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Abstract
Reduced sensitivity to aversive effects of methamphetamine (MA) may increase risk for MA
abuse. Studies in two replicate sets of mouse lines that were selectively bred for high and low
levels of MA intake support this view. Current studies examined the extent of insensitivity to
aversive MA effects of mice bred for high levels of MA drinking. Conditioning procedures in
which drugs are delivered shortly after cue exposure have been used to detect aversive drug effects
and, in some cases, are more sensitive to such effects. Aversive effects induced by MA injected
immediately after exposure to cues from two different sensory modalities were examined. In
addition, effects of higher MA doses than those used previously were examined. MA-associated
place conditioning utilized tactile cues, whereas MA-induced taste conditioning utilized a novel
tastant. Second replicate, MA high drinking (MAHDR-2) and low drinking (MALDR-2) mice
were treated with doses of MA up to 4 mg/kg. MAHDR-2 mice were insensitive to aversive
effects of MA, except after place conditioning with the 4 mg/kg dose; MALDR-2 mice exhibited
sensitivity to aversive effects of MA at doses as low as 1 mg/kg. These studies show that the
expression of aversion is dependent upon procedure and MA dose, and that MAHDR-2 mice have
markedly reduced sensitivity to the aversive effects of MA. The current and previous results
support a strong genetic relationship between level of MA intake and level of sensitivity to
aversive effects of MA, a factor that could impact risk for MA use in humans.
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1. Introduction
Methamphetamine (MA) is a highly addictive substance. However, very little is known
about individual differences in response to MA that may relate to differences in
susceptibility to development of a drug problem. MA has both rewarding and aversive
effects (Cruickshank and Dyer, 2009; Sheridan et al., 2009), which may contribute to risk
for abuse (e.g., Davis and Riley, 2010). In the current work, we focus on aversive effects of
MA, which can manifest as several symptoms in humans, such as anxiety, dysphoria and
headaches (Cruickshank and Dyer, 2009; Sheridan et al., 2009). These factors may influence
the probability that an individual will continue MA use beyond initial experimentation, but
have been less often examined than rewarding or reinforcing effects.

A commonly used test for measuring sensitivity to aversive drug effects is drug conditioned
taste aversion (CTA). In addition, place conditioning can be used to demonstrate both
aversive and rewarding drug effects. The balance in sensitivity to rewarding and aversive
drug effects appears to play a significant role in how fast an animal acquires operant self-
administration and in how much of the drug it consumes (Davis and Riley, 2010). For
example, F344 rats showed greater sensitivity than Lewis rats to aversive effects of
morphine, ethanol, and nicotine in a CTA procedure and lower self-administration of these
drugs (Lancellotti et al., 2001; Sanchez-Cardoso et al., 2007). In contrast, Lewis rats
acquired cocaine self-administration faster than F344 rats (Kosten et al., 1997) and showed
stronger cocaine CPP (Kosten et al., 1994). Although such studies suggest a possible genetic
relationship between drug self-administration and sensitivity to a drug’s rewarding and
aversive effects, it is difficult to draw definitive conclusions based only on comparisons
between two unrelated inbred strains (i.e., this is akin to comparing two unrelated
individuals). A stronger test of hypotheses about genetic relationships is derived from the
study of genetic codetermination in animal lines that have been selectively bred to
systematically differ with regard to only those genes that influence the trait for which they
were bred (Crabbe et al., 1990). Our recent data using mice selectively bred for high and low
MA drinking (MADR) indicate that genetic differences play a significant role in sensitivity
to opposing rewarding and aversive drug effects (Cunningham et al., 1992; Shabani et al.,
2011; Wheeler et al., 2009). However, the extent of insensitivity to aversive drug effects in
the genotype with a higher propensity to consume MA is a question that remains
unanswered.

