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Abstract

Rats selectively bred for high saccharin consumption (HiS) self-administer more oral ethanol and
i.v. cocaine than those selectively bred for low saccharin consumption (LoS). Male and female
drug-seeking-prone (HiS) and —resistant (LoS) rats were used in the present experiment to test the
prediction that cocaine-induced locomotor activity and sensitization varied with sex and their
selective breeding status (HiS and LoS). All rats were intermittently exposed over 2 weeks to pairs
of sequential saline and cocaine injections, separated by 45 min. The first 5 pairs of injections,
each separated by 2-3 days (10-12 days total), were given to examine the development of cocaine-
induced locomotor activity and the development of locomotor sensitization, which was determined
by comparing the effects of cocaine injection 1 with injection 6, which was given 2 weeks after
the 5 pairs of intermittent injections. Results indicated that after the first injection pair (saline,
cocaine) the HiS and LoS groups did not differ (saline vs. cocaine) in locomotor activity; however,
after cocaine injections 1, 5 and 6, HiS females were more active than HiS males and LoS
females. There were also significant phenotype differences (HiS > LoS) in locomotor activity after
cocaine injections 5 and 6. There was only a weak sensitization effect in cocaine-induced
locomotor activity in HiS females after cocaine injection 5 (compared to 1); however it was not
present after injection 6 or in other groups. The lack of a strong sensitization effect under these
temporal and dose conditions was inconsistent with previous reports. However, the results
showing HiS > LoS and females > males on cocaine-induced activity measures are consistent with
several measures of cocaine-seeking behavior (acquisition, maintenance, escalation, extinction,
and reinstatement), and they suggest that cocaine-induced locomotor activity and sensitization are
behavioral markers of drug-seeking phenotypes.
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1. Introduction

Individual differences in locomotor activity induced by a novel environment and by
psychomotor stimulants are predictive of subsequent drug self-administration (Piazza et al.,
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1989, 1990, 2000). However, the relationship between stimulant-induced locomotor
sensitization and compulsive drug-seeking behavior is less clear. While recent studies have
established a connection between sensitization and reinstatement of drug seeking, they have
not found a clear relationship between another form of compulsive drug seeking, escalation
(Ahmed and Cador, 2006; Ben-Shahar et al., 2004). However, others have found a
relationship between escalation of cocaine self-administration and sensitization when
additional cocaine doses and other activity measures (e.g., stereotypic head movements),
thought to represent increased drug effects, were taken into account (Ferrario et al., 2005).
In the present study, novelty reactivity, cocaine-induced locomotor activity, and
sensitization were examined and compared in male and female rats that had been selectively
bred to be drug-seeking-prone or -resistant based on their high (HiS) or low (L0oS) intake of
saccharin and previous demonstrations of drug-seeking behavior (Carroll et al., 2002; Dess
et al., 1998; Perry et al. 2007b). The purpose of this work was to determine whether rats
with well-established differences in reward-seeking behavior, reinforced by both drugs and
preferred dietary substances, express similar differences in stimulant-induced locomotor
activity and sensitization. HiS (vs. LoS) rats have exhibited elevated acquisition, escalation,
dysregulation, extinction, and reinstatement of cocaine-seeking behavior (Carroll et al.,
2002, 2007; Perry et al., 2007b), impulsivity for food (Perry et al., 2007b), intake of ethanol
(Dess et al., 1998), and acquisition of heroin self-administration (Carroll et al., 2002). The
HiS and LoS lines of rats offer an opportunity to examine the predictive relationship
between drug-rewarded behavior and locomotor sensitization.

Several drug-seeking-prone and —resistant phenotypes have been identified by selecting the
behavioral extremes from a randomly chosen group of outbred rats and studying models of
compulsive of drug-seeking behavior. Examples of drug-seeking-prone behaviors are
voluntary or forced reactivity to a novel environment (Piazza et al., 1989, 1990, 2000; Bardo
et al., 1996; Klebaur and Bardo, 1999; Klebaur et al., 2001; Mantsch et al., 2001; Cain et al.,
2004), novelty choice (Cain et al., 2005), wheel-running (Larson and Carroll 2005a), higher
intake of saccharin- and sucrose-adulterated foods or liquids (Gahtan et al., 1996; Gosnell,
2000; Gosnell and Krahn, 1992; Gosnell et al., 1995) and dietary fat (Marks-Kaufman and
Lipeles, 1982; Krahn and Gosnell, 1991), impulsiveness for food reward (Perry et al. 2005,
2007c), and stress reactivity (Piazza and LeMoal, 1996; Homberg et al., 2002). This
approach to identifying drug abuse vulnerability factors can also be accomplished by
selective breeding for the phenotype of interest, and similar results have emerged in the case
of saccharin intake and drug self-administration (Dess et al., 1998; Carroll et al., 2002, 2006;
Perry et al., 2007a,b).

