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Abstract

Differences in the locomotor stimulating and rewarding properties of drugs of abuse have been
described in several inbred strains of mice, and comparisons of inbred strains with differing responses
to drugs of abuse may provide crucial insight into the question of individual vulnerability to the
effects of drugs of abuse. The present study was designed to examine the rewarding and locomotor-
stimulating effects of heroin in C57BL/6J and 129P3/J mice. Heroin produced a robust dose
dependent locomotor stimulation in both strains. Both strains also developed conditioned place
preference to heroin, again in a dose dependent manner. However C57BL/6J mice developed
conditioned place preference to only the two lowest doses of heroin tested, while the 129P3/J
counterparts showed conditioned place preference to only the three highest doses tested. These
studies indicate that 129P3/J mice are less sensitive to the rewarding effects of heroin than are age-
matched C57BL/6J mice.
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Introduction

Many strains of mice differ in their baseline behaviors (e.g.[2,5,16,24,34]). Furthermore,
differences in behavioral response to drugs of abuse have been reported in many strains of mice
(e.g. [5,6,14,15,18,28,29,31,36]).

Individual vulnerability to the effects of drugs of abuse has been investigated in rodents by
examining high or low responders of outbred strains (e.g. [11,26]) or by comparing different
inbred strains which had been shown to differ in their predisposition to self-administer drugs
of abuse (e.g. [7,13]). Behavioral response to drugs of abuse was studied in the C57BL/6J and
different 129 inbred strains of mice, due to their importance in the generation of transgenic and
knockout animals. In response to cocaine, mice of 129 substrains have consistently been
reported to show limited or no locomotor response to cocaine, while C57BL/6J mice respond
with robust locomotor activation [15,18,28,29]. These results suggest that 129 mice are
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hyporesponsive to the locomotor stimulating effects of cocaine, relative to C57BL/6J mice.
129/0laHsd mice failed to self-administer cocaine under conditions which supported this
behavior in C57BL/6J and DBA mice [14], and 129P3/J mice did not develop conditioned
place preference to cocaine administered in a “binge” pattern, while C57BL/6J mice did
(although both strains developed conditioned place preference to a single daily injection of
cocaine, [36]), again suggesting that the 129 strain is less responsive to the effects of drugs of
abuse than C57BL/6J mice.

Opiate drugs produce locomotor activation in rodents (e.g. [1,21,25]). Some studies have
shown strain differences in the locomotor stimulating and analgesic effects of opiates in mice
(e.g. [22,23]). C57BL/6J mice showed behavioral activation in response to opiates [5,19,31].
129X1/sVJ mice showed a locomotor stimulatory effect of heroin, but they did not develop
conditioned place preference to the dose administered, rather they expressed place aversion
[31]. Interestingly, 129P3/J mice failed to develop physical dependence to morphine as
assessed by naloxone precipitated jumping [12]. Thus, 129P3/J mice may be relatively
insensitive to the effects of drugs of abuse in general. The present study was designed to extend
our findings that 129P3/J mice are behaviorally hyporesponsive to cocaine, relative to C57BL/
6J mice, by comparing the behavioral response to heroin in both strains. We examined both
locomotor stimulating and rewarding effects of heroin in these strains in response to a wide
range of heroin doses (0 -20 mg/kg) within a conditioned place preference (CPP) paradigm.

Materials and Methods

Animals

All studies were conducted in accordance with the National Institutes of Health Guide for the
Care and Use of Experimental Animals (NIH Publication No. 90-23) and experimental
protocols were approved by the Rockefeller University Institutional Animal Care and Use
Committee. A total of 128 age-matched male mice (6 weeks old on arrival), 56 C57BL/6J and
72 129P3/J mice were studied, in seven independent cohorts (Table 1). Saline controls were
included in all cohorts. All animals were individually housed in an environmentally controlled
room dedicated to this study. Food and water were available ad lib and animals were allowed
two weeks to acclimate prior to the start of the experiments. Mice of each strain were randomly
assigned to one of six groups, based on dose of heroin administered (0, 1.25, 2.5, 5, 10 or 20
mg/kg). Three animals died during the course of these studies (two 129P3/J and one C57BL/
6J) and were not included in analyses. Additionally, one 129P3/J statistical outlier was deleted
from the analysis of conditioned place preference. Heroin (3,6-Diacetyl-morphine HCI) was
obtained from NIH - NIDA.

