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Abstract

There are sex differences in the development of cocaine addiction. For example, the time that it
takes for women from initial use to addiction is significantly shorter than for men. Thus,
understanding why females are more vulnerable to cocaine addiction will provide insights into sex
differences in the mechanisms underlying cocaine addiction. This study aimed to determine how
cocaine demand intensity and elasticity might differ between sexes. In addition, the impact of
estrous cycle and cocaine intake on demand was investigated. Male and female rats were trained to
self-administer 0.125 mg of cocaine intravenously under a chained schedule in daily 2-h sessions
for two weeks, and then, the cocaine demand function was determined with a modified within-
session threshold procedure. Following the test, the rats began to self-administer a higher dose of
cocaine (0.25 mg) to increase the cocaine intake. The demand function was then similarly
determined in the same rats after two weeks of cocaine SA of the higher dose. No sex differences
were found in either demand intensity or elasticity. Neither did the level of cocaine intake have an
impact on the demand. The demand elasticity, but not intensity, was significantly lower during
proestrus/estrus compared with diestrus. These data suggest that the faster transition to cocaine
addiction in females cannot be explained by sex differences in the demand for cocaine and such a
demand may change during different phases of estrus cycle.
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Introduction

Recreational cocaine use can lead to addiction in vulnerable individuals (Gawin 1991;
Wagner and Anthony 2002). Identifying the factors that promote the transition from
recreational use to addiction is important to our understanding of cocaine addiction and to
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the development of much-needed treatment strategies. Sex appears to have a significant
impact on the vulnerability to cocaine addiction. For example, women show a faster
escalation of cocaine use, a shorter time from initial use to seeking treatment, and higher
total consumption by the time they seek treatment (Becker and Hu 2008; Greenfield et al.
2010; Griffin et al. 1989; Haas and Peters 2000; Lozano et al. 2008). The faster transition to
addiction, or so-called “telescoping” phenomenon, suggests that cocaine has a greater
impact on the processes related to the development of cocaine addiction in women.

One hypothesis is that cocaine may have a greater motivational impact on women than men.
The greater motivational effects are expected to result in greater amount of cocaine
consumption and consequently, promote a faster transition to cocaine addiction. There is
some evidence from animal studies supporting this hypothesis. For example, the level of
motivation is often measured with the progressive-ratio (PR) schedule of reinforcement in
the preclinical studies. With this schedule, the response requirement for earning a reward is
increased after each reinforcement until animals reach the breaking point (BP), defined as
the last response requirement at which animals stop responding or fail to earn the reward
within a predefined time window (Hodos 1961; Roberts et al. 1989b). The BP is used as an
index of the level of motivation for the reward. Under the PR schedule, female rats
selectively bred for high intake of saccharin showed a higher level of motivation for cocaine
than male rats with the same trait (Carroll et al. 2002). Higher motivation for cocaine was
also observed in female Sprague-Dawley rats with daily 24 h access under a discrete trial
schedule (Lynch and Taylor 2004) and in female Wistar rats with daily 4 h access under the
fixed-ratio (FR) 1 schedule (Roberts et al. 1989a). One concern with the BP method is that
the BP is not only dependent on the level of motivation, but also the dose of cocaine
(Bedford et al. 1978; Roberts et al. 1989b). Because males and females differ in body
weight, blood volume, body fat percentage, and metabolism (Becker et al. 2005; Festa et al.
2004) it is very difficult to find equivalent doses of cocaine between sexes. The body weight-
adjusted dose cannot guarantee dose equivalency. Given such a concern, it is important to
develop a methodology that can measure the level of motivation without the confounding
effect of the dose.