In the first pair of MADR lines (replicate 1), mice selectively bred for high levels of MA
drinking (MAHDR) were sensitive to rewarding effects of a low MA dose (0.5 mg/kg) as
indexed by a conditioned place preference (CPP) test; but mice bred for low MA drinking
(MALDR) showed no place conditioning. In that study, place preference was tested in mice
that were not treated with MA prior to the test (i.e., in a drug-free state), which is the most
common test condition used for this procedure. Conversely, in a CTA procedure, MALDR
mice exhibited sensitivity to aversive effects of low to moderate MA doses (1–2 mg/kg),
while MAHDR mice showed no taste aversion (Wheeler et al., 2009). Although these results
suggested that selective breeding for MA drinking had created mouse lines with opposite
sensitivities to MA’s rewarding and aversive effects, interpretation was complicated by the
finding that one of the selected lines showed no learning in each of the procedures, raising
the possibility that selection had differentially altered the abilities of the selected lines to
learn these two tasks instead of (or in addition to) altering sensitivity to MA’s motivational
effects.

This issue was partially addressed in a later CPP experiment (Shabani et al., 2011) that used
a second, completely independent replicate set of selectively bred MA drinking lines
(MADR-2) to examine CPP conditioned with several different MA doses (0.5, 2.0 or 4.0
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mg/kg). Drug-free CPP testing in MADR-2 mice confirmed and extended the finding
previously observed in the first replicate mice, i.e., significant CPP across all MA doses was
seen in MAHDR-2 mice, but no CPP was seen in MALDR-2 mice. In addition, when MA
was injected prior to the preference test (i.e., in a drug-present test) a significant conditioned
place aversion (CPA) was seen in MALDR-2, but not MAHDR-2, mice across all doses.
This outcome suggested not only that MALDR-2 mice had learned about stimulus-drug
relationships during place conditioning but also that they were sensitive to MA’s aversive
effects in the place conditioning procedure, whereas MAHDR-2 mice were not. These data
suggest that interoceptive drug cues were an integral component of the “contextual” stimuli
that had previously been associated with MA’s aversive effects in MALDR-2 mice (e.g.,
state-dependent learning).

Virtually complete absence of sensitivity to aversive MA effects, even at high MA doses,
would likely increase risk for unlimited MA use. To examine the extent of insensitivity of
MAHDR-2 mice, additional studies were performed that manipulated MA dose and cue
relationships. Instead of giving MA just before exposure to the place-conditioning cue, we
injected MA immediately after cue exposure in a conditioning procedure that is
operationally more like that typically used in CTA procedures. On the basis of previous
studies with amphetamine (Fudala and Iwamoto, 1990), nicotine (Fudala and Iwamoto,
1987) and ethanol (Cunningham et al., 2003a; Cunningham and Henderson, 2000;
Cunningham et al., 1997; Cunningham et al., 2002), we predicted that post-cue drug
exposure would produce CPA during drug-free tests, with high sensitivity in MALDR-2
mice, and perhaps insensitivity in MAHDR-2 mice. Prior to testing the selected lines, we
tested mice of the parental genotype that served as the founding population for the replicated
MADR selections (i.e., the C57BL/6J by DBA/2J F2 cross; B6D2F2). This study was
performed to confirm the ability of post-cue MA to produce CPA in mice, because only
amphetamine was previously tested and it was only tested in rats (Fudala and Iwamoto,
1990). It was also conducted to determine the optimal dose range for use in the selected line
study. Following these determinations, we used the same methods to test for differences in
post-cue MA-induced CPA between the MADR-2 lines. Previous data showed a line
difference in conditioned place aversion, using a forward conditioning approach, only when
MA was administered just before the place preference test. A line difference in MA-induced
CPA using post-cue conditioning (and drug-free place testing) would indicate that
expression of a line difference in aversive response to MA does not depend on the presence
of MA drug-state cues.