Conditioned Place Preference

Chambers

Commercially available conditioned place preference chambers (Med Associates, VT model
ENV-3013) were used. The chambers consist of three compartments, separated from each other
by a sliding door. Two “conditioning” compartments, one black and one white (16.8 x 12.7 x
12.7 cm) were separated from each other by a smaller, gray chamber. The white compartment
had a stainless steel mesh floor while the floor of the black compartment was rolled steel bars.
Each chamber was enclosed in a dimly lit, sound attenuated chamber. Data collection was
automated and used infrared photo beams to determine time spent in each compartment and
crossovers (breaking of photo beams at opposite ends of the chamber).
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Conditioning

One half of the animals received heroin on the first conditioning day and the other half received
saline (animals in the 0 mg/kg group received isotonic saline [0.9% NaCl] on all days). Half
of the animals had heroin paired to the white chamber, the other half to the black chamber. The
day before the first conditioning session, each animal was placed in the central gray
compartment, with free access to all three compartments, and the time spent in each
compartment was recorded over 30 minutes. Conditioning sessions were carried out as
previously described [36] for a total of eight conditioning sessions, once a day for 30 minutes.
On each conditioning day, mice were injected, i.p., with heroin at doses of 1.25, 2.5, 5, 10 or
20 mg/kg, dissolved in saline, or saline, and were immediately placed in the “paired”
compartment where they were confined for 30 minutes, while crossovers were electronically
recorded. On the next day, the procedure was repeated, alternating saline with heroin.
Following each conditioning session, mice were weighed and returned to their home cage.
Conditioning was carried out over eight days, four heroin conditioning sessions and four saline
sessions. The day after the last conditioning session, animals were returned to the conditioning
chamber, given free access to all three compartments and the time spent in each compartment
was recorded over 30 minutes. The difference in time spent in the drug paired compartment
during the pre- and post-conditioning sessions was calculated and used to determine the
development of conditioned place preference.

Statistical Analysis

Results

Pre-conditioning side bias was examined by comparing the time spent in the white and black
chambers during the “pre-test” session. Pre-conditioning side bias was examined in C57BL/
6J mice with unpaired two-tailed t-test. Due to a non-Gaussian distribution, pre-conditioning
side bias in 129P3/J mice was analyzed using a Mann-Whitney U test. To rule out a possible
effect of “Cohort,” the locomotor activity across the four conditioning sessions in the saline
groups was analyzed within each strain by two-way ANOVA, Cohort by Session with repeated
measures on the last variable, and conditioned place preference was analyzed by one-way
ANOVA.

To rule out possible pre-conditioning bias, conditioned place preference was initially analyzed
by three-way ANCOVA (Strain X Dose X Drug Paired Side) with pre-conditioning bias (time
spent in black chamber - time spent in white chamber) as a covariate. Then, conditioned place
preference in each strain was examined by one-way ANOVA (Dose). Locomotor activity was
analyzed with three-way ANOVA, Strain X Dose X Session, with repeated measures on the
last variable followed by Newman-Keuls post hoc tests where appropriate.

Since all doses of heroin were not represented in each cohort, we examined the effect of cohort
on the locomotor response and the time in conditioning chambers in saline controls (which
were represented in all cohorts). “Cohort” had no effect on locomotor activity in either C57BL/
6J (p=0.167) or 129P3/J (p = 0.943) mice nor on the time in conditioning chambers in C57BL/
6J (p = 0.120 or 129P3/J (p = 0.605) mice.

On the pre-conditioning test day C57BL/6J mice did not show a preference for either
compartment (p = 0.44), but 129P3/J mice did show a preference for the black chamber (U =
1698, p < 0.0005; data not shown).

Heroin increased locomotor activity in both strains, in a dose and time dependent manner across
conditioning sessions (Figure 1). ANOVA showed significant main effects of Dose and Session
(F(5,113) = 58.55, p < 0.0001 and F(3,339)=40.45, p < 0.0001 respectively) and a significant
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Strain X Dose X Session interaction (F(15,339)=2.54, p < 0.02). There was no significant
difference in basal (saline) levels of locomotor activity between the two strains (p = 0.332,
Newman-Keuls post hoc test). In C57BL/6J mice, the locomotor response to all doses of heroin
was significantly greater than to saline (p < 0.005) and resembled an inverted “U” (Figure 1).
The locomotor stimulating effects of heroin at doses of 2.5, 5 and 10 mg/kg were greater than
the response to 1.25 mg/kg (p < 0.05). The locomotor response to 1.25 and 20 mg/kg were not
significantly different (p = 0.22). 129P3/J mice also responded to all doses of heroin with
increased locomotor activity (p < 0.05) and again the response resembled an inverted “U”. In
129P3/J mice, the locomotor responses to heroin doses of 5, 10 or 20 mg/kg were greater than
those to 1.25 mg/kg (p < 0.002), and heroin doses of 5 and 10 mg/kg resulted in significantly
greater levels of locomotion than did 2.5 mg/kg (p < 0.0005; Figure 1).