In addition to drug-self-administration, behavior maintained by preferred dietary items (e.g.,
sweet, carbohydrate, fat) has many features in common with drug-seeking behavior, such as
excessive and escalating behavior (Colantuoni et al., 2001, 2002; Lattanzio and Eikelboom,
2003; Corwin and Hajnal, 2005), withdrawal effects (Colantuoni et al., 2002; Stoffel and
Kraft, 2004), sensitization (Avena and Hoebel, 2003a,b), and cross-sensitization (Gosnell,
2005; Vitale et al., 2003). For example, repeated exposure to sweetened liquids sensitizes
rats to the locomotor effects of cocaine (Gosnell, 2005) or amphetamine (Avena and Hoebel,
2003a,b) as well as conditioned place preference induced by fentanyl or amphetamine
(Vitale et al., 2003).

Behavior motivated by preferred foods also shares many of the same neurobiological
mechanisms and neuroadaptations as drug-motivated behavior, such as common reward
circuitry (Jonas, 1990; Hoebel et al., 1999; Colantuoni et al., 2001, 2002; Levine et al.,
2003; Ahmed, 2005; Di Chiara, 2005; Ferrario et al., 2005; Kelley et al., 2005; Nestler,
2005; Volkow and Li, 2005) and early gene effects (Kelley et al. 2005; Nestler 2005) that
may account for the relationship between intake of preferred foods and drug motivated
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behavior. A relationship between avidity for preferred dietary items, foods, drug-seeking
behavior, cocaine-induced activity, and sensitization would provide an animal model
supporting the notion of a more general “reward-addiction” in humans that encompasses and
interchanges with behaviors motivated by both drug and nondrug events (e.g., Volkow and
Wise, 2005).

Behavioral sensitization, which has been defined in rodents as an enhanced drug-induced
locomotor response following repeated intermittent psychostimulant administration (see
reviews by Robinson and Becker, 1986; Kalivas and Stewart, 1991; Robinson and Berridge,
1993, 2003; Spanagel, 1995; Wolf, 1998, 2002), can persist for long periods of time, even
following the cessation of any drug withdrawal effects. Sensitization develops to the
psychomotor stimulating (Robinson and Berridge, 1993), incentive motivational (Robinson
and Berridge, 2003; Vezina, 2004), as well as drug-seeking and -reinforcing (Hooks et al.
1994; Phillips and DiCiano, 1996; de Vries et al., 1998, 2002; Paterson and Markou, 2003)
effects of drugs. The neurobiological bases for these phenomena have been discussed and
reviewed by several groups (Robinson and Becker, 1986; Kalivas and Stewart, 1991,
Robinson and Berridge, 1993, 2003; Spanagel, 1995; Wolf, 1998, 2002). The midbrain
dopaminergic pathways, particularly the projection from the ventral tegmental area to the
nucleus accumbens, are thought to be critical for both the development and expression of
drug-induced locomotor activity and drug self-administration (VVezina, 2004).

While much evidence links sensitization and drug-seeking behavior, a causal effect has not
been established. For example, one of the hallmarks of cocaine addiction, escalation of
cocaine self-administration with extended exposure, was related to stimulant-induced
(Ferrario et al., 2005) sensitization when sensitization was measured with several cocaine
doses and specific behavioral measures (e.g., stereotypic head movements), while others
reported a dissociation between escalation of cocaine use and cocaine-induced locomotor
sensitization using locomotor activity counts as a measure (Ben-Shahar et al., 2004; Ahmed
and Cador, 2006). In contrast, sensitization has been consistently related to another form of
compulsive drug-seeking, reinstatement (Ahmed and Cador, 2006; BenShahar et al. 2004).
Thus, examining cocaine-induced and cocaine-sensitized locomotor activity in rats with
different phenotypic profiles (drug-seeking-prone and -resistant) may be another way to test
the hypothesis that drug-sensitized locomotor activity is related to compulsive drug-seeking
behavior. The specific hypothesis to be tested in this study is that if cocaine-induced
locomotor activity and subsequent development of sensitization are predictive compulsive
drug-seeking behavior, then rats that are genetically predisposed toward excessive and
compulsive cocaine- and other reward-seeking behaviors would show elevated cocaine-
induced locomotor activity and sensitization.