We also used post-cue conditioning to examine sensitivity of the MADR-2 lines to MA-
induced CTA, using procedures like those used to test the first replicate MADR lines
(Wheeler et al., 2009). However, we extended this examination in MAHDR-2 mice to a dose
twice as high (4 mg/kg) as that tested in MALDR-2 mice. Consistent with results for the
replicate 1 MADR lines, we predicted that MA would produce CTA in MALDR-2 mice, but
not in MAHDR-2 mice. Finally, to determine whether there were line differences in MA
absorption or metabolism, we measured blood MA levels in both lines at several time points
up to 4 hours after an acute MA injection.

2. Methods
2.1. Animals

Animal care and use were approved by the Portland VA Medical Center’s Institutional
Animal Care and Use Committee, and measures were taken to minimize discomfort. Mice
were weaned at age 20–22 days, and then housed in same-sex groups of 2–4 per cage with
littermates or mice of the same line and age (± 5 d); mice from different litters were housed
together only when necessary to avoid isolate housing. Acrylic plastic shoebox cages (28.5 ×
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17.5 × 12 cm) with Bed-O-CobTM bedding were used, and mice had free access to rodent
chow (Purina 5001™, 4.5% fat content; Animal Specialties Inc., Hubbard, OR, USA) and
water except during the CTA study, as detailed below. The colony room temperature was 21
± 1°C, and fluorescent room lighting was on a 12:12-h light:dark schedule (lights on 0600
h).

B6D2F2 mice used here (age 102 – 139 d) were derived from the F1 cross of inbred C57BL/
6J (B6) and DBA/2J (D2) strain mice that were obtained from The Jackson Laboratory. A
population of 120 B6D2F2 mice had served as the founding population for the MADR-2
selected lines used here. The selective breeding results for the MADR-2 mice have been
fully described elsewhere (Shabani et al., 2011). The selection phenotype was based on
consumption of a 40 mg/l MA in tap water solution in a two-bottle choice procedure in
which the alternative fluid was pure tap water. Mice with the highest levels of consumption
of the 40 mg/l MA solution were interbred to establish the MAHDR-2 line and mice with
the lowest levels of consumption of the 40 mg/l MA solution were interbred to establish the
MALDR-2 line. Mice used for the studies described here were male and female MA naïve
MADR-2 mice that were 63 – 104 d of age. Mice used in the CPA and CTA studies were
from S4–5. After only a single generation of selection, MALDR-2 mice consumed less than
1 mg/kg MA in an 18-h period, compared to consumption of about 4.5 mg/kg MA in
MAHDR-2 line mice. By S4–5 MALDR-2 mice consumed less than 0.5 mg/kg MA and
MAHDR-2 line mice consumed almost 6 mg/kg MA (Shabani et al., 2011).

2.2. Drugs
(+)Methamphetamine hydrochloride (MA) and sodium chloride (NaCl) were purchased
from Sigma (St Louis, MO, USA). MA was dissolved in sterile physiological saline (0.9%
NaCl; Baxter Healthcare Corporation, Deerfield, IL, USA) and MA and control saline
injections were administered by intraperitoneal (IP) injection at a volume of 10 ml/kg body
weight. NaCl was dissolved in water at a concentration of 0.2 M for the CTA drinking
solution.

2.3. Conditioned place aversion (CPA)
The equipment used for conditioning and testing was the same equipment used in previous
place conditioning studies (Shabani et al., 2011; Wheeler et al., 2009). Conditioning
chambers consisted of clear acrylic boxes (30 × 15 × 15 cm; San Diego Instruments, San
Diego, CA, USA) with removable floors. Three types of floors were used: a smooth black
acrylic plastic floor during an habituation trial, and a ‘grid’ (2.3 mm stainless-steel rods
mounted 6.4 mm apart), and a ‘hole’ (32 cm gauge stainless steel with 6.4 mm round holes
on 9.5 mm staggered centers) floor as the tactile cues for conditioning. Black plastic panels
were used to separate the chamber into two 15 × 15 × 15 cm halves. Located 2 cm above
these floors were 16 evenly spaced light sources and photodetectors that were used to track
animal movements and position. Data were collected and translated using Photobeam
Activity System (PAS V 2.0) software (San Diego Instruments, San Diego, CA, USA). The
conditioning boxes were enclosed in illuminated and ventilated, sound-attenuating
chambers.

