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Abstract
The Fischer 344 (F344) and Lewis (LEW) inbred rat strains react differently to morphine in a number
of behavioral and physiological preparations, including the acquisition of aversions induced by this
compound. The present experiment tested the ability of various compounds with relative selectivity
at kappa, delta and mu receptor subtypes to assess the relative roles of these subtypes in mediating
the differential aversive effects of morphine in the two strains. In the assessment of the role of the
kappa receptor in morphine-induced aversions, animals in both strains were given access to saccharin
followed by varying doses of the kappa agonist (−)−U50,488H (0.0, 0.28, 0.90 and 1.60 mg/kg).
Although (−)−U50,488H induced aversions in both strains, no strain differences emerged. A separate
subset of subjects was trained with the selective delta opioid agonist, SNC80 (0.0, 5.6, 10.0 and 18.0
mg/kg), and again although SNC80 induced aversions, there were no strain differences. Finally, a
third subset of subjects was trained with heroin (0.0, 3.2, 5.6 and 10.0 mg/kg), a compound with
activity at all three opiate receptor subtypes. Although heroin induced aversions in both strains, the
aversions were significantly greater in the F344 strain, suggesting that differential activation of the
mu opioid receptor likely mediates the reported strain differences in morphine-induced aversion
learning. These data were discussed in terms of strain differences in opioid system functioning and
the implications of such differences for other morphine-induced behavioral effects reported in F344
and LEW rats.
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Introduction
Inbred rats and mice provide a useful tool in the study of the genetic mediation of many
psychological disorders, including drug addiction (Crabbe, 2002; Cunningham et al., 2009).
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The F344 and LEW inbred rat strains reportedly differ on a variety of measures assessing the
effects of drugs of abuse (Ambrosio et al., 1995; Davis et al., 2007; Kosten et al., 1994;
2007; Kruzich and Xi, 2006; Martin et al., 1999; 2003; Sanchez-Cardoso et al., 2007),
suggesting that these strains could provide information regarding the underlying genetic
differences in response to such drugs. For example, the F344 and LEW rats display differential
patterns of drug self-administration for a variety of compounds (see Ambrosio et al., 1995;
Kosten et al., 2007; Kruzich and Xi, 2006; Martin et al., 1999; 2003; Sanchez-Cardoso et al.,
2007; for a review see Kosten and Ambrosio, 2002; Riley et al., 2009). Interestingly, these
same strains also display differences in taste aversion learning induced by these self-
administered compounds (Glowa et al., 1994; Gomez-Serrano et al., 2009; Grigson and Freet,
2000; Lancellotti et al., 2001; Pescatore et al., 2005; Roma et al., 2006; 2007; but see Davis
and Riley, 2007; Kosten et al., 1994). Given that conditioned taste aversions (CTA) are thought
to assess the aversive effects associated with drug administration and that these aversive drug
effects may play a protective role in the development of substance abuse (Broadbent et al.,
2002; Green and Grahame, 2008; Riley et al., 2009), understanding strain differences in
aversion learning induced by self-administered compounds could provide valuable insights
into the possible role genetic factors may play in the vulnerability to abuse drugs (Broadbent
et al., 2002; Crabbe, 2002; Riley et al., 2009).

The drug to which the F344 and LEW rats display the most dramatic difference in taste aversion
learning is morphine. Specifically, Lancellotti and her colleagues (2001) reported that when
rats of both strains were given saccharin-morphine pairings during aversion conditioning, only
the F344 rats acquired dose-dependent CTAs to the morphine-associated solution. No dose of
morphine produced aversions in the LEW strain, even after repeated conditioning trials. Such
differences between the two strains are not simply a function of differential learning ability in
general (Herradon et al., 2008; Kearns et al., 2006; Martin et al., 2003) or aversion learning
specifically (Davis and Riley, 2007; Foynes and Riley, 2004) and may instead reflect
differences in the sensitivity to morphine's aversive effects. These differences in sensitivity
may be important in understanding the differential self administration of morphine by the two
strains in which the LEW strain displays a more rapid acquisition of morphine self
administration (Ambrosio et al., 1995; Martin et al., 1999; 2003; Sanchez-Cardoso et al., 2007),
i.e., the absence of aversive effects in the LEW strain may increase the overall acceptability
of this drug, leading to increased drug intake.