Typically, sensitization and drug self-administration studies have been conducted in male
rats, although several studies with both male and female rats indicate that females are more
prone than males to cocaine-induced locomotor sensitization (Laviola et al., 1995;
Quinones-Jenab et al., 1999; Gulley et al., 2003; Festa and Quinones-Jenab, 2004) and
various forms of drug self-administration (e.g., Carroll et al., 2004, Festa and Quinones-
Jenab, 2004; Lynch et al., 2002; Roth et al., 2004). Furthermore, the basis of these sex
differences may be dependent on estrogen elevating and progesterone decreasing drug-
seeking behavior across all phases of addiction that have been modeled in animals (Anker et
al., 2006; Carroll et al., 2004, Festa and Quinones-Jenab, 2004; Larson et al. 2007; Roth et
al., 2004). Thus, another question to be addressed in the present experiment was whether
there are sex differences in HiS and LoS rats in locomotor responsivity to cocaine and
sensitization after repeated exposure. It is also hypothesized that if females rank higher than
males on measures of drug-seeking behavior, then cocaine-induced locomotor activity and
sensitization should be elevated in females (vs. males). Additionally, this analysis allows us
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to determine whether rats with dual vulnerabililty (e.g., HiS, female) may be most likely to
exhibit cocaine induced activity and sensitization compared with male HiS and male and
female LoS rats that would be presumed to have one (HiS male, LoS female) or no (LoS
male) vulnerability factors (underlined).

In the present experiment, baseline and cocaine-induced (acute and chronic) locomotor
activity were measured in male and female LoS and HiS rats after repeated, intermittent
saline and cocaine injections using a circular locomotor track (Piazza et al., 1989) and a
sensitization procedure described by Kim and Vezina (2002). It was predicted that HiS rats
would show greater cocaine-induced locomotor activity and sensitization than LoS rats, and
females would exceed males within the HiS and LoS inbred groups.

Twenty-four experimentally naive male and female rats were distributed into 4 groups of 6
rats each consisting of selectively-bred male, female, HiS and LoS rats from generations 20
to 23 of selective breeding. The HiS and LoS lines had been developed through pairings of
rats with extreme HiS and LoS phenotype scores with no sibling, half-sibling, or first-cousin
matings according to methods of Dess and Minor (1996). The breeding process, which was
initiated at Occidental College (Los Angeles, CA, USA), has been continued in our
laboratory at the University of Minnesota since 2002. Every 4-6 generations there is
outbreeding with rats from the background strain (Sprague Dawley) to maintain the vigor of
the HiS and LoS lines. Rats were housed in a dedicated breeding or holding room with food
and water available ad libitum. During the experiment, the body weights of female rats
averaged 292 g, and male rats averaged 428 g. HiS rats were slightly (4-6%) but not
significantly, heavier than their LoS counterparts.

Before the experiment, rats were pair-housed in plastic cages with free access to food and
water, and after the experiment began, they were singlely housed in plastic cages with ad lib
food and water when not in the testing apparatus. The breeding and experimental rooms
were temperature- (24° C) and humidity-controlled with a 12-hr light/dark cycle with lights
on at 6:00 a.m. Experimental use of these animals was approved by the University of
Minnesota Institutional Animal Care and Use Committee (IACUC, Protocol No.
0410A64760), laboratory facilities were accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC), and accepted principles of animal
care (National Research Council, 2003) were followed.

2.2. Apparatus

2.3. Drugs

A circular (inner diameter 46 cm; outer diameter 71 cm) locomotor device similar to that
described by Piazza et al. (1989, 1990) was used to measure locomotor activity. The walls of
the track were 25 cm high and 5 cm above the floor of the track, 4 infrared (IR) sensors
(SE612CV, Banner Engineering Corp., Minneapolis, MN) were mounted on the outer wall
at 0°, 90°, 180°, and 270°. An activity response, or beam crossing, was counted as a
nonrepetitive IR beam break. Two or more successive beam breaks at the same beam were
counted only as one. Sensors were connected to a VersaMax programmable logic controller
(IC200UDRO001, GE Fanuc Automation, Charlottesville, VA), and data were recorded using
PCs and VersaPro software (GE Fanuc Automation, Charlottesville, VA).

Cocaine HCI was obtained from the National Institute on Drug Abuse, Research Triangle
Institute, Research Triangle Park, NC). It was dissolved in sterile saline and refrigerated
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until it was used for injection. Filled syringes were allowed to reach room temperature
before each injection.

2.4. Procedure

Rats received 6 pairs of i.p. saline and cocaine injections, the first 5 were administered every
2 or 3 days, until 5 pairs were administered, and the 6! injection pair took place 2 weeks
after the fifth. Behavior resulting from the rat’s first i.p. injection (saline) and 45 min
exposure to the locomotor track was considered novelty reactivity, while the subsequent
exposures constituted baseline locomotor activity. After each saline injection and its 45-min
locomotor activity period, rats were administered cocaine (10 mg/kg, i.p.) and monitored in
the locomotor track for another 45-min period. While locomotor activity was monitored
after injection pairs 1, 5 and 6, the animals were not monitored in the locomotor track during
these injection pairs (2, 3, and 4) due to the availability of only 2 tracks and the time-
consuming process. The purpose of injection series 2-4 was to induce the development of
locomotor sensitization by repeated, intermittent cocaine administration. The development
of locomotor sensitization was assessed by comparing the locomotor responses to saline and
cocaine during injection series 1 vs. 5. Finally, the expression of locomotor sensitization was
examined by comparing locomotor responses after saline and cocaine injection pairs 5 and 6
(which occurred 2 weeks after 5).