We used a conditioning procedure in which drug exposure occurred immediately after cue
exposure (Cunningham and Henderson, 2000; Fudala and Iwamoto, 1987, 1990). In
addition, the procedure was unbiased, as assignment of the drug conditioning floor did not
depend upon initial floor preference for each individual animal. We did not assess initial
(unconditioned) preference in these mice to avoid possible interference from latent
inhibition (Cunningham et al., 2011) and because previous research has shown no initial bias
with these cues or strain differences between the B6 and D2 mouse strains that are the
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inbred founders of the MADR selected lines (Cunningham et al., 1992). Importantly,
previous research has shown no genetic correlation between unlearned preference and
conditioned preference to these cues in a large panel of inbred BXD strains derived from the
B6 and D2 strains (Cunningham, 1995).

The conditioning procedure involved three phases: habituation, conditioning and testing. All
sessions occurred on week days (Monday-Friday), and mice were moved to the experiment
room on all days 1 h prior to handling to allow acclimation following cage disturbance.
Throughout the experiment, mice were weighed immediately before being exposed to the
conditioning box. On the first day of the study, a single habituation session involved
exposure to the box for 5 min with the black plastic floor inserted. Mice had access to the
entire conditioning box during this session and were injected with saline immediately after
removal from the box. Beginning on the next day were 12 conditioning sessions (1 per day),
during which the animals were confined for 15 min to one side of the box on the grid or hole
floor and were then injected with either saline or MA, immediately upon being removed
from the box. Saline and MA were given on alternating days, with saline given after the 15-
min trial on one floor and MA given after the 15-min trial on the other floor. Which floor
was paired with MA was counterbalanced across individual animals, with genotype and sex
considered. G+ group mice received MA on the grid floor and saline on the hole floor
whereas G− group mice received saline on the grid floor and MA on the hole floor. The
study was also counterbalanced, with regard to whether saline or MA was received on the
first conditioning day, and whether the MA-paired floor was on the left or right side of the
chamber.

On the test day, mice were given access to the entire chamber for 30 min with both floor
types present. The relative floor positions on the test day were consistent with those used for
each mouse on the conditioning days. This maintained consistency of cues other than floor
cues that may have impacted conditioning. Durations of habituation, conditioning and test
sessions were chosen to be the same as those for previous place conditioning studies in these
lines (Wheeler et al., 2009) and similar work for ethanol using the same apparatus
(Cunningham and Henderson, 2000).

Mice from the F2 cross were used in two initial studies. These studies were performed to
determine the dose range for testing the MADR-2 lines and to assess the sensitivity of the
founding population to aversive post-cue conditioning effects of MA for comparison to the
sensitivities of the MADR-2 lines. We expected to see conditioned place aversion (CPA)
using the post-cue drug conditioning procedure, consistent with results for amphetamine in
rats (Fudala and Iwamoto, 1990). The first experiment in B6D2F2 mice (n = 7–9 per sex and
dose) tested higher MA doses (4, 8 and 12 mg/kg MA), some of which had been shown to
induce CPA in DBA/2J mice in a standard CPP procedure (Cunningham and Noble, 1992).
When results from the first experiment were examined, we found that all doses induced
robust CPA. Therefore, a second experiment (n = 6–8 per sex and dose) was planned that
included lower MA doses (0.5, 1 and 2 mg/kg MA) to determine if CPA would be seen.
These doses have been used in standard CPP studies (i.e., drug injection before context
exposure) and did not induce aversion in drug-free tests using DBA/2J mice (Cunningham
and Noble, 1992) or any of the MADR selected lines (Shabani et al., 2011; Wheeler et al.,
2009).

