in humans that cocaine-
associated cues induce stronger craving in females (Robbins et al. 1999; Elman et al. 2001,
Kennedy et al. 2013) although this is not always the case (Negrete and Emil 1992; Avants et
al. 1995). However, most preclinical studies report either no sex difference in cue-induced
reinstatement (Lynch et al. 2005; Fuchs et al. 2005; Kerstetter et al. 2008; Feltenstein et al.
2011), or greater reinstatement in males dependent on the dose of cocaine used during
training (Fuchs et al. 2005). Thus the present results (Fig. 7d) add to the literature suggesting
that female rats are not more susceptible to cue-induced reinstatement than male rats when
testing occurs without respect to the estrous cycle.

Studies on cocaine-induced reinstatement more consistently demonstrate increased drug-
seeking in females following a cocaine priming injection, particularly during estrus (Lynch
and Carroll 2000; Kippin et al. 2005; Kerstetter et al. 2008). Given these results, we were
surprised that there was not a sex difference in cocaine-induced reinstatement (Fig. 7b).
Further work is required to determine how different self-administration procedures affect the
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conditioned motivating effects of cues and non-contingent cocaine infusions. It is clear
however that IntA experience results in very robust drug and cue-induced reinstatement in
both male and female rats, relative to what is typically reported following self-administration
experience with other self-administration procedures (also see Kawa et al., 2016).

In summary, the present results add to a growing literature showing that IntA cocaine self-
administration experience is especially effective in producing addiction-like behavior,
despite resulting in much less total drug consumption than more widely used LgA
procedures (Zimmer et al. 2012; Kawa et al. 2016; Allain et al. 2018; Allain and Samaha
2018; James et al. 2018). Furthermore, we not only extend this observation to female rats,
but find that females are more susceptible to incentive-sensitization produced by intermittent
exposure to cocaine. This sex difference may be related to the “telescoping effect” reported
in women during the transition to addiction, and may therefore provide a useful approach for
studying the neural basis of this phenomenon.
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Experimental Timeline
Acquisition IntA IntA Abst.  Drug Rein. Cue Rein.
! ! ! ! !
7d 7d 7d 10d 20d 14 d 2d| 5d |1d
IV Surgery Baseline threshold Probe 1 Probe 2 Probe 3 Extinction

Fig. 1.
A flow diagram illustrating the overall experimental design and timeline. Each “Probe” was

a 2-day probe test using the within-session threshold procedure to assess cocaine demand.
IntA: Intermittent Access; Abst: Abstinence; Rein: Reinstatement
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Acquisition and baseline demand. Acquisition of cocaine self-administration behavior using
an Infusion Criterion procedure (see Methods) and baseline demand for cocaine prior to
IntA experience. There were no differences between males (n=25) and females (n=23) in the
acquisition of self-administration as indicated by active nose pokes (a) or the time to meet
each criterion number of injections (b). Baseline demand (prior to IntA experience) did not

differ between males (n=23) and females (n=18) indicated by a (c) or Qq (d). Values

represent means + SEMs
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IntA Discrimination
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Fig. 3.

Self-administration behavior during IntA. Both males and females quickly learned to
discriminate between the Drug Available periods and No-Drug Available periods. As
expected rats did not discriminate these periods on the first day of IntA testing (=23 males,
18 females) (a), but after five sessions both males and females showed good discrimination
(b). Across all 30 IntA sessions both males and females made progressively more responses
during the Drug Available periods as a function of increasing experience (c) and
progressively fewer responses during the No-Drug periods, although females made more
responses than males during the No-Drug period throughout testing (d). In panels ¢ and d
each point represents the average of three consecutive IntA sessions and arrowheads mark
when Probe Tests were conducted (Session 30: n= 18 males, 16 females). Values represent
means = SEMs
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Fig. 4.

Imgusions during each minute of drug availability. Each Drug Available (DA) period during
IntA lasted for five minutes. Across all 5 minutes, males and females both escalated cocaine
intake as a function of increasing IntA experience, but overall females consumed more
cocaine than males (a). Analysis of each minute of the DA periods revealed that all of the
escalation of intake in both sexes occurred during the first minute of drug availability, and
there was no sex difference in cocaine consumption during the first minute, or in escalation
of intake (b). There was no escalation of intake during minutes 2-5 of the DA periods, but
females consumed more cocaine than males in minutes 2-5 (c-f). Each point represents the
average of three consecutive IntA sessions and arrowheads mark when Probe Tests were
conducted. Values represent means + SEMs
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Cocaine Demand with
Prolonged IntA Experience
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Fig. 5.
Cocaine demand in males and females as a function of IntA self-administration experience.

Cocaine demand was assessed prior to IntA experience (Baseline, BL), and then after 10
(Probe Test 1) and 30 (Probe Test 2) days of IntA experience, and again after a 14-day
abstinence period (Probe Test 3; n=18 males, 16 females). The elasticity of the demand
curves (a) decreased (motivation increased) in both males and females with increasing IntA
experience and further decreased following the abstinence period. a values decreased to a
greater extent in females than males after only 10 IntA sessions, and remained lower in
females throughout testing (a). Qg (preferred cocaine intake when cost is nil) did not change
with increasing IntA experience and did not differ between males and females (b). Panels ¢
and d show representative demand curves for male (c) and female (d) rats derived from
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Probe Test 3 (P3; after 30 IntA sessions and the abstinence period). In panels a and b the
arrowhead marks a 14-day drug-free abstinence period. Values represent means + SEMs
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Correlations Between Behavioral Economic
Metrics and IntA Consumption
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Fig. 6.

Correlations between the behavioral economic metrics and cocaine consumption during
IntA. Each rats’ a value from Probe Test 2 (after 30 IntA sessions) was correlated with the
average number of infusions that rat self-administered over the last 3 IntA sessions in males
(@) and females (b). a was not correlated with IntA intake in either males or females. Qg
(preferred cocaine intake when cost is nil) taken from the Baseline Probe Test (BL) was
positively correlated with cocaine intake during the 5-minute Drug Available (DA) periods
of the first 3 IntA sessions (c) and Qg taken from Probe Test 2 (P2) was similarly correlated
with cocaine intake during the DA periods of the last 3 IntA sessions (d). Males and females
were combined for panels ¢ and d as there were no sex differences in Qg
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Cocaine- and Cue-Induced

Reinstatement
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Fig. 7.

Cocaine- and cue-induced reinstatement of drug seeking. Males and females did not differ in
responding during a within session extinction procedure (see Methods) (a) or in the extent to
which multiple doses of cocaine (I1V) reinstated drug-seeking (b). Males and females also
did not differ in the number of responses made or the number of sessions required to reach
extinction criteria during a between session extinction procedure (c). Males and females did
not differ in the number of responses made at the previously active port when a nose poke
resulted in the presentation of the cue alone that had previously been paired with cocaine (d).
Nose pokes at the inactive nose port are represented by the dashed lines. N=18 males, 16
females. Values represent means + SEMs
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