Ten to 14 days after all experimental procedures were completed, a saccharin intake
phenotype score was obtained from each rat. This test was conducted after the locomotor
response experiment was completed to allow for verification of phenotypes without
influencing drug-related behaviors by introducing saccharin. The saccharin score was
obtained by giving each rat a 24-h 2-bottle choice test with 0.1% (wt/vol) saccharin and
water to measure saccharin intake (Dess et al. 1998). Water consumption used in the
calculation was from a previous 24-h 2-bottle test when only water was present. The
equation used to obtain the saccharin phenotype score was:

24 — hsaccharin (ml) — 24 — hwater (ml) x 100
Body weight (g)

Saccharin score=

A positive score indicated a preference for saccharin (vs. water), a negative score — an
aversion, and zero — indifference. HiS rats typically have saccharin phenotype scores in the
30-50 range, and LoS rats’ scores usually range from 0-20 (Carroll et al., 2006; Perry et al.,
2006a,b). Basic information on the group sizes, body weights, and saccharin phenotype
scores is shown in Table 1. Females’ saccharin scores were more variable than males’ and
they extended across a greater range; however, there were no sex differences. HiS females
and HiS males’ scores were significantly higher than their LoS counterparts (p<0.05,
females; p<0.01, males).

2.6 Data analyses

Dependent measures were the number of consecutive, nonrepetitive IR beam breaks during
each 45-min period following the first, fifth, and sixth (2 week delay) injection pairs (saline,
cocaine). The time course of locomotor activity was also examined in HiS vs. LoS and
female vs. male rats by comparing them over 5-min intervals of the 45-min sessions
following cocaine injections 1, 5, and 6. The mean total beam break data were analyzed with
separate 3-way mixed factors repeated measure (sex x phenotype x injection number)
ANOVA:s for saline and cocaine injections. Additional 3-way mixed-factor, repeated
measure ANOVAs compared treatment (saline vs. cocaine), phenotype (HiS vs. LoS) and
sex after each injection series (1, 5, and 6). The time-course data were analyzed with 2-way,
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mixed-factors repeated measures ANOVAs comparing phenotype or sex and 5-min intervals
as the repeated measure. Fisher’s LSD Protected t-tests were used for post hoc comparisons.
Results were considered statistically significant if p<0.05.

3.1. Novelty reactivity and baseline cocaine-induced locomotor activity

Figure 1 shows the mean total number of IR beam breaks per 45-min session as a function of
saline or cocaine pretreatment in the 4 groups. The first injection (saline top left frame) was
an indicator of the rats’ reactivity to the novel locomotor activity apparatus, while the
second injection that occurred 45 min later was representative of the baseline reactivity to
cocaine. A 3-way ANOVA comparing treatment (saline vs. cocaine), phenotype (HiS vs.
LoS), and sex revealed no significant treatment (saline vs. cocaine), phenotype, or sex
differences between saline and cocaine injection 1. The saline-cocaine injection 5 series,
which is portrayed in the center frames showed a significantly higher overall rate of
locomotor activity after cocaine (center, right) than saline (center, left) (F1 47 = 9.3045,
p<0.01) (indicated by *), and the HiS female group was the main contributor to this effect.
There was a significant phenotype (F1 47 = 8.6327, p<0.01) effect (LoS > HiS) (indicated by
#), and a phenotype x treatment interaction (F1 47 = 21.523, p<0.0005), and HiS females >
HiS males in locomotor responses after cocaine injection 5 (indicated by @). Injection series
6, which occurred 2 weeks later yielded a similar treatment effect (cocaine vs. saline) (F1 47
= 23.6132, p<0.0001), with a significant effect of phenotype (HiS > LoS) (Fy 47 = 12.6684,
p<0.005) (as shown by #), and sex (F>M) (F1 47 = 17.865, p<.0005) (indicated by @).
Again, the post-hoc comparison indicated that the HiS female group’s locomotor responding
was greater after cocaine than saline (indicated by *).

The left side of Figure 1 reveals changes in locomotor activity across the 4 groups as a result
of repeated saline injections. A 3-way repeated measures ANOVA comparing phenotype,
sex, and injection number (1, 5, 6) for saline or cocaine infusions revealed no significant
main effect due to sex or phenotype; however, there was a significant effect of injection
number on saline-induced locomotor activity (F,,71) = 29.137, p<0.0001) and significant 2-
way interactions with phenotype (F(,,71) = 3.7248, p<0.05), indicated by #, and sex (F(2,71) =
7.2308, p<0.05) shown by @. Post-hoc 2-group comparisons indicated that these differences
were due to HiS males showing more activity than HiS females after saline injection 1 and
LoS females > HiS females after saline injection 5 (ps<0.05). The main effect due to saline
injections was due to elevated novelty reactivity shown as elevated locomotor behavior after
injection 1 compared with 5 (LoS and HiS males) or after 1 vs. 6 (LoS females, LoS males
and HiS males) (ps<0.05). This novelty effect is shown by (+) signs.