Both strains showed a dose-dependent sensitization of heroin-induced locomotion; the
locomotor response to heroin increased with subsequent administrations (Strain X Dose X
Session interaction F(15,342) = 2.57 p < 0.005; Figure 2). In C57BL/6J mice, sensitization of
locomotor response occurred at heroin doses of 1.25, 2.5, 5 and 10 mg/kg (Newman-Keuls
post hoc tests). In 129P3/J mice, sensitization was observed only at the 5 and 10 mg/kg doses.
Neither strain developed sensitization to the locomotor stimulating effects of 20 mg/kg of
heroin.

Since 129P3/J mice showed a distinct pre-conditioning bias for the black chamber of the
conditioned place preference apparatus, we first examined conditioned place preference by
three-way ANCOVA, and found main effects of Strain (F(1,100) = 9.94 p < 0.005) and Dose
(F(5,100) = 3.23, p < 0.01) but no effect of Drug Paired Side (F(1,100) < 1.0 p = 0.94). We
then analyzed conditioned place preference by one-way ANOVA within each strain. Both
strains of mice developed conditioned place preference to heroin in a dose dependent manner.
In C57BL/6J mice, there was a significant main effect of Dose (F(5,49) = 3.51, p < 0.01).
C57BL/6J mice developed conditioned place preference to the two lowest doses of heroin
tested, 1.25and 2.5 mg/kg (p < 0.05), but not to the higher doses of 5, 10, or 20 mg/kg (Newman-
Keuls post hoc tests; Figure 3). 129P3/J mice also developed conditioned place preference
(main effect of Dose, F(5,63) =4.93, p <0.001), but 129P3/J mice developed conditioned place
preference to the 5, 10 and 20 mg/kg doses of heroin (p < 0.02, 0.05 and 0.01 respectively;
Newman-Keuls post hoc tests; Figure 3).

Discussion

C57BL/6J and 129P3/J mice show differences in the rewarding effects of heroin, as measured
by conditioned place preference. This finding is consistent with the report of dvelopment of
conditioned place preference to low doses of heroin (50 or 100 pg/kg) in C57BL/6J mice, but
not in 129X1/sVJ mice [31]. Our study extends this finding by expanding the dose range and
demonstrating the development of conditioned place preference in 129P3/J mice to high doses
of heroin, which were not rewarding in C57BL/6J counterparts.

In contrast to earlier studies which examined the locomotor stimulating effects of cocaine in
C57BL/6J and 129 mice (e.g. [15,18,28,29]), this study found a robust locomotor response to
heroin and the development of locomotor sensitization in both strains. All doses of heroin
stimulated locomotor activity in both strains of mice, on all days of the study. Significant strain
differences were observed at the 2.5 mg/kg and the 5 mg/kg doses (Figure 2).

In the present study, strain and dose dependent sensitization to the locomotor stimulating effects
of heroin was observed. Locomotor sensitization in 129P3/J mice, occurred more rapidly than
in C57BL/6J mice and appeared more robust. Our finding of behavioral sensitization in C57BL/
6J mice is in agreement with earlier findings [31]. Our finding of sensitization to the locomotor
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stimulating effects of heroin in 129P3/J mice, however is in contrast to that study which did
not find sensitization in 129X1/sVJ mice [31]. This difference may be related to substrain
differences or, more likely, to differences in the doses of heroin administered. Our report
examined behavioral effects of a wide range of heroin doses (0-20 mg/kg) and, in 129P3/J
mice, we found locomotor sensitization only to the 5 and 10 mg/kg doses. The earlier study
used a single dose of 100 pg/kg (below our lowest dose of 1.25 mg/kg; [31]).

The finding of robust locomotor activation in 129P3/J mice in response to heroin is in sharp
contrast to reports of the locomotor stimulating effects of cocaine. We have reported that, while
C57BL/6J mice showed a dose-dependent increase in home cage locomotor activity in response
to cocaine, 129/J (now 129P3/J) mice did not [28,29]. Similarly, 129/0laHsd mice failed to
express a locomator response to cocaine administration [15]. Miner reported that mice of the
129/SvJ strain were hypoactive relative to C57BL/6J mice [18].