The place conditioning experiment in MADR-2 mice (n = 10–14 per line, sex and dose) was
completed in three passes using a combination of MA doses from the two studies in F2 mice
(0.5, 2 and 4 mg/kg). These doses were chosen to include the lowest dose that has been
shown to induce a place preference in a standard CPP procedure using pre-cue drug
injections (Cunningham and Noble, 1992; Shabani et al., 2011; Wheeler et al., 2009), and
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two doses that produced CPA in F2 mice, but that we thought might differentiate the
sensitivities of the MAHDR-2 and MALDR-2 lines. The experimental passes had equal
numbers of mice from each line, sex and MA dose.

2.4. Conditioned taste aversion (CTA)
Previous work in replicate 1 MADR mice examined doses of MA up to 2 mg/kg and found
robust CTA in MALDR mice, but no CTA in MAHDR mice (Wheeler et al., 2009). In the
current study, MALDR-2 mice were conditioned with saline, 1 or 2 mg/kg MA (n = 6–7 per
line, sex and dose) to replicate previous results, and MAHDR-2 mice were conditioned with
saline, 2 and 4 mg/kg MA (n = 6–7 per line, sex and dose) to replicate the finding for the
largest dose used previously, and extend the examination to a higher dose of MA.

Mice were isolate-housed and acclimated for 2 days to graduated drinking tubes filled with
water (days −1 and 0). They were then water-restricted (water access for 2 h per day) to
increase motivation to drink during a restricted drinking period, as is standard for CTA
procedures. Acclimation to water restriction occurred on 4 consecutive days (days 1–4).
Water-access and conditioning sessions were always conducted 4 h into the light cycle. On
each conditioning day, animals had their body weight measured, were given access to 0.2 M
NaCl for 1 h, and were then immediately injected with saline or MA. To ensure that animals
received adequate fluids, they were given access to water for a 30-min period, beginning 4 h
after the conditioning session. The first NaCl access session measured consumption of NaCl
without subsequent injection of saline or MA (day 5). This served to reduce possible
neophobia for the NaCl solution, prior to consumption on conditioning days. NaCl access
occurred on days 7, 9, 11, 13, and 15, and mice were injected with saline or MA on each of
these days except the last. We used a one-bottle procedure to assess CTA instead of a two-
bottle choice procedure, because the one-bottle procedure is more easily used to monitor
genetic differences in the rate of CTA acquisition in a multi-trial conditioning procedure.
Moreover, the one-bottle procedure was previously found to be sensitive to genetic
differences in the first replicate MADR lines (Wheeler et al., 2009), as well as many other
inbred and selectively bred mouse lines (Cunningham et al., 2009). Conditioning sessions
were alternated with 2 h water-access sessions, which occurred on days 6, 8, 10, 12 and 14.
Body weight was measured immediately before every water-access session. None of the
animals lost more than 10% of their body weight.

2.5. Pharmacokinetics
To identify possible line differences in MA levels and clearance after treatment with a fixed
dose, male MAHDR-2 and MALDR-2 mice were injected with 2 mg/kg MA and MA levels
in blood were determined immediately (time 0), 15, 30, 60, 120 and 240 min after treatment
in independent groups of mice (n = 5 per line and time). This dose of MA was chosen
because it differentiated the two lines in the current CPA and CTA studies and in previous
work (Shabani et al., 2011), and is also a dose we have used to examine gene expression
differences in these lines (Wheeler et al., 2009). Trunk blood was collected to provide 500
µl samples from which plasma was extracted. Each blood sample was immediately placed in
a chilled microcentrifuge tube that contained 20 µl of 0.2 M ethylenediaminetetraacetic acid
(EDTA) to avoid clotting. Tubes were centrifuged (Beckman Coulter INC, Allegra 6R
centrifuge, Brea, CA, USA) at 4°C for 20 min at 3750 rpm and then plasma was collected
and stored at −20°C until shipped on dry ice to University of Utah (Salt Lake City, UT),
where samples were analyzed by liquid chromotography-tandem mass spectrometry (LC-
MSMS) for MA levels (Slawson et al., 2002).
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2.6. Statistical analysis
All data were analyzed by factorial analysis of variance (ANOVA), with repeated measures
when appropriate (Statistica; StatSoft, Tulsa, OK, USA). Possible independent variables
were sex, MA dose, line, time, and conditioning floor type. For all studies, since initial
analyses did not identify any significant main or interaction effects of sex, subsequent
analyses considered data collapsed on sex. For the CPA study, both time on the grid floor
(sec/min) and percent time on the MA-paired floor were examined. The former provided a
variable that can be statistically evaluated to determine whether significant conditioned
aversion was expressed (Cunningham et al., 2003a). The expression of aversion would be
detected as less time spent on the grid floor by G+ animals than by G− animals. That is, G+
mice would avoid the MA-paired grid floor (and spend more time on the saline-paired hole
floor), whereas the G− animals would avoid the MA-paired hole floor (and spend more time
on the saline-paired grid floor). This outcome was reflected statistically as a main effect of
conditioning group (G+ vs. G−). Drug dose effects in this analysis were indicated by a
significant interaction effect with conditioning group. However, an a priori decision was
made to examine results for the 0.5 mg/kg MA dose data separately from other doses for
comparison to other studies using this dose (Shabani et al., 2011; Wheeler et al., 2009).