Although the F344 and LEW strains differ significantly in the acquisition of morphine-induced
aversions, the neurochemical basis for this difference remains unknown. Morphine binds to
and is effective at all three opiate receptor subtypes (kappa, delta and mu; Fowler and Fraser,
1994; Self and Stein, 1992; see also Inturrissi et al., 1983; Oldendorf et al., 1972), and it is not
clear which of the three mediates the differential aversive effects of morphine evident in the
two strains. To address the role of various opiate receptor subtypes in aversions induced by
morphine, the present series of experiments examined the ability of compounds with varying
degrees of selectivity for kappa (U50,488H), delta (SNC80) and mu (heroin) receptors to
induce aversions under conditions that support morphine-induced aversion learning.

Methods
Subjects and Apparatus

A total of 98 male F344 and 98 male LEW rats, weighing approximately 252 and 300 g,
respectively, at the start of the experiment, served as subjects. Animals were housed in
individual wire-mesh cages and maintained on a 12:12 h light/dark cycle and at an ambient
temperature of 23°C for the duration of the experiment. Rat chow (Harlan Sprague-Dawley,
Indianapolis, Indiana) was provided ad libitum. All fluids were presented in 50-ml Nalgene
tubes affixed to the front of the cages. All procedures were in compliance with the US National
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Institutes of Health and National Research Council Guidelines (2003; 2006) and approved by
the Institutional Animal Care and Use Committee at American University.

Drugs and Solutions
(−)−U50,488H hydrochloride (generously supplied by National Institute of Diabetes and
Digestive and Kidney Diseases) was dissolved in saline (1 mg/ml). Given that the active isomer
was used, doses common for the racemic mixture (and previously used in aversion learning,
see Mucha and Herz, 1985) were halved. SNC80, prepared as a 2 mg/ml solution (generously
supplied by National Institute of Diabetes and Digestive and Kidney Diseases), was dissolved
in distilled water with a small amount (∼100μl) of HCl added to promote solubility. Heroin
(generously supplied by the National Institute on Drug Abuse) was prepared as a 1 mg/ml
solution in saline. All drug doses were expressed as the salt form and were administered
subcutaneously (sc). Sodium saccharin (Sigma) was prepared as a 1g/l solution in tap water.

Procedure
Phase I: Habituation—After 232/3-h water deprivation, rats received 20-min access to
water, beginning at 1000 h. This procedure was repeated daily until all rats were approaching
and drinking from the tube within 2 s of its presentation. Once this criterion was reached,
aversion conditioning began.

Phase II: CTA conditioning—Subjects were run in three different cohorts based on the
specific compound on which they were trained, i.e., U50,488H, SNC80 or heroin. On Day 1
of this phase, animals received 20-min access to a novel saccharin solution during their daily
fluid-access period. Immediately following saccharin access, rats within each strain and in each
cohort were assigned to one of four groups such that consumption was comparable across
groups.

1) U50,488H. Rats in this cohort were injected with vehicle (F344: n = 8; LEW: n = 8),
0.28 mg/kg (F344: n = 8; LEW: n = 8), 0.90 mg/kg (F344: n = 8; LEW: n = 8) or 1.60 mg/
kg (F344: n = 8; LEW: n = 8) of (−)−U50,488H.

2) SNC80. Rats in this cohort were injected with vehicle (F344: n = 8; LEW: n = 8), 5.6
mg/kg (F344: n = 9; LEW: n = 8), 10.0 mg/kg (F344: n = 9; LEW: n = 8) or 18.0 mg/kg
(F344: n = 7; LEW: n = 8) of SNC80.

3) Heroin. Rats in this cohort were injected with vehicle (F344: n = 8; LEW: n = 8), 3.2
mg/kg (F344: n = 8; LEW: n = 8), 5.6 mg/kg (F344: n = 9; LEW: n = 9) and 10.0 mg/kg
(F344: n = 8; LEW: n = 9) of heroin.

On Days 2-4 of this phase, all animals received 20-min access to water during the fluid-access
period. One conditioning day and three water-recovery days constituted a cycle, and five
conditioning cycles were run. The fifth conditioning trial was treated as a one-bottle test of the
aversion to saccharin.

Phase III: Two-bottle aversion test—On the day following the last water-recovery day
of the fifth conditioning cycle, all animals were given both saccharin and water in a two-bottle
test of the aversion to saccharin. Specifically, animals received two 50-ml Nalgene tubes, one
tube containing saccharin and one containing water, during the 20-min fluid-access period.
Total fluid consumed from both bottles was recorded.