We report herein that both C57BL/6J and 129P3/J mice develop conditioned place preference
to heroin in a dose dependent manner. This is in partial agreement with studies reporting that
both C57BL/6J mice and substrains of 129 mice develop conditioned place preference and
locomotor activation in response to morphine, although with significant strain differences in
the response (e.g. [6,20]), and a study showing that C57BL/6J mice developed conditioned
place preference to a very low dose of heroin (100 pg/kg; [31]). Interestingly, the same dose
of heroin was reported to produce conditioned place aversion in 129X1/sVJ mice [31]. We did
not find conditioned place aversion to any dose of heroin tested, although in 129P3/J mice,
place preference was formed only to high doses of heroin. C57BL/6J mice formed place
preference to lower doses of heroin but, while not showing preference, did not form aversion
to the higher doses. The reasons for these strain differences are not clear, although heroin-
induced conditioned place preference was not observed in rats that received naloxone pre-
treatment [9] nor was morphine induced locomotor activation (e.g.[25,32]) and mice with life-
long deletion of the MOP-r show no heroin induced locomotion or reward (e.g.[3]). Therefore,
differences in the MOP-r might explain the observed strain difference in the rewarding effects
of heroin described in the present report. Other studies suggest that dopaminergic (e.g. [8,20,
33,35]) and glutamatergic (e.g. [17,27,30]) systems may also mediate opiate-induced reward
or locomotor activity. Strain differences in basal anxiety level may also be important
determinants in the expression of conditioned place preference. 129/SvJ mice showed greater
levels of anxiety-like behaviors than did C57BL/6J mice [10] and anxiety has been shown to
attenuate the expression of conditioned place preference [6]. We found that during the
preconditioning baseline day 129P3/J, mice spent significantly more time in the black side of
the conditioning chamber than on the white side,which may indicate higher levels of basal
anxiety. Morphine attenuates anxiety in mice [4] and it is possible that the expression of
conditioned place preference to high doses of heroin in 129P3/J mice might be due to an
anxiolytic effect. It is possible that differences in heroin-induced behaviors may also be due
to strain dependent differences in the metabolism of heroin (e.g deacetylation to morphine) or
differences in the ability of heroin to cross the blood brain barrier. While the neural substrates
underlying the strain specific differences in heroin-induced locomotion and reward reported
here remain to be elucidated, our results indicate that 129P3/J mice may be less susceptible to
the rewarding effects of heroin than are C57BL/6J mice. Thus, these strains may be useful tools
to investigate determinants of an individual’s vulnerability to develop addiction.
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Figure 1.

Heroin produced a dose dependent increase in locomotor activity in both C57BL/6J (top) and
129P3/J (bottom) mice. Data is mean + SEM of the number of crosses across the four 30 minute
conditioning sessions. * = Significant increase compared to saline
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Figure 2.

Heroin produced dose and time dependent sensitization of the locomotor stimulating effects
in both C57BL/6J and 129P3/J mice (Strain X Dose X Session main effect F(15,342) = 2.57,
p < 0.005). C57BL/6J mice are represented by the solid lines, while 129P3/J mice are
represented by the dashed lines. Data is mean +/- SEM.
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Figure 3.

Heroin induced conditioned place preference in C57BL/6J (top) and 129P3/J (bottom) mice.
C57BL/6J mice developed conditioned place preference to the two lowest doses of heroin
tested (1.25 and 2.5 mg/kg), but not to higher doses. 129P3/J mice developed conditioned place
preference to the 5, 10 and 20 mg/kg doses of heroin but not to the lower doses. Data is mean
+ SEM.
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The total number of animals used, in each strain and in each group, is shown in Table 1. The cohort in which each
group was studied is shown in parenthesis.

Dose (ma/kq) C57BL/6J 129P3/J

0 n =14 (cohorts 1.4.7) n =17 (cohorts 2, 3. 5. 6)
1.25 n =6 (cohort 7) n =12 (cohorts 5, 6)

2.5 n =6 (cohort 7) n =12 (cohorts 5, 6)

5 n =29 (cohorts 1,4) n =9 (cohorts 2, 3)

10 n =10 (cohorts 1.4) n =10 (cohorts 2, 3)

20 n =10 (cohorts 1.4) n =10 (cohorts 2, 3)
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