As discussed in detail previously (Cunningham, 1993; Cunningham et al., 2003a), the
between-groups approach provides an appropriate control for drug-induced learning and
exposes performance in each of the counterbalanced subgroups. However, data were also
expressed as percent time on the MA-paired floor, without regard to conditioning sub-group,
as this variable may be easier to understand when considering pharmacological effects. Test
day data from the place conditioning study were examined for both the first 15-min of the
test, a time period comparable to the duration of conditioning trials, and for the entire 30-
min period of the test. Because outcomes were virtually identical, data are only shown for
the entire 30-min test, consistent with our previous examinations (Shabani et al., 2011;
Wheeler et al., 2009). Three-way interactions were further examined by two-way ANOVA
within each level of a relevant factor (e.g., for effects of dose and conditioning group within
each selected line). Simple main effect analyses were performed to examine significant two-
way interactions and post hoc mean comparisons were performed when appropriate, using
the Newman-Keuls test. Type 1 error was reduced by restricting mean comparisons to those
appropriate for evaluating specific hypotheses.

3. Results
3.1. Post-cue MA place conditioning in B6D2F2 mice

B6D2F2 mice developed robust CPA that did not vary with dose within each experiment,
although CPA magnitude was generally greater in the experiment with higher doses. Figure
1 depicts time on grid floor for the two conditioning groups (G+ and G−) in ascending dose
order, but data from the lower dose study (Figure 1A) and higher dose study (Figure 1B)
were analyzed separately because they were collected in independent experiments. Data for
the higher set of doses were collected first. Analysis of these data identified significant CPA,
as indicated by significantly less time spent on the grid floor by the G+ group (which
received MA paired with grid) than the G− group (which received saline paired with grid)
(F1,41 = 33.6, p < 0.001). There were no significant effects of dose, sex or interactions of
conditioning group with these variables. For the experiment including the lower range of
doses (Figure 1A), G+ mice again spent less time on the grid floor, compared to G− mice,
indicating significant aversion (F1,36 = 10.5, p < 0.005), and there were no significant effects
of dose, sex or interactions of conditioning group with these variables. We had an a priori
interest in the 0.5 mg/kg MA dose, because this dose has been consistently examined across
previous place conditioning studies of F2 and the two replicate sets of MADR mice
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(Shabani et al., 2011; Wheeler et al., 2009). A t-test comparing the G+ and G− groups at this
dose found that 0.5 mg/kg MA did not induce a significant CPA (p = 0.265). Data for
percent time on the MA-paired floor corroborated the results for the between-groups
analysis by showing that the mice spent less than half of their time in the MA-paired
location, suggesting aversion for the drug-paired cues (Figure 1C and D). There were no
significant effects of dose or sex, or interactions of these variables. Locomotor activity
during the place test was not significantly affected by prior exposure to different doses of
MA or by sex or conditioning group (data not shown). Overall, the data across these two
studies indicate that the post-cue drug conditioning procedure produces robust place
aversion across a wide range of MA doses.