3.2 Development and expression of cocaine-induced locomotor sensitization

The right side of Figure 1 shows the mean number of total IR beam breaks per 45-min
session as a function of cocaine injection number in the 4 groups. There was a significant
main effect due to phenotype (F1 71 = 11.5627, p<0.005) and sex (F1 71 = 17.8284, p<0.001),
as well as a significant 2-way interaction between phenotype and injection number (F2 71 =
4.2038, p<0.05). Post hoc 2-group contrasts revealed significant phenotype differences
(HiS>LoS) in females (shown by #) after cocaine injections 5 and 6 (p<0.05) and sex
differences (females > males) in HiS rats after cocaine injections 1, 5, and 6. Evidence for
the development of cocaine-induced locomotor sensitization was found in female HiS rats
that showed greater locomotor activity after injection 5 vs. injection 1 (p<0.05) as indicated
by (++). Although activity was nearly as high after injection 6, as it was after 5, in this
group, a comparison of cocaine injection 1 vs. 6 failed to reach statistical significance,
indicating that sensitization had not persisted for another 2 weeks, and there were no other
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significant differences in cocaine-induced locomotor responding across cocaine injections 1,
5, and 6 in the other 3 groups.

When the 45- min locomotor activity sessions were analyzed for differences in locomotor
responding over their 9, 5-min bins, there was a significant effect of time interval for all 3
saline and all 3 cocaine injections with the number of IR beam breaks decreasing over the 45
min period (p<0.005, Fs not shown). Figure 2 illustrates the time course data after cocaine
injections 1, 5, and 6 to compare HiS and LosS rats over the 9, 5-minute intervals that
constitute the 45-min session. In females, after cocaine injection 1 (top left), there was no
phenotype effect or phenotype x time interaction in the baseline response to cocaine.
However, after cocaine injection 5 (center left) there was a significant main effect of
phenotype (F1 107 = 58.8793, p<0.0001) and a phenotype x time interaction (Fg 107 =
32.6431, p<0.0001). Cocaine-induced locomotor responding was greater in HiS (vs. LoS)
rats for the first 25 min of the 45-min session (*). Similarly, after cocaine injection 6 (lower
left), there was a significant main effect of phenotype (Fy 107 = 20.366, p<0.001) and a
phenotype x time interaction (Fg 107 = 47.418, p<0.0001), with greater cocaine-induced
locomotor activity in HiS (vs. LoS) females during 6 of the 9 intervals (5, 10, 15, 20, 25, and
35 min). In the right frames, HiS and LoS male rats’ locomotor activity was compared
during the same intervals, and there was no significant main effect of phenotype or
phenotype x time interactions after cocaine injections 1, 5, or 6. Thus, phenotype (HiS>LoS)
contributed to the development and expression of cocaine-induced locomotor sensitization
in females but not in males. After the saline injections, there were no significant sex or
phenotype time course differences in locomotor activity across the 9, 5-min intervals for
injections 1, 5, or 6 (data not shown). In fact, the time course patterns for saline for all
groups were very similar to those shown in Figure 2 for LoS females, and HiS and LoS
males with most of the locomotor responding occurring during the first 5-10 minutes of the
45-min session.

4. Discussion

The HiS female rats showed a greater locomotor response after cocaine administration
(injection 1) than LoS females and HiS males. Repeated intermittent exposure to cocaine
injections also produced a weak cocaine-induced locomotor sensitization. A locomotor
sensitization effect was found only in HiS females, and only after cocaine injection 5, which
took place 10-12 days after injection 1. A significant sensitization effect was not found after
injection 6 in any of the groups, which was 2 weeks after injection 5. The lack of a
significant sensitization effect in HiS females after injection 6 (2 weeks after injection 1)
could have been due to the small number of rats used, and the high variability of the baseline
measure (injection 1). The mean IR beam breaks increased from 190 to 270 (compared to
315 after injection 5); however, that increase that occurred 24-26 days after injection 1
failed to reach significance, and this was inconsistent with previous reports in which
sensitization effects to 10 mg/kg cocaine lasted several weeks. It is also possible that
compulsive drug-seeking that is seen with HiS rats (vs. LoS), and females (vs. males) is not
related to locomotor sensitization in these selectively-bred rats. Furthermore the selective
breeding process may have resulted in weaker sensitization overall, than found in the
outbred rats from earlier studies. Others have shown mixed results in attempts to compare
compulsive drug-seeking and sensitization. There is a connection between sensitization and
cocaine-primed reinstatement (Ahmed and Cador 2006; Ben-Shahar et al., 2004), but with
escalation of cocaine intake as sensitization effect was reported only under limited
conditions of counting head movements rather than locomotor activity (Ferrario et al. 2005).
Furthermore, it was reported in a recent study that heroin sensitization was also related to
reinstatement but not escalation using a range of conditions (Lenoir and Ahmed, 2007).
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The modest sensitization effect found in the present study after injection 5 (10-12 days after
injection 1) in HiS females concurs with other reports that sensitization is more robust in
female vs. male rodents (Laviola et al., 1995; Quinones-Jenab et al., 1999; Gulley et al.,
2003; Festa and Quinones-Jenab., 2004), and this may be related to differential
neuroendocrine, physiological, and pharmacodynamic processes between males and females
(Cirulli and Laviola, 2000). The sex differences in the present study also agree with findings
from previous studies regarding other aspects of reward-seeking behavior in which female
rats displayed greater acquisition (Lynch and Carroll, 1999b), escalation (Roth et al., 2004),
impulsiveness (Perry et al., 2007b,c), and reinstatement (Lynch and Carroll, 1999b) in
regard to cocaine-seeking behavior than males. Paradoxically, the HiS female group showed
less novelty reactivity after saline injection 1 and less locomotor activity after saline
injection 5 than the other 3 groups, suggesting that avidity for saccharin and locomotor
activity and reactivity are not related or are negatively related (VanderWeele et al., 2002).