Behavioral economics examines the relationship between price and consumption of a
commaodity, and the demand function is used to describe this relationship (Hursh and
Silberberg 2008). A fundamental law described by the function is that consumption goes
down as the price goes up. The rate of decrease in consumption in response to the price
increase, referred to as elasticity, is used to measure the essential value of a commaodity
(Hursh and Silberberg 2008). The consumption at the minimum price reflects the demand
intensity or hedonic “set point” (Bentzley et al. 2013). Because a commaodity with a higher
essential value is expected to have greater motivational effects or values, the elasticity can be
used as an indicator of the motivational value of the commodity (Kawa et al. 2016; Newman
and Ferrario 2020). More importantly, the demand elasticity does not depend on the dose of
drugs or amount of rewards (Bickel et al. 1990; Kearns and Silberberg 2016; Winger 1993).
Based on these previous studies, a within-session threshold procedure was recently
developed to measure the demand elasticity and intensity of cocaine (Oleson et al. 2011).
With this procedure, consumption of cocaine is defined as the self-administered amount of
cocaine, and unit price is the response requirement for earning one unit of cocaine
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(responses/mg). Using this procedure, several studies demonstrate no sex-differences in the
demand elasticity for cocaine (Kawa and Robinson 2018; Lacy et al. 2019; 2020) suggesting
that cocaine has similar motivational effect in both sexes. Note that the unit price for cocaine
can be increased by different approaches. One approach is to increase the response
requirement for a fixed dose of cocaine (Winger et al. 2006). Alternatively, the price can be
changed by altering the dose without changing the response requirement (Oleson et al.
2011). There is evidence that the two approaches are functionally equivalent (Bickel et al.
1990). In the recent studies, the price for cocaine was increased by sequentially reducing the
dose of cocaine on a quarter-log scale. One concern with such a small decrease in the dose is
that animals may not be able to discriminate the difference of the two consecutive doses and
therefore, may not subjectively experience the increase in the price. Lack of such
discrimination could reduce the power of these studies to detect sex differences in the
elasticity. One goal of the current study aimed to address this issue.

Another factor that may contribute to the female vulnerability to cocaine addiction is natural
fluctuations of sex hormones during menstrual cycles. There is evidence that the effects of
cocaine is affected by the cycle. For example, cocaine produces stronger subjective effects
during the follicular phase compared with luteal phase (Evans et al. 2002; Sofuoglu et al.
1999) and the levels of sex hormones including estrogen and progesterone are correlated
with the stress- or cue-induced craving in cocaine-dependent women (Sinha et al. 2007).
Given these observations, another goal of the current study was to determine the impact of
estrous cycle on the cocaine demand.

Materials and Methods

Subjects and Drugs

Outbred Wistar rats (Male: 320-380 g, /7= 20; Female: 230-300 g, 7= 15, Charles River)
were housed individually in plastic home cages in a temperature- and humidity-controlled
colony room on a 12-h reverse light-dark cycle (lights off at 08:00). Male and female rats
were fed 20 and 15 g per day of rat food chow during self-administration training,
respectively. Water was freely available, except during the period in which they stayed in the
operant chambers. Experiments were conducted during the dark phase (between 09:00 and
18:00). Cocaine hydrochloride (the National Institute on Drug Abuse, Bethesda, MD) was
dissolved in physiological saline to prepare solutions with the concentrations of 2.5, and 5
mg/ml (salt), respectively. All procedures followed the Guidelines for the Care and Use of
Laboratory Animals (National Research Council 2011) and were approved by University of
Tennessee Health Science Center Animal Care and Use Committee.

Sucrose Self-Administration

The rats were first trained to press a lever for a sucrose pellet (45 mg, Research Diet, New
Brunswick, NJ) in a standard operant conditioning chamber equipped with two metal levers
(Med Associates Inc., St. Albans, VT). Once they were able to obtain 100 pellets within two
hours, training with the chained schedule of reinforcement began. The chained schedule
requires sequential responses on the two levers, respectively, to earn sucrose pellets
(Olmstead et al. 2000). Only one lever is available at one time and pressing the first lever
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leads to its retraction and access to the second lever after a delay. Pressing the second lever
results in delivery of one sucrose pellet and its retraction followed by re-extension of the first
lever after a timeout period. Thus, the fixed-ratio 1 (FR1) schedule is effective for both
levers (chained FR1FR1). During sucrose self-administration (SA), a delay of 2 s between
extensions of the two levers and timeout of 5 s after each reinforcement were used in the
daily 30-minute sessions. The training ended once rats can earn 60 (female) or 100 (male)
pellets with 30 min based on the observations that some females did not earn 100 pellets
within the session time.

The catheterization was performed under anesthesia with isoflurane. The catheter was made
of ~12-cm polyurethane tubing (MRE-037; Braintree Scientific, Inc. MA, USA) connected
to a rat vascular access button (VAB95BS; Instech, PA, USA). The button was placed
subcutaneously in the mid-scapular region and the tubing was tunneled under the skin and
inserted ~3.5 cm into the right external jugular vein. After surgery, buprenorphine (0.03
mg/kg, subcutaneously) was given for the post-surgical analgesia. All rats were allowed to
recover for one week during which 0.1 ml of the antibiotic gentamicin (10 mg/ml,
Biowhitaker, Walkersville, MD) was injected through the catheter daily, and the catheter was
flushed twice a day with heparinized physiological saline (30 U/ml). Catheter patency was
evaluated by injecting 0.1 ml Brevital (1%) through the catheter and loss of muscle tone
within five seconds indicated the patency of the catheter.