Statistical Analysis
Individual analysis was performed for each compound. Water consumption during the
habituation phase was analyzed using a two-factor (Day × Strain) ANOVA, with the repeated

Davis et al. Page 3

Pharmacol Biochem Behav. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



factor of Day, to determine if there were any strain differences in water consumption during
this period. Independent-sample t-tests were used to examine differences between the strains
on any specific day. Saccharin consumption on Trials 1-4 and on the one-bottle aversion test
was analyzed using a three-way (Trial × Strain × Dose) ANOVA, with Trial as the repeating
factor. When appropriate, Tukey-corrected post-hocs were used to examine specific group
differences. The two-bottle aversion test data was analyzed using a two-factor (Strain × Dose)
ANOVA to determine if there were any strain differences in percent of saccharin consumed
or overall fluid consumption. Tukey-corrected post-hocs were employed where warranted.

Results
Kappa Agonism: U50,488H

Phase I: Habituation—The 12 (Day) × 2 (Strain) repeated-measures ANOVA on water
consumption revealed a significant effect of Strain [F(1, 62) = 53.662, p < 0.05] and Day [F
(11, 682) = 68.056, p < 0.05] as well as a Day × Strain interaction [F(11, 682) = 9.072, p <
0.05]. Independent-sample t-tests revealed greater water consumption by the LEW animals on
Days 1-6, 8, 10 and 12 (all p's < 0.05). On Days 7, 9 and 11, there were no strain differences
in water consumption (all p's > 0.119) (see Figure 1, Panel A).

Phase II: CTA conditioning and one-bottle aversion test—The 5 (Trial) × 2 (Strain)
× 2 (Dose) repeated-measures ANOVA on saccharin consumption revealed a significant effect
of Dose [F(3,56) = 36.291, p < 0.05]; neither the effect of Strain nor the Strain × Dose
interaction was significant (all p's ≥ 0.09). The Trial × Strain [F(4,224) = 8.103, p < 0.05] and
Trial × Dose [F(12,224) = 7.351, p < 0.05] interactions were significant, and the main effect
of Trial approached significance (p = 0.056). Tukey's-corrected post hoc tests revealed
significant group differences. On the initial exposure to saccharin (Trial 1), LEW animals
(regardless of dose) drank more saccharin on average than the F344 rats. On Trial 2, animals
conditioned with the highest dose of (−)U50,488H decreased consumption relative to all other
groups (all p's < 0.05). No other differences emerged on this trial. These same differences were
apparent throughout the rest of the conditioning trials, i. e., only the highest dose of (−)
U50,488H produced decreases in consumption compared to all other conditions (vehicle-
injected subjects and those conditioned with 0.28 and 0.90 mg/kg; all p's < 0.05). Consumption
by animals conditioned with 0.28 and 0.90 mg/kg never differed from that of vehicle animals.
There were no differences between LEW and F344 subjects at any matched dose following the
initial conditioning trial.

Phase III: Two-bottle aversion test—The 2 (Strain) × 4 (Dose) univariate ANOVA on
the percent of saccharin consumption during the Two-Bottle Aversion Test revealed main
effects of Strain [F(1, 63) = 4.325, p < .05] and Dose [F(3, 63) = 42.752, p < .05], but no
significant Strain × Dose interaction (p = .605). Overall, the F344 animals (collapsed across
Dose) displayed a higher percentage of saccharin consumption relative to the LEW animals
(59% compared to 48%, respectively). The percent saccharin consumption by animals
conditioned with the lowest dose (0.28 mg/kg) of (−)−U50,488H did not differ from those
injected with vehicle, whereas there were significant decreases in percent of saccharin
consumption (relative to vehicle-treated animals) in rats receiving 0.90 and 1.60 mg/kg (−)
−U50,488H. Moreover, the percent saccharin consumption in subjects injected with 1.60 mg/
kg was significantly lower than that of animals receiving 0.90 and 0.28 mg/kg (−)−U50,488H.
Consumption at 0.90 mg/kg was significantly greater than that of the high dose group, but
significantly lower than that of the lowest dose or vehicle. The 2 (Strain) × 4 (Dose) univariate
ANOVA performed on the mean total fluid consumption during the two-bottle test revealed a
significant effect of Dose [F(3, 63) = 8.106, p < .05], but not of Strain, and no significant Strain
× Dose interaction (all p's > .599). Post-hocs revealed that total fluid consumption in animals
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injected with 0.90 and 1.60 mg/kg was significantly lower than those receiving vehicle.
Moreover, consumption at the lowest dose (0.90 mg/kg) only differed from consumption at
the highest dose (1.60 mg/kg) (See Figure 1, Panel C).