The present results showing that HiS female rats had a greater locomotor response to
cocaine than LoS female and both HiS and LoS male rats after all 3 cocaine injections are
consistent with phenotype differences found in previous cocaine self-administration studies
(Carroll et al., 2002, 2006; Perry et al., 2006, 2007a,b). These studies showed that HiS rats
exceeded LoS rats in cocaine self-administration, and females self-administered more than
males within those phenotypes. Previous work with the HiS and LoS strains has indicated
that HiS rats self-administered more ethanol (Dess et al. 1998), and cocaine (Carroll et al.,
2002, Perry et al., 2007a,b), and heroin during acquisition (Carroll et al., 2002) than LoS
rats. HiS rats also showed greater escalation of i.v. cocaine self-administration during
extended sessions (Perry et al. 2007b), greater dysregulation in cocaine dose self-selection
(Carroll et al., 2006), elevated extinction when cocaine access was discontinued, and more
cocaine-primed reinstatement of behavior that was previously reinforced by cocaine (Perry
et al., 2006) compared to their LoS counterparts. Under maintenance conditions, HiS rats
were also more impulsive for food reward (but not cocaine) when given a choice between a
small-immediate vs. a large-delayed amount (Perry et al., 2007b). However, it is important
to note that the dampened reactivity to cocaine in LoS and male rats compared to HiS
females was not reflected in a generally lower reactivity to novelty suggesting that the sex
and phenotype differences were specific to the effects of cocaine. The other 3 groups were
more reactive than HiS females to novelty of the locomotor apparatus after the first injection
(saline).

Other behavioral phenotypes differing on the drug-seeking-prone and —resistant continuum
have been studied by others, and similar results have been presented. For example, Ranaldi
etal., (2001) showed that inbred Nijemegen rats that are high (HR) and low (LR) responders
for ethanol, like the inbred Lewis (LEW) and Fischer 344 (F344), respectively, had different
rates of acquisition of cocaine self-administration (HR > LR; LEW > F344); however, when
these rats were pretreated with cocaine before lateral hypothalamic brain self-stimulation
sessions, the elevating effects of cocaine on stimulation thresholds (reward) were similar
across groups, suggesting that the HR - LR differences were due to more to the testing
situations than the reinforcing effects of cocaine. In other studies, LEW rats exceeded F344
rats in locomotor activity after repeated cocaine administration, in cocaine-induced
conditioned place preference (Kosten et al., 1994) and in their oral intake of cocaine,
opioids, and sedatives (George and Goldberg, 1988; Suzuki et al., 1987; 1988a,b, 1992).
Alcohol-naive offspring of rats selectively bred to prefer (P) alcohol self-administered more
alcohol (Li et al., 1993), and also nicotine (Le et al., 2006) and sucrose (Stewart et al., 1994;
Eiler et al., 1995; Sutton et al., 2006), than those bred not to prefer alcohol (NP) rats. Others
have shown that behavioral sensitization to sweetened food cross-sensitizes to cocaine and
morphine intake (Le Merrer and Stephens, 2006), and wheel-running (Werme et al., 2002).
Furthermore, LEW, but not F344 rats, developed compulsive, running (Werme et al., 1999).
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Thus, shared genetic vulnerability may underlie several forms of reward-seeking behavior,
and it is likely that there is a polygenetic basis (George and Goldberg, 1989; Kosten et al.,
1994).