The rats were sequentially trained to self-administer 0.125 and 0.25 mg of intravenous
cocaine in daily 2-hour sessions under the same chained schedule as described for sucrose
SA except that a 20-s timeout and a 10-s compound stimulus consisting of the two flashing
cue lights (0.2 sec on and 0.2 sec off) above the levers and tone (3000 Hz) were used after
the reinforced responses. These doses were chosen based on our previous studies (Sun and
Rebec 2003; Xue et al. 2011) and are on the descending limb of the inverted-U dose-
response curve of cocaine (Piazza et al. 2000). The session ended either when two hours had
passed or 80 infusions had been self-administered, whichever occurred first. The training
was conducted 5-6 days per week until they reached the criterion: the number of cocaine
infusions varied by < 20% for three consecutive sessions and a minimum of 10 sessions of
training. After the demand function was determined, the rats continued to self-administer
cocaine at a dose of 0.25 mg for another 10 sessions followed by the determination of the
demand function again.

Impact of Cocaine Intake on the Demand for Cocaine

The unit price of cocaine is typically defined as the number of responses required to earn
one mg of cocaine and can be manipulated by changing either the response requirement for a
fixed dose of cocaine, or changing the dose while keeping the response requirement constant
(Oleson et al. 2011). The recently developed threshold procedure uses a within-session
design to measure the demand function by changing the dose in each of 11 bins (10 min/bin)
under the fixed-ratio 1 (FR1) schedule (Oleson and Roberts 2009; Zittel-Lazarini et al.

Behav Pharmacol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

SUN et al.

Page 5

2007). The dose is decreased in each bin on a quarter-log scale. The demand curve is
constructed as the cocaine consumption (mg/kg body weight) during the 10-min bins vs the
unit price of cocaine (response/mg). Several modifications of the procedure was made in the
current study. First, the demand function was determined under the chained schedule. The
20-s timeout after each infusion of cocaine remained effective to be consistent with the
training procedure. The timeout was used to minimize the toxicity of cocaine in the early
bins in case the rats self-administer cocaine too fast. The timeout may, however, limit the
number of infusions delivered per bin, in particular, in the later bins during which the doses
of cocaine are low. Note that the maximum number of cocaine infusions that can be
delivered with the 20-s timeout during the 10-min bin is ~27. Among all the rats tested, the
maximum number of infusions obtained was 26, which occurred in four rats. Thus, it is
unlikely that the maximum number of infusions was limited by the 20-s timeout in the
current study. Second, the modified procedure consisted of nine consecutive 10-min bins.
The number of bins was reduced to shorten the duration of the session so that the effects of
the drugs targeting different neurotransmitter systems in the brain could be studied. Our past
microinjection studies demonstrate that the effects of various drugs microinjected into
several brain regions rarely last longer than 90 min (Sun et al. 2005; Xue et al. 2012). Third,
the dose was sequentially decreased by half. The drug discrimination studies provide
evidence that rats can discriminate a 2-fold difference in the dose of cocaine within a defined
dose range (Callahan et al. 1995; Mantsch and Goeders 1999). At the training dose of 0.125
mg, the nine doses for determining the demand function included: 125, 62.5, 31.25, 15.63,
7.81, 3.91, 1.95, 0.98, and 0.49 ug/infusion. At the training dose of 0.25 mg, the nine doses
were: 250, 125, 62.5, 31.25, 15.63, 7.81, 3.91, 1.95, and 0.98 pg/infusion. The doses were
changed by varying the infusion duration of the pump as described by others (Bentzley et al.
2013). The demand function was only determined once after the training with 0.125 and
0.25 mg, respectively, to avoid the concern that learning after repeated tests may alter the
demand function. For example, it is suggested that animals may learn the strategy to self-
administer cocaine as much as possible during the low-price bins (Lacy et al. 2019; 2020).

The extent of exposure to cocaine plays an important role in the development of cocaine
addiction (Deroche-Gamonet et al. 2004; Vanderschuren and Everitt 2004). Thus, the impact
of the different levels of cocaine intake on the demand function was studied by using two
different training doses using a within-subject design. The previous studies demonstrate that
cocaine intake increases with the self-administered doses within a certain dose range (Lile et
al. 2002; Smith et al. 2006). Thus, the rats were first trained to self-administer cocaine at the
dose of 0.125 mg for ~10 daily session and the demand function was then determined.
Subsequently, the same rats began to self-administer 0.25 mg for another ~10 daily sessions
followed by the determination of the demand function again.