Delta Agonism: SNC80
Phase I: Habituation—The 13 (Day) × 2 (Strain) repeated-measures ANOVA revealed a
significant effect of Strain [F(1, 63) = 27.752, p < 0.05] and Day [F(12, 756) = 71.008, p <
0.05] as well as a significant Day × Strain interaction [F(12, 756) = 12.763, p < 0.05].
Independent-samples t-tests revealed that the LEW animals consumed more water on Days
1-6, 8-9 and 12 (all p's < 0.05). No strain differences were found on Days 7, 10-11 and 13 (all
p's > 0.092) (see Figure 2, Panel A).

Phase II: CTA conditioning and one-bottle aversion test—The 5 (Trial) × 2 (Strain)
× 2 (Dose) repeated-measures ANOVA revealed a significant effect of Strain [F(1,57) = 10.82,
p < 0.05], Dose [F(3,57) = 5.568. p < 0.05] and Trial [F(4,228) = 10.2, p < 0.05] as well as a
significant Trial × Dose interaction [F(12,228) = 5.339, p < 0.05]. The Strain × Dose (p =
0.758) and Trial × Strain and Trial × Strain × Dose interactions were not significant (all p's >
0.347). Tukey-corrected post-hocs revealed significant group differences during acquisition.
On Trials 1-3, no significant differences emerged (see Figure 2, Panel B). However, on Trial
4 and on the one-bottle aversion test, all doses of SNC80 (independent of strain) induced
significant decreases in consumption relative to animals receiving vehicle. No differences
emerged among the doses; all animals conditioned with SNC80 displayed similar decreases in
saccharin consumption on Trial 4 and on the one-bottle aversion test (independent of dose and
strain).

Phase III: Two-bottle aversion test—The 2 (Strain) × 4 (Dose) univariate ANOVA on
the percent of saccharin consumption on the Two-Bottle Aversion Test revealed only a
significant main effect of Dose [F(3, 64) = 28.035, p < .05]. The main effect of Strain and the
Strain × Dose interaction were not significant. Post-hocs revealed that the percent of saccharin
consumption on this test did not differ across the doses of SNC80, but that the percent saccharin
consumption at each dose was significantly less than that of control animals. The 2 (Strain) ×
4 (Dose) univariate ANOVA performed on total fluid consumption revealed a main effect of
Strain [F(1, 64) = 8.063, p < .05], but no effect of Dose or a Strain × Dose interaction (all p's
> .171). On average, the LEW animals consumed more fluid than the F344 rats. Average fluid
consumption did not differ by dose (see Figure 2, Panel C).

Mu Agonism: Heroin
Phase I: Habituation—The 15 (Day) × 2 (Strain) repeated-measures ANOVA revealed a
significant effect of Day [F(14, 910) = 76.906, p < 0.05] and Strain [F(1, 65) = 66.677, p <
0.05] as well as a significant Day × Strain interaction [F(14, 910) = 11.249, p < 0.05].
Independent-sample t-tests showed that LEW animals consumed more water on each day of
the habituation phase (all p's < 0.05) except for Day 7, on which the strains did not differ (p =
0.148) (see Figure 3, Panel A).

Phase II: CTA conditioning and one-bottle aversion test—The 5 (Trial) × 2 (Strain)
× (Dose) repeated-measures ANOVA revealed significant effects of Strain [F(1,59) = 135.985,
p < .05], Dose [F(3,59) = 40.351, p < 0.05] and Trial [F(4,236) = 57.601, p < 0.05] as well as
a significant Strain × Dose [F(3,59) = 225.036, p < 0.05], Trial × Strain [F(4,236) = 48.964, p
< 0.05], Trial × Dose [F(12,236) = 53.314, p < 0.05] and Trial × Strain × Dose [F(12,236) =
26.550, p < 0.05] interactions. On Trial 1, no differences were found in saccharin consumption
between the different groups of F344 and LEW animals (see Figure 3, Panel B). On Trial 2,
all groups of F344 rats receiving heroin (3.2, 5.6 and 10 mg/kg) displayed decreased saccharin
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consumption relative to F344 and LEW control groups (that displayed equivalent consumption
throughout conditioning) and LEW animals conditioned with 3.2 and 5.6 mg/kg (all p's < 0.05).
On this trial, LEW animals conditioned with 10 mg/kg heroin did not differ from any other
group of animals (all p's > 0.05). On Trial 3, F344 animals conditioned with heroin did not
differ from one another, but they did differ from both F344 and LEW rats receiving vehicle.
All F344 rats receiving heroin also consumed significantly less saccharin than all LEW animals
receiving heroin (all p's < 0.05). Only LEW animals receiving 10 mg/kg heroin differed from
vehicle controls on this trial, but they did not differ from LEW animals receiving the other
doses of heroin. These same animals (LEW 10 mg/kg) also drank significantly more saccharin
than all F344 animals conditioned with heroin (all p's < 0.05). LEW animals receiving the two
lower doses of heroin drank saccharin comparable to controls (all p's > 0.05). The differences
that were evident on Trial 3 were also significant on Trial 4 and on the one-bottle aversion test.
At no point during conditioning did LEW animals receiving 3.2 and 5.6 mg/kg heroin differ
from controls of either strain.