The genetic makeup of the HiS LoS and other behaviorally-selected rat lines that are
predisposed to be drug-seeking-prone or -resistant, respectively, may rely on a number of
different underlying mechanisms, such as different endogenous or environmentally-induced
neuroadaptations, differential sensitivity to rewarding stimuli, sensitivity to environmental
stimuli in general, responsivity to novelty, stress, or other factors and their combinations.
Recent evidence links behavioral sensitization with structural changes in neuroplasticity
(Ferrario et al., 2005; Li et al., 2003, 2004), and these changes may be different in males,
females, HiS vs. LoS rats and other reward-seeking-prone and — resistant groups. If the
neuroadaptations that underlie the long-lasting effects of cocaine-induced locomotor
sensitization are important for the enduring (relapse) and irreversible (escalation) processes
that occur during drug addiction, that may explain the present results that groups that are
known to differ on drug-motivated behavior (e.g., HiS > LoS, females > males) show
corresponding differences in cocaine-induced locomotor activity and under limited
conditions, sensitization.

Response to novelty or behavioral reactivity has been shown to be related to subsequent
drug self-administration behaviors, particularly psychostimulant self-administration (Cools
and Gingras, 1998; Piazza et al., 1989, 1998). For example, rats with high novelty-induced
locomotor activity (high responders, HR) acquired i.v. amphetamine (Hooks et al., 1991a;
Piazza et al., 1989, 1990) and cocaine (Hooks et al. 1991b; Mantsch et al., 2001; Piazza et
al., 1998) self-administration more readily than low responders (LR), showing a potential
connection between intake of sweetened substances and drugs, the HR rats also consumed
greater amounts of sucrose than LR rats (Cools and Gingras, 1998). The elevated response
to novelty and corresponding vulnerability to drug self-administration in rats has been
suggested to be analogous to high sensation-seeking behaviors in humans (Dellu et al.,
1996). In the present study, reactivity to the novel environment was not related to the HiS,
female characteristic of greater cocaine-reactivity, as would be predicted. However,
reactivity to the novel effects of cocaine (cocaine injection 1) was related to the drug-
seeking phenotype (HiS, female) than responsivity to the novel environment (saline
injection 1). While previous research indicates that locomotor activity in a novel
environment is predictive of drug self-administration (e.g., Mantsch et al., 2001; Piazza et
al., 1989, 1990), rats in the present study were randomly selected, and subsequent behaviors
(locomotor, drug effects) were correlated. The difference in the present study is that the rats
were already selected (selectively bred) for a different behavior (saccharin intake), and that
difference may be independent from or overshadowed by the locomotor differences in
predicting the effects of cocaine. If more rats had been tested, so they could have been
stratified into HiS (HR, LR) and LoS (HR, LR), on novelty reactivity (R), differences may
have emerged. Similar negative findings on the predictability of locomotor activity and
behavioral phenotype were reported for rats selected for high (Hil) and low (Lol)
impulsivity when a delay-discounting task for food (Perry et al. 2005, 2007¢) was used or a
5-choice serial reaction time task of sustained visual attention (Dalley et al. 2007). While
impulsivity (like saccharin intake in HiS rats) predicted cocaine-seeking behavior,
locomotor reactivity was not related to impulsivity for food, saccharin intake, or cocaine-
maintained responding in these rats.

Differences in emotionality between HiS and LoS rats may have also contributed to the
differences shown in the present study as well as to other forms of cocaine-maintained
behavior (acquisition, regulation, escalation, progressive-ratio schedule performance, and
reinstatement). Emotionality is operationally defined in rats by placing them into an open
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field and evaluating their latency to emerge to the center, by quantifying their defacation,
and by measuring their circulating corticosterone (CORT) levels (Ramos and Mormede,
1998). According to these procedures, HiS rats showed little or no emotionality; whereas,
LoS rats showed high emotionality (Dess and Minor, 1996, Dess et al., 2000). Differences in
emotionality could explain previous reports of HiS/LoS line differences, including ethanol
intake (HiS > LoS) (Dess et al., 1998), acquisition of cocaine self-administration (HiS >
LoS) (Carroll et al., 2002), elevated basal (LoS > HiS) and stress-induced (HiS = LoS)
CORT levels (VanderWeele et al., 2002), acoustic startle amplitude (LoS > HiS)
(VanderWeele et al., 2002), and taste reactivity (HiS > LoS) (Dess and Minor, 1996). Other
groups with differing genetic propensities for drug-seeking behavior, such as those bred for
high (HR) and low (LR) reactivity to a novel environment show differences in emotionality
that are in the same direction (LR > HR) (Stead et al., 2006), highlighting the complex
interactions among genetic background, environmental stimuli, and drug effects.