Impact of Estrous Cycle on Cocaine Demand

The effects of estrous cycle were determined for the female rats by comparing proestrus/
estrus and diestrus using a mixed-subject design with estrous phase and dose as the between-
and within-subject factors, respectively. To this end, a subset of rats (n = 7) from the
experiment above were monitored for the estrous phase. The vaginal smears were collected
30 min before the test sessions and assessed by vaginal cytology to determine the phase
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(Marcondes et al. 2002). Proestrus and estrus were combined because most females did not
show sequential transition of the phases in the dark phase as reported before (Becker et al.
2005; Perry et al. 2015). The rats went through two normal estrous cycles (4-5 days per
cycle) before testing.

Relationship between Cocaine Demand and Brain Concentration

There is evidence that animals self-administer cocaine to maintain a preferred level of
cocaine concentration in the brain (Zimmer et al. 2012). Because cocaine consumption
depends on the price, it is of interest to know how the brain concentration may be related to
demand elasticity. To this end, we estimated the brain concentration of cocaine during the
session based on the following equation

__4dk _ _pt_ —at
C=sa—p@ M-,

with Cas the concentration (mg/L), ¢(min) as the time after cocaine infusions, das the dose
(mg/kg), k(0.233/min) as the rate constant for transfer of cocaine from the blood to the
brain, v (0.15 L/kg) as the apparent volume of distribution of the brain, a (0.642/min) and B
(0.097/min) as the rate constants related to removal of cocaine via redistribution and
elimination (Bentzley et al. 2013; Pan et al. 1991). The time course of the concentration after
each intravenous infusion of cocaine was calculated with the equation and then summed
over 30 s intervals based on the time of each infusion during the session. The area under the
curve (AUC) and the time course of the concentration were calculated for each rat and the
relationship between the AUC and demand elasticity was then examined.

Statistics

The rate of cocaine SA was calculated as the number of infusions divided by the session
duration. For the demand function, the consumption in each bin was calculated as the
milligram of cocaine per kilogram of body weight and the price as number of responses
required to obtain one milligram of cocaine. The data were fitted to the exponentiated
demand function (Koffarnus et al. 2015):

0=0p* 1ok(e™ " -,

with Q as the consumption per bin, Qg as the preferred consumption when the price is zero,
an indicator of the demand intensity, & as the range of the intake in logarithmic units, a as
the parameter indicating the rate change of consumption, an indicator of the demand
elasticity, and Cas the price. The parameter of a is thought to scale with the essential or
motivational value of a commaodity (Hursh and Silberberg 2008). Recent studies demonstrate
that the exponentiated demand model avoids discarding zero consumption data points or
arbitrary replacement of zero consumption with small values, a strategy used in fitting the
original logarithmic function (Hursh and Silberberg 2008). As a result, the exponentiated
model significantly improves the model fits (Koffarnus et al. 2015). In addition, because
animals typically load up on cocaine in the beginning of the session, it was suggested that
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the data from the first bin should be discarded when fitting the demand function (Bentzley et
al. 2013; Zimmer et al. 2012) and consequently, the model’s fits were significantly
improved. In the current study, the cocaine intake in the first bin was more than two standard
deviations above the mean of intake from bin 2 to bin 4 for each dose in both sexes. Thus,
the first bin data point was excluded in the analysis. In addition, we noticed that some rats
had unusually low consumption of cocaine in the second bin following the first “loading-up”
bin. We suspected that the high consumption of cocaine in the first bin may have dampened
the cocaine consumption in the second bin in these rats. Thus, we decided to exclude the
data from the first two bins when fitting our data. The value of k reflects the range of
consumption in the logarithmic unit and was set to 2.5 based on the range of consumption
calculated from the third and last bin (Koffarnus et al. 2015). The nonlinear least square
method was used to fit the function to obtain the parameters of a,, and Qg using the curve
fitting toolbox in Matlab (The MathWorks 2019).

The D’Agostino & Pearson omnibus was used to determine whether the distribution of the
data deviates from the normal distribution. Spearman correlation coefficients were
calculated for the brain concentrations and elasticity because the distribution of elasticity
failed to past the normality test. A two-way mixed ANOVA with sex and dose as between-
and within-subject factor was used to analyze the significance of the effects of sex and dose
on the demand intensity and elasticity. Similarly, the effects of estrous cycle and dose were
analyzed with a two-way mixed AVOVA with estrous cycle and dose as between- and
within-subject factors, respectively. The analyses were conducted with GraphPad Prism
version 8.30 (GraphPad Software, La Jolla California) and MATLAB and Statistics Toolbox
Release 2020a, (The MathWorks, Inc., Natick, Massachusetts). The significance level was
set at 0.05.