Phase III: Two-bottle aversion test—The 2 (Strain) × 4 (Dose) univariate ANOVA
performed on the percent of saccharin consumption revealed an effect of Dose [F(3, 66) =
43.383, p < .05] as well as a Strain × Dose interaction [F(3, 66) = 5.231, p < .05]. The main
effect of Strain (p = .056) approached significance. Post-hocs revealed that percent saccharin
consumption did not differ between the strains at any dose of heroin. All animals receiving
heroin drank a lower percentage of saccharin on this test than control animals (all p's < .05),
with the F344 and LEW control groups displaying a similar preference for saccharin. The 2
(Strain) × 4 (Dose) univariate ANOVA on total fluid consumption revealed effects of Strain
[F(1, 66) =29.774, p , .05] and Dose [F(3, 66) = 8.608, p < .05] as well as a Strain × Dose
interaction [F(3, 66) = 3.158, p < .05]. Post-hocs revealed that all F344 animals receiving heroin
consumed less total fluid than controls, but did not differ in consumption across doses. The
LEW animals across all conditioning doses, however, drank fluid comparable to that of
controls. F344 and LEW animals receiving vehicle consumed similar amounts of fluid in the
two-bottle test (see Figure 3, Panel C).

Given the decrease in overall fluid consumption in the F344 strain, animals were given a second
two-bottle test following three water-recovery days. No injections were administered after the
initial two-bottle test. The 2 (Strain) × 4 (Dose) univariate ANOVA was performed on the
percent of saccharin consumed by all F344 and LEW animals during the second two-bottle test
revealed significant main effects of Strain [F(1, 66) = 32.863, p < .05] and Dose [F(3, 66) =
88.938, p < .05] as well as a significant interaction of Strain × Dose [F(3, 66) = 6.907, p < .
05]. Tukey-corrected post-hocs were used to examine specific group differences. Within the
F344 strain, the percent of saccharin consumption did not differ between doses, but was
significantly less than the F344 control group receiving vehicle during conditioning. A similar
result was found with the LEW strain, i.e., the percent of saccharin consumption did not differ
across the doses, but consumption at each dose of heroin was significantly lower than that of
the LEW control group. The percent of saccharin consumption was similar for the F344 and
LEW control groups. For animals injected with heroin, the F344 rats displayed a significantly
lower percentage of saccharin consumption at the 3.2 and 5.6 mg/kg doses of heroin compared
to LEW animals conditioned with these doses (all p's < .05). At the 10 mg/kg dose, the F344
and LEW animals did not differ in the percent of saccharin consumption.

Total fluid consumption on the second two-bottle test was analyzed using a 2 (Strain) × 4
(Dose) univariate ANOVA (see Figure 3C, right panel). Significant main effects of Strain [F
(1, 66) = 6.429, p < .05] and Dose [F(3, 66) = 6.785, p < .05] were found; however, the Strain
× Dose interaction was not significant. Post-hocs revealed that overall fluid consumption was
significantly less than controls in animals conditioned with 5.6 and 10 mg/kg heroin. Moreover,
the F344 strain displayed a significant decrease in overall fluid consumption relative to the
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LEW strain. Although there were significant differences in overall fluid consumption on the
second two-bottle test, consumption by all animals receiving conditioning with heroin
increased from the first two-bottle test. For example, F344 animals receiving 5.6 and 10 mg/
kg heroin during conditioning consumed 8.5 and 8.6 ml on the first test and 12.2 and 11.1 ml
on the second test, respectively.

Discussion
The present experiment examined the ability of various compounds with relative selectivity
for the kappa (U50,488H), delta (SNC80) and mu (heroin) opiate receptor subtypes to induce
taste aversions. The purpose of these assessments was to assess the possible role of these
subtypes in the reported strain differences in aversions induced by morphine (see Lancellotti
et al., 2001). As reported, although the kappa agonist (−)−U50,488H and the delta agonist
SNC80 both induced aversions, there were no significant strain differences in the acquisition
of these aversions. The only drug for which strain differences emerged was heroin. Given that
heroin acts via all three receptor subtypes, including the MOR, these data implicate activation
of the MOR (alone or in combination with the other subtypes; see below) in the strain
differences seen with morphine-induced aversions.