Other mechanisms that could explain the phenotype and sex differences described here, and
in related studies, are sensitivity to stress (Goeders 2002), the rate of learning and ability to
perform the operant task (Mitchell et al., 2005), the ability to associate stimuli with the
reward, and other traits such as impulsivity for the reward (Dalley et al. 2007; Perry et al.,
2005, 2007b,c). Future investigations of the unique behavioral and neurobiological
characteristics of the HiS and LoS and other reward-seeking-prone- and resistant animals
could provide information on the mechanisms underlying the interrelated findings and
complex interactions that have emerged. While the present study was limited by small
groups and a within-subject comparison of saline and cocaine effects on locomotor activity,
the current findings concur with many other results regarding sex and the HiS, LoS
phenotypes. This emphasizes the value of studying selectively bred reward-seeking-prone
and —resistant animals (e.g., HiS, LoS), as it provides additional information regarding the
heritability of the behaviors, how they differ from other traits, and offers applicability to
humans.

In summary, cocaine-induced locomotor activity of HiS and LoS, female and male rats was
examined, and the locomotor-stimulatory effects of cocaine were more pronounced in
female HiS vs. LoS and male HiS and LoS rats. Repeated intermittent cocaine
administration engendered locomotor sensitization in HiS female rats by the fifth injection
(which occurred 10-12 days after the first), highlighting a potential phenotype x sex
interaction in drug responsiveness; however, this effect was not significant after the 6t
injection 2 weeks later. The findings indicated that the phenotype and sex differences
between LoS and HiS rats in cocaine-induced locomotor sensitization were not due to
baseline activity differences. Results also indicated that phenotype and sex differences (HiS
> LoS and females > males) in cocaine-induced locomotor activity are consistent with
similar differences in drug-seeking behavior in these selectively-bred lines during several
phases of drug abuse. Thus, the present findings highlight multiple vulnerability factors,
including sex, sweet intake, and cocaine-induced locomotor activity that may be useful for
predicting drug abuse vulnerability.
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Fig. 1.

Locomotor activity during 45-min sessions for LoS F (n=6), HiS F (n=6), LoS M (n=6), and
HiS M (n=6) rats following saline (left frames, open bars), then cocaine (10 mg/kg, i.p.)
(right frames, filled bars) injections 1, 5, and 6 (2 week delay). Data represent the mean
(xSEM) number of infrared (IR) beam breaks (positioned every 90° in a circular locomotor
track). Asterisks represent significant within-group (locomotor stimulant effects saline vs.
cocaine differences) at p<0.05. Horizontal bars with a pound sign represent a significant
phenotype (HiS vs. LoS) differences at p<0.05. @ signs represent significant sex differences
(F>M or M>F at p<0.05). A + sign represents a significant (p<0.05) decrease in locomotor
activity relative to saline injection 1, evidence of a novelty effect after the first saline
injection and exposure to the locomotor track. A double plus sign (++) indicates a
significant (p<0.05) increase in cocaine-induced locomotor activity, evidence of a
sensitization effect.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 May 13.



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

1duasnuey Joyiny vd-HIN

Carroll et al.

Page 18

Female Male
—e— Hi Injection 1
80 HiS 20 1]
—O— LoS

60 60

40 40

20 20 N\

0+ 0+

0 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
% #*
E Injection 5
S
= 80
& 80
H
3 60
2 60
£
o 40 40
=
=
7
+ 20 20
=
S
= 0

0 1 2 3 4 5 6 71 8 9 0o 1 2 3 4 5 6 7 8 9
0 . . w0 Injection 6
60 60

40 40

) M
0 0 L4

0 1 2 3 4 5 6 71 8 9 0 1 2 3 4 5 6 7 8§ 9
5-min Time Intervals Following i.p. Cocaine (10 mg/kg) Injection

Fig. 2.

Comparisons of phenotype differences (HiS, filled circles vs. LoS, open circles) in cocaine-
induced locomotor activity in female (left frames) and male (right frames) rats. Data
represent the mean (xSEM) number of IR beam breaks distributed over 5-min intervals over
the 45-min session following cocaine injections 1, 5, and 6 (saline injections are not
included). Asterisks indicate significant (p<0.05) differences between HiS and LoS rats.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2013 May 13.



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

wduosnue Joyiny vd-HIN

Carroll et al.

Group Information

Weight (g) | Saccharin Phenotype
Group [ n | sEm) | Score (+ SEM)
LoSF | 6 | 287 (x15) | 1.8(x45)
HISF | 6 | 304(x12) | 435(120)
LoSM | 6 | 418(+32) | 11.2(+6.2)
HISM | 6 | 437 (x24) | 29.7 (+4.1)""
HiS > LoS
*
Female p < 0.05
* %
Male p < 0.01
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Table 2
Experimental procedure
Injection 1 2 3 4 5 6
Administered s, c” S, C S, C S, C S, C S, C
A 2-3days | 2-3days | 2-3days | 2-3days | 2-weeks after
Timeline Day 1 later later later later Injection 5
Locomotor Track | Yes No No No Yes Yes

Measure

Novelty (S) and
baseline cocaine -
induced locomotor
activity (C)

Development of cocaine-induced

locomotor sensitization

Expression of
cocaine-induced
locomotor
sensitization

*
S, C saline then cocaine (10 mg/kg i.p.)
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