Impact of Cocaine Training Dose on Cocaine Demand

One of the male rats did not reach the training criteria at the dose of 0.125 mg and was
excluded from the data analysis. The male and female rats reached the training criteria at the
dose of 0.125 mg with an average of 8 £ 0.8 and 9 + 1.1 (Mean + SEM) sessions,
respectively. At the dose of 0.25 mg, it took 3—4 days to reach the stabilized rates of cocaine
SA. The average cocaine intake during the last three sessions before the determination of the
demand functions is shown in Figure (Fig.) 1. There were significant main effects of dose
(F1, 32 =14.08, p=0.0007) and sex (£, 32 = 11.30, p=0.002) on the intake. In either sex,
the intake was higher for 0.25 vs 0.125 mg.

Consumption decreased as the unit price increased in both sexes as shown in Fig. 2. For the
purpose of illustration, the data were averaged for each dose across the rats of each sex. The
two-way mixed ANOVA analysis revealed no significant main effects of dose (F; 3=
2.270, p=0.14) or sex (F;, 30=0.47, p=0.49) on the demand intensity as shown in the
upper panel of Fig. 3. The values of elasticity did not follow a normal distribution and were
transformed by taking the inverse of the squares. The two-way mixed ANOVA analysis on
the transformed data revealed no significant effects of dose (F; 37=3.25, p=0.08) or sex
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(Fz 37=0.03, p=0.86) on the elasticity (the lower panel of Fig. 3). Thus, both demand
elasticity and intensity were independent of the training dose of cocaine.

Impact of Estrous Cycle on Cocaine Demand

The estrous cycle was monitored for in a subpopulation of female rats. The phase of one rat
was not determined. Consequently, two different sets of rats (n = 7 for each) were tested
during proestrus/estrus and diestrus, respectively. The two-way mixed ANOVA analysis
revealed that neither phase (~; ;>=0.22, p= 0.65) nor dose (F~; 7>=0.99, p=0.34) had
significant effects on the demand intensity (the upper panel of Fig. 4). However, phase had
significant effects on the elasticity (F; 7>=5.290, p= 0.04). Although there was an
increasing trend during diestrus in response to the increase in the training dose, the two-way
mixed ANOVA revealed no significant effects of dose on the elasticity (F; ;»=0.54, p=
0.47, the middle panel of Fig. 4). The demand curves during diestrus and proestrus/estrus
were shown in the lower panel of Fig. 4. For the purpose of clarity, the data points based in
the training doses of 0.125 and 0.25 mg were combined for each phase. This is based on the
fact that one curve adequately fitted the data sets from two-dose series (Estrus: F 2, 94 =
1.15, p = 0.32; Diestrus: F 2, 94 =0.12, p = 0.88) indicating that the demand functions for
the two data sets are not significantly different. Note that the error bars for the demand
elasticity are relatively large (the middle panel of Fig. 4) compared with other figures.
Because the phase was determined in a subset of rats, the smaller sample size likely
contributed to the large errors. The individual data on the elasticity were presented in Table
1.

Relationship between Cocaine Demand and Brain Concentration

The time course of the calculated brain concentration of cocaine is shown in Fig. 5. For the
purpose of illustration, the data were based on the demand testing session following the SA
training with 0.125 or 0.25 mg of cocaine and averaged for all the rats of either sex. The
AUC was calculated for each rat based on the time course of the concentration. As shown in
the upper panel, male rats reached a higher peak concentration during the first 10-min bin
(loading period) than female rats during the economic test session with the dose beginning at
0.125 mg. Such a difference disappeared at the dose of 0.25 mg. The Spearman correlation
between the demand elasticity and AUC was calculated. As shown in Table 1, a significant
correlation was found in three out of four conditions (two sexes by two doses).