The results of the study employing U50,488H demonstrate that equivalent taste aversions are
induced by KOR agonism in the F344 and LEW rat strains. As noted, there was a significant
Trial × Strain interaction during acquisition of the aversions induced by U50,488H.
Specifically, the LEW animals (collapsed across dose) consumed more saccharin on Trials 1-3
and the F344 animals (collapsed across dose) consumed more saccharin on Trials 4 and on the
one-bottle test. Given that this interaction was not affected by dose suggests that these
differences were not a function of U50,488H, but simply a function of differences in
consumption between the two strains. The significant Trial × Dose interaction supports the
result that U50,488H had similar aversive effects in the F344 and LEW animals. As noted,
only the highest dose of U50,488H caused a decrease in saccharin consumption during
acquisition and on the one-bottle aversion test. Given that these effects were weak, it could be
argued that higher doses would have had more robust effects and that these effects might have
differed between the strains. However, clear dose-dependent decreases in saccharin
consumption were evident in the two-bottle test demonstrating the behavioral activity of the
doses employed. Given that the two-bottle aversion test is considered to be a more sensitive
measure of aversion, it is unlikely that higher doses of U50,488H would have produced strain
differences related to KOR agonism. Any differences emerging at higher doses would most
likely be a consequence of non-specific binding at other opioid receptor sites. Taken together,
the data from the first experiment suggest that there are no differences in the aversive effects
of KOR activation between the two strains and that the strain differences reported in morphine
aversion learning between the F344 and LEW rats are not a function of differential activation
of the KOR only.

The analysis with the selective delta agonist, SNC80, did reveal a significant effect of Strain,
i.e., a significant main-effect of Strain did emerge with the LEW animals (collapsed across
Dose and Trial) consuming more saccharin than the F344 rats. However, since there was no
interaction of Strain with any other factor (including Dose), these results suggest that the
aversive effects of SNC80 did not differ between the two strains. The Trial × Dose interaction
revealed differences between animals receiving vehicle and animals receiving SNC80 on Trial
4 and on the one-bottle test; the decreases in saccharin consumption were equivalent between
the doses. It could again be suggested that the use of higher doses could have revealed strain
differences in SNC80-induced aversions, given that the effects of the doses used in the present
study were weak during acquisition and the one-bottle test. However, animals conditioned with
SNC80 displayed at least a 50% decrease in saccharin consumption compared to vehicle-
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treated animals on the two-bottle aversion test. This effect demonstrates that the doses used in
the present study had aversive effects that were evident in the more sensitive two-bottle test of
the aversion. As with U50,488H, there do not appear to be any strain differences in the aversive
effects of DOR agonism. Further, these data suggest that the strain differences previously
reported for morphine in the F344 and LEW animals are unlikely due to differential activation
of the DOR alone.

Given the lack of strain differences with compounds relatively selective for the KOR and DOR
in aversion learning with the F344 and LEW rats, the final experiment examined the aversive
effect of heroin in these strains. It was hypothesized that heroin would produce effects similar
to that of morphine (more robust aversions in the F344 rats), given that this compound is a mu-
preferring agonist with opioid activity similar to morphine. As described, stronger aversions
were apparent in the F344 animals compared to LEW rats during acquisition and on the one-
bottle and the two-bottle aversion tests. For example, the F344 rats acquired robust, dose-
dependent, heroin-induced aversions during acquisition, whereas only the LEW animals
conditioned with the highest dose of heroin displayed any decrease in saccharin consumption.
These differences are very similar to those previously reported for morphine with the F344
animals displaying robust, dose-dependent aversions (see Lancellotti et al., 2001). In the two-
bottle test, all animals conditioned with heroin displayed a significant decreased in the
percentage of saccharin consumed compared to the vehicle-conditioned animals. However, on
this test F344 rats conditioned with heroin had significantly less overall fluid than LEW
subjects, making interpretation of the results of this two-bottle test difficult. A second two-
bottle test was performed following three water recovery days (see Methods), and on this test
total fluid consumption by all heroin conditioned animals increased. On this second two-bottle
test, all animals receiving heroin decreased the percentage of saccharin consumed on this test
as well. However, the F344 animals conditioned with 3.2 and 5.6 mg/kg drank a significantly
lower percentage of saccharin than LEW animals receiving the same doses. F344 and LEW
animals conditioned with 10 mg/kg heroin displayed similar decreases in percent saccharin
consumption. The two-bottle test results parallel the one-bottle test results displaying stronger
heroin-induced aversions in the F344 animals and support the position that the two strains
differ in terms of the aversive effects of mu agonism. These differences in MOR activation
could be an important mediator of the strain differences in morphine's aversive effects between
these strains.

Taken together, these data demonstrating a lack of strain differences in aversion learning for
the KOR and DOR agonists, with robust differences with the MOR-preferring agonist, suggest
that the differences between the F344 and LEW rats in the aversive effects of morphine are
most likely mediated by differential activity at the MOR. Interestingly, Liu and Grigson
(2005) reported comparable aversions in F344 and LEW animals conditioned with DAMGO,
a relatively specific MOR agonist. This work with DAMGO suggests that activation of the
MOR alone does not differ between the F344 and LEW animals. Several possibilities exist that
could explain the differences reported with morphine and heroin and the lack of strain
differences reported with DAMGO. One possibility concerns the specific site of action of
MOR-preferring agonists. For example, morphine's aversive effects are partially mediated by
activation of peripheral opioid receptors (Bechara et al., 1987). If activation of peripheral opioid
receptors is an important factor underlying morphine's aversive effects, it is possible that the
F344 and LEW strains display differential activation of these receptors after morphine or heroin
administration, given that both of these MOR-preferring compounds were administered
systemically (Lancellotti et al., 2001 and the present study, respectively). Moreover, a
difference in peripheral receptor activation would also account for the lack of strain differences
in aversion learning associated with central activation of MORs induced by icv administered
DAMGO (see Liu and Grigson, 2005), given that this route of administration would bypass
any differences in peripheral MOR activation. In addition to the importance of peripheral opioid
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receptors in morphine's aversive effects, central opioid receptors have also been shown to be
involved in these effects (Zito et al., 1988). It is possible that pharmacokinetic differences
between the strains are responsible for these differences in aversion learning. For example,
systemically administered drugs must cross the blood-brain barrier to have access to central
MORs. If the speed at which systemically administered MOR-preferring compounds cross this
barrier differs between the F344 and LEW rats, and central MOR activation is necessary for
the expression of a MOR agonist-induced aversion, differences like those reported in morphine
and heroin aversion learning, might be expected. Further, icv administration would again
bypass this strain difference and would most likely lead to equivalent aversions between the
strains. Although brain levels of systemically administered drugs were not measured in the
present study, morphine brain levels reportedly are greater in the F344 rats 30 minutes post-
injection (Gosnell and Krahn, 1993), even though strain differences in morphine blood levels
have not been reported (Gosnell and Krahn, 1993; Davis et al., 2007).

A second possibility for the differences in the present report and those reported by Liu and
Grigson (2005) is related to the relative selectivity of opiate activation. That is, heroin, unlike
DAMGO, binds to all three opiate receptor subtypes, but demonstrates a higher preference for
the MOR compared to the KOR and DOR, a binding profile similar to that of morphine. It is
possible that the strain differences between the F344 and LEW rats in aversion learning with
morphine and heroin are a consequence of a combination of opioid receptor binding, and this
combination of binding/activation is what differs between the strains. If this is the case,
isolating the MOR would be expected to produce no differences in aversion learning if
activation of another receptor along with MOR activation is responsible for this difference.
The idea that KOR and/or DOR activation is necessary in the production of morphine's effects
has been reported previously for many morphine-induced behaviors, including analgesia and
morphine-induced tolerance. For example, DOR antagonists can attenuate morphine-induced
place preferences (Suzuki et al., 1994), decrease sensitization to morphine's rewarding effects
(Shippenberg et al., 2009) and induce place aversions in morphine-dependent animals (Funada
et al., 1996). Moreover, DORs are important in the formation of morphine tolerance and
dependence (Fundytus et al., 1995; Zhu et al., 1999; see also Chefer and Shippenberg, 2009)
and MORs are important for antinociception induced by DOR agonists, deltorphin II, DPDPE
and SNC80 (Scherrer et al., 2004; Sora et al, 1999; see also Matthes et al., 1998). Further,
morphine has been shown to produce thermal antinociception in MOR-knockout mice by
activating spinal KORs (Yamada et al., 2006). Given the extensive interaction of the opioid
receptors in response to morphine and other opioid drugs, it is possible that the strain
differences evident with morphine and heroin are a consequence of some combination of MOR,
DOR and/or KOR activity that differs between the strains. Furthermore, other neurotransmitter
systems (e.g., dopaminergic, noradrenergic) reported to impact morphine aversion learning
cannot be ruled out (see Grigson et al., 2000a; Koh and Bernstein, 2005; Mackey et al.,
1986; Zito et al., 1988).