Discussion

Sex differences exist in the vulnerability to cocaine addiction, and such differences could
result from the differential motivational effects of cocaine between sexes. Based on the
theory of behavioral economics, the motivational value of a commodity should scale with its
demand elasticity (negatively correlated). Using a modified threshold procedure, the current
study measured the demand intensity and elasticity for cocaine in both sexes. Estrous cycle
had a significant impact on elasticity that was significantly decreased during proestrus/estrus
compared with diestrus. The demand was not affected by sex, or the level of cocaine intake.
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Significant efforts have been directed at understanding the mechanism underlying sex
differences in the vulnerability to cocaine addiction. One hypothesis is that the cocaine
produces greater rewarding effects in females and consequently, increases the probability of
future use and faster transition to cocaine addiction. Indeed, the greater reinforcing effects in
female animals at low doses have been reported (Campbell et al. 2002; Lynch and Carroll
1999). Such a difference, however, disappears or even reverses at high doses (Caine et al.
2004; Haney et al. 1995). Recreational users likely sample doses to achieve the desired
effects. Thus, sex differences in the rewarding effects of cocaine are unlikely to play a
significant role in the faster transition to cocaine addiction in women. Alternatively, cocaine
may have higher motivational value in females. The pathological motivation for cocaine is
thought to play a key role in cocaine addiction (Flagel et al. 2009; Kalivas et al. 2005;
Volkow and Fowler 2000). Thus, the faster transition to addiction may result from the
greater motivational effects of cocaine in females. The evidence supporting this idea mainly
comes from the studies using the PR schedule. Roberts” group may be the first to report that
female rats reach significantly higher BPs than male rats (Roberts et al. 1989a). Although
these results have been replicated by others (Carroll et al. 2002), no sex differences in the
BPs have also been reported (Cummings et al. 2011; Lynch and Taylor 2004; 2005). As
discussed in introduction, BPs are a dose-dependent variable (Bedford et al. 1978;
Depoortere et al. 1993; Roberts et al. 1989b) and it is difficult to determine the equivalent
doses between two sexes. Thus, different doses used in these studies may contribute to the
different results. On the other hand, the demand elasticity reflects intrinsic value of a
commodity and thus, can be used as an indicator of the motivational value independent of
the drug dose. Recent studies used the within-session threshold procedure to examine the
demand function and demonstrated no sex differences in the demand elasticity or intensity
of cocaine (Kawa and Robinson 2018; Lacy et al. 2019; 2020). Given the fact that the doses
were decreased on a quarter-log scale in these studies, the difference between two
consecutive doses may be too small to be discriminated by animals. The poor discrimination
could contribute to the failure in detecting sex difference in the cocaine demand. To address
this issue, the current study increased the difference between two consecutive doses that is
expected to increase the dose discriminability. Indeed, the drug discrimination studies
provide evidence that a 2-fold difference in the dose within a defined dose range is well
discriminated by rats (Callahan et al. 1995; Mantsch and Goeders 1999). Consistent with the
previous studies, our data demonstrate no sex differences in the elasticity. Given the same
conclusion obtained under the different conditions, differential motivational impact of
cocaine is unlikely to fully explain sex differences in the vulnerability to cocaine addiction.

The menstrual cycle alters the subjective effects of cocaine. For example, women experience
more intense rewarding effects during the follicular vs luteal phase (Evans et al. 2002;
Sofuoglu et al. 1999). Preclinical studies also demonstrate that female rats have higher BPs
for cocaine during the estrous vs metestrus/diestrus (Hecht et al. 1999; Roberts et al. 1989a).
However, the motivation measured as the demand elasticity is not different between
metestrus/diestrus and estrus (Lacy et al. 2020). In addition, the latter study showed a
significant increase in the demand intensity during estrus vs metestrus/diestrus. These results
are different from the current study. Our data showed that the elasticity during proestrus/
estrus was significantly higher compared with that during diestrus and no difference was
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found for the demand intensity. It is unclear how to reconcile these results. There are several
procedural differences between the two studies. First, the demand function was determined
under the chain schedule in the current study vs the regular FR1 schedule. The chained
schedule in the current study is similar to the FR2 schedule. This difference, however, may
not explain the different results because the consumption under low FR schedules do not
differ significantly (Christensen et al. 2008; Koffarnus and Woods 2013; Wade-Galuska et
al. 2007). Second, the estrus phases are not exactly the same. In the current study, proestrus
and estrus were combined to compare with diestrus. The previous study combined metestrus
and diestrus together to compare with estrus. Such a difference could contribute to the
different results. Third and more importantly, the price for cocaine was increased at a steeper
rate to increase the discriminability between the two consecutive doses. The steeper increase
may have allowed us to detect the impact of the estrous cycle on the elasticity. The impact of
the steepness of the price increase on the demand function has not been carefully examined.
Given the limited data on this issue, further studies are warranted.

In the current study, the impact of cocaine intake on the demand function was determined by
allowing the rats to self-administer two different doses of cocaine. The different levels of
intake did not alter the elasticity or intensity of the demand for cocaine in either sex. The
previous studies demonstrate that the extent of cocaine SA is important to the development
of addiction-like behaviors in rats. For example, a subpopulation of rats developed
addiction-like behaviors including increased motivation, persistent drug seeking behavior in
the signaled absence of cocaine or in face of the negative consequences after a prolonged (>
70 days), but not limited (< 30 days), period of cocaine SA (Deroche-Gamonet et al. 2004).
In addition, an extended (6 hr) but not limited (1 hr) daily access to cocaine for
approximately two weeks also facilitated the development of the compulsive cocaine-
seeking behavior (Pelloux et al. 2012; Pelloux et al. 2015). These data suggest that the level
of cocaine intake may play an important role in the development of cocaine addiction. In
contrast, the current study failed to observe the impact of cocaine intake on the demand
elasticity or intensity. This could be related to the limited period training at each dose or
relatively short session (2 hr). Indeed, with the long-access model (daily 6-h session), the
demand intensity and elasticity are altered (Bentzley et al. 2014; James et al. 2018). Thus,
lack of the impact of cocaine intake on the demand for cocaine should be interpreted within
the current experimental conditions.

The regularly spaced cocaine SA observed during the FR training session maintains a
relatively stable level of cocaine concentration in the brain (Zimmer et al. 2012). Under the
within-session threshold procedure, the consumption gradually goes down as the price goes
up. It is unknown how the demand function is related to the brain concentration of cocaine.
The demand intensity indicates the preferred consumption when the price is zero. The
elasticity is directly related to the motivational value of cocaine and thus, to the effort made
to defend the preferred consumption. The inelastic rats are expected to be less sensitive to
the price increase and thus, earn more infusions of cocaine compared with the elastic rats. It
is expected that the brain concentration of cocaine should scale with the elasticity during the
threshold session. To test this hypothesis, we calculated the AUC under the time course of
the concentration from the two threshold sessions. The AUC was used to indicate the overall
load of cocaine in the brain during the session. Among the four conditions (two sexes and
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two threshold sessions), we found that the AUC was correlated with elasticity for all
conditions except for the threshold session conducted after the male rats were trained to self-
administer 0.125 mg of cocaine. These data provide preliminary evidence that the AUC can
be used as a correlate for the demand elasticity. Interestingly, sex hormones have an impact
on the metabolism of cocaine. For example, estrogen decreased the brain concentration of
cocaine after intraperitoneal administration (Niyomchai et al. 2006). Given the fact that the
estrogen level is significantly higher during proestrus/estrus compared with diestrus (Smith
et al. 1975; Staley and Scharfman 2005), the brain concentration of cocaine is likely lower
during estrus. Thus, it is possible that rats have to increase the behavioral effort to defend the
preferred level of cocaine in the brain. Thus, the differential impact of estrous phase on the
metabolism could contribute to the phase effects on the demand elasticity of cocaine.

A couple of issues need to be considered when interpreting the results of the current study.
Sex hormones including estrogen and progesterone fluctuate during estrous cycle (Smith et
al. 1975; Staley and Scharfman 2005) and fluctuation of these hormones is largely
responsible for the differential behavioral effects of cocaine during different phases of the
estrous cycle (Becker and Koob 2016; Lynch and Taylor 2005; Perry et al. 2013). The
estrous cycle was monitored based on cytology of vaginal smears in the current study.
Ideally, the phase should be ascertained by monitoring the levels of sex hormones in the
blood. To minimize stress, we elected to avoid collecting the blood sample before the
cocaine SA session. It is also impractical to know the hormone levels before the session
given the time needed to analyze the sample. The vaginal smear method has been widely
used to determine the estrous phase. More importantly, the method has produced consistent
results across a number of studies indicating the reliability of the method (Johnson et al.
2019; Lacy et al. 2019; 2020; Lynch et al. 2000; Roberts et al. 1987). Thus, it is unlikely that
the conclusions from current study are significantly affected by lack of the data on the
hormone levels in the blood. Another potential concern is that cocaine doses were not
controlled for body weights in the current study. Given that the males were significantly
heavier, the relative doses based on body weight were significantly higher in females. The
reason that we did not base the cocaine dose on body weight was based on the fact that the
demand function is not dependent on the dose (Bickel et al. 1990; Kearns and Silberberg
2016; Winger 1993). This is the main advantage of the behavioral economic methodology
over the PR schedule. Thus, the negative impact of the dose-related issue on the conclusions
of the current study is likely minimal. Another concern is that the demand function was fit to
the data without first two bin points. It has been argued that the demand function is
influenced by the economy type of a commaodity, i.e., whether the commaodity is available
outside the economic session (Hursh 1980). A previous study demonstrated that the demand
elasticity of cocaine was altered by the cheap alternative source of cocaine during the
economic session (Kearns and Silberberg 2019). Thus, it can be argued that availability of
cocaine during the first two bins may act as a cheap source and subsequently affect the
demand elasticity. Note, however, that this study provided the cheap source of cocaine
throughout the economic session based on variable time schedule. It had a significant impact
on the consumption of cocaine at high unit prices. This should be not surprising because
switching from the high price to low price source is expected. However, such a cheap source
had little impact on the consumption at the low unit price (Kearns and Silberberg 2019).
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Given the fact that there were no cheap sources of cocaine when the unit prices were high in
the current study and the minimal impact of the semi-economy on the consumption at the
low prices, it is unlikely that our approach to the data analysis significantly affected the
demand elasticity of cocaine.