A better understanding of the differences in MOR agonist aversion learning between the F344
and LEW animals would provide much needed information about the opioid systems of both
of these strains, possibly providing insights regarding strain differences in several other
morphine-induced behaviors. Given the differences in morphine and other MOR agonist's
antinociceptive effects between the F344 and LEW animals, it would be interesting to
determine the effects of each of these agonists in aversion learning to more fully characterize
the different behavioral profiles of these strains. Further, more work regarding the specific
subtype of MOR in the F344 and LEW animals would prove beneficial to discussions of
reported differences in aversion learning, self-administration and antinociception between
these (and other) strains. For example, various strains of inbred mice displaying differing levels
of specific MOR subtypes also display differing degrees of antinociception and cross-tolerance
to various MOR agonists (Connelly et al., 1994; Narita et al., 2003; Sato et al., 1999; see
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Pasternak, 2001a,b; 2005 for reviews). Given that the LEW strain displayed decreases in
saccharin consumption (relative to controls) in the heroin two-bottle test, but does not display
any decrease associated with morphine administration supports the possibility that different
subtypes of MORs could mediate the many different effects of various mu-preferring
compounds. The possibility remains that the F344 and LEW rats differ in levels of these specific
MOR subtypes, which could be the underlying biochemical mediation of their many behavioral
differences to MOR agonist administration.
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Figure 1.
(A) Mean water consumption during the habituation phase for all F344 and LEW animals prior
to conditioning with various doses of (−)-U50,488H. LEW animals consumed more water than
the F344 rats on all days during this phase, except for days 7, 9 and 11. (B) Mean saccharin
consumption across conditioning trials for all F344 (left panel) and LEW (right panel) animals
receiving different doses of (−)-U50,488H or vehicle. * indicates saccharin consumption of
animals conditioned with vehicle, 0.28, and 0.90 mg/kg was significantly higher than that of
animals conditioned with 1.60 mg/kg. (C) Percent saccharin consumption (left panel) and total
fluid consumption (right panel) for all animals conditioned with varying doses of U50,488H
or vehicle. * denotes significant difference from animals receiving vehicle. # denotes
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significantly less saccharin consumed compared to animals receiving 0.28 mg/kg. ^ denotes
significantly less saccharin consumed compared to animals receiving 0.90 mg/kg
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Figure 2.
(A) Mean water consumption during the habituation phase for all F344 and LEW animals prior
to conditioning with various doses of SNC80. The LEW strain consumed more water on days
1-6, 8-9, and 12 compared to the F344 rats. Consumption was equivalent on all other days. (B)
Mean saccharin consumption across conditioning trials for all F344 (left panel) and LEW (right
panel) animals receiving varying doses of SNC80 or vehicle during aversion conditioning. *
denotes saccharin consumption of animals conditioned with vehicle was significantly greater
than consumption by all groups receiving SNC80. (C) Percent saccharin consumption (left
panel) and total fluid consumption (right panel) for all animals conditioned with varying doses
of SNC80 or vehicle. * denotes significant difference from vehicles (F344 and LEW).
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Figure 3.
(A) Mean water consumption during the habituation phase for all F344 and LEW animals prior
to aversion conditioning with heroin. LEW animals consumed more water on each day of this
phase, except for Day 7 when the consumption by the strains was equivalent. Note: some SE
bars fall within the symbol on graph. (B) Mean saccharin consumption across conditioning
trials for all F344 (left panel) and LEW (right panel) animals receiving varying doses of heroin
or vehicle during aversion conditioning. * denotes consumption by vehicle groups (F344 and
LEW) significantly greater than all F344 animals receiving heroin. + indicates saccharin
consumption by the vehicle groups (F344 and LEW) significantly greater than LEW animals
conditioned with 10 mg/kg heroin. # indicates that the LEW animals conditioned with 3.2 and
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5.6 mg/kg consumed significantly more saccharin than all F344 animals conditioned with
heroin (3.2, 5.6, and 10 mg/kg). † indicates a significant strain difference in saccharin
consumption with all LEW animals conditioned with heroin (3.2, 5.6, and 10 mg/kg) drinking
more saccharin than all F344 animals conditioned with heroin. Note: some SE bars fall within
the symbol on the graph. (C) Percent saccharin consumption (left panel) and total fluid
consumption (right panel) for the first (top) and second (bottom) two-bottle aversion test for
all animals conditioned with varying doses of heroin or vehicle. *denotes significant difference
from vehicle groups. + denotes significant strain differences at a specific dose of heroin.
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