In summary, the results from the current study showed that the estrous cycle had a
significant impact on the demand elasticity for cocaine although no sex differences were
found in the demand intensity or elasticity. Recent studies indicate that the reasons for men
and women to use drugs are different. Pursuing the euphoric effect or thrill is the main driver
for men whereas dealing with stress-related issues is the main driver for women (Becker et
al. 2012; Kuntsche and Muller 2012). Pre-existing conditions such chronic stress and
depression in women are thought to play a critical role in the faster transition to addiction
(Becker et al. 2012). To better understand sex differences in the vulnerability to cocaine
addiction, incorporating pre-existing conditions into animal models is needed to determine
whether sex differences exist in the impact of these conditions on the development of
cocaine addiction.
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Fig. 1.
Impact of the training dose of cocaine on the intake. The intake of each rat was averaged

across the first three sessions that met the training criteria. Data are represented as mean +
SEM across the rats. A two-way mixed ANOVA revealed a significant effect of dose on the
intake (F1, 32 = 14.08, p=0.0007). The intake was increased in both sexes but only reached
the significance in female rats (= 3.36, p < 0.05).
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Fig. 2.

Imgpact of the price on cocaine consumption. The data were averaged across the rats under
each condition and are represented as mean + SEM. Upper Panel Impact of the price on
cocaine consumption after a history of cocaine SA of 0.125 and 0.25 mg of cocaine,
respectively, in male rats. Lower Panel. Impact of the price on cocaine consumption after a
history of cocaine SA of 0.125 and 0.25 mg of cocaine, respectively, in female rats. The
insets show the averages of demand intensity and elasticity.
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Effects of cocaine intake at different training doses and sex on the demand intensity and
elasticity. The data from each individual rat were fitted to the exponentiated demand
function and are represented as mean =+ SEM. Upper Panel Effects on the demand intensity.
Lower Panel Effects on the demand intensity. A two-way mixed ANOVA analysis did not
reveal significant effects on either the demand intensity or elasticity.
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Fig. 4.
Effects of the estrous cycle on the demand intensity and elasticity. Two groups were tested

during diestrus and proestrus/estrus, respectively. 7op Panel: Effects on the demand
intensity. Middle Panel. Effects on the demand intensity. Botfom Panel the demand curves
during diestrus and proestrus/estrus. A two-way mixed ANOVA analysis revealed a
significant effect of the cycle on the elasticity (F; ;= 5.290, p = 0.04) but not intensity. The
different levels of cocaine intake at two training doses had no significant effects.
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Fig. 5.

Ti?ne course of the concentrations of cocaine in the brain during the demand test sessions.
The concentrations of cocaine in the brain were calculated with 30-s intervals across the 90-
min session. The average of the time courses across rats is shown here. Upper Panel: The
time course during the session beginning with 0.125 mg of cocaine. Lower Panel The time
course during the session beginning with 0.25 mg of cocaine.
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Individual data on the demand elasticity during different estrous phases

0.125mg a 0.25mg a
Diestrus Estrus Diestrus | Estrus
0.00277 | 0.00139 | 0.00320 | 0.00092
0.00196 | 0.00083 | 0.00099 | 0.00145
0.00095 | 0.00091 | 0.00551 | 0.00098
0.00142 | 0.00095 | 0.00128 | 0.00089
0.00084 | 0.00093 | 0.00129 | 0.00134
0.00097 | 0.00084 | 0.00102 | 0.00098

0.00111 0.00122

a - - .
the training dose before the demand function was determined.
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Table 2.

Correlation between the elasticity and brain concentration of cocaine

0.125mg @ 0.25mg
p r n p r n
Male 0.18 | -0.32 | 19 0.04 -0.47 | 19

Female | 0.0003 | -0.83 | 15 | 0.009 | -0.66 | 15

a - . .
the training dose before the demand function was determined.

Data are shown as probability (p), Spearman correlation coefficient (r), and sample size (n)
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