3.2. Post-cue MA place conditioning in MADR-2 mice
MALDR-2 mice were sensitive to aversive effects of MA at a lower dose than MAHDR-2
mice (Figure 2A and B). There was a significant interaction of conditioning group, dose, and
line for time on the grid floor (F2,122 = 5.8, p < 0.005). Data were next examined for each
line separately. There was a significant interaction of conditioning group and dose for both
lines (F(2,62) = 3.7, p < 0.05 and F(2,60) = 6.7, p < 0.005 for MAHDR-2 and MALDR-2,
respectively). Mean comparisons identified a significant difference between the G+ and G−
group only at the 4 mg/kg MA dose in MAHDR-2 mice (p < 0.001) (Figure 2A), indicating
significant CPA. MALDR-2 mice showed CPA at MA doses of 2 (p < 0.001) and 4 mg/kg
(p < 0.001) (Figure 2B). Analysis of percent time on the MA-paired floor (Figure 2C)
revealed a significant effect of dose (F2,128 = 4.0, p < 0.05), and an interaction of dose and
line (F2,128 = 4.1, p < 0.05). A significant line difference was found only at the 2 mg/kg MA
dose (p<.005), indicating that MALDR-2 mice spent significantly less time on the MA-
paired floor than MAHDR-2 mice. We found no effects of conditioning group, line, or dose
on locomotor activity during the test session (data not shown).

3.3. Conditioned taste aversion in MADR-2 mice
Results for the first replicate MADR lines, showing no MA-induced CTA in MAHDR mice,
led us to examine a higher MA dose (4 mg/kg) in MAHDR-2 mice. However, due to dose-
dependent sensitivity to MA-induced CTA in the first replicate MALDR line after treatment
with 1 and 2 mg/kg MA (Wheeler et al., 2009), this lower dose range was used here to test
MALDR-2 mice. The current data were first analyzed by including data for the doses tested
in common in the two lines (0 and 2 mg/kg MA), and then by coding the doses as 0, low and
high, to allow inclusion of all data. The outcome of both analyses led to the same conclusion
that MAHDR-2 mice are insensitive to MA-induced CTA. Data are shown in Figure 3.
Repeated measures ANOVA for just the 0 and 2 mg/kg MA dose group data revealed a
significant three-way interaction of line, dose, and test day (F4,176 = 5.5, p < 0.001). Follow-
up examination of data for MAHDR-2 mice alone identified no significant effects of dose or
test day. However, examination of data from MALDR-2 mice revealed a significant dose ×
test day interaction (F8,136 = 10.5, p < 0.001). Simple main effects analyses revealed no
significant change in NaCl intake across days for the saline group, but significant changes
for both the 1 and 2 mg/kg MA treated mice (ps < 0.001). Newman-Keuls mean
comparisons for consumption values on test day 7 (prior to conditioning) and all following
sessions (after conditioning) revealed significant reductions in intake (ps < 0.001) for every
day for both MA doses.

3.4. MA clearance
As shown in Figure 4, the time required for MA to clear from the blood was similar for the
two lines, but peak MA levels were higher in MAHDR-2 than in MALDR-2 mice. Two-way
ANOVA for MA levels revealed a significant interaction of line and time (F5,42 = 2.4, p <
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0.05). Simple effect analyses identified a significant line difference at only the 15-min time
point (p < 0.001), which was when peak levels of MA occurred.

4. Discussion
These studies are the first to show that post-cue MA injection in a place conditioning
procedure can produce robust conditioned place aversion in mice, and that higher sensitivity
to this effect of MA is related to lower genetic risk for MA intake. Further, the results shown
here indicate that mice that have high genetic risk for MA consumption are insensitive to
some aversive effects of even high doses of MA. The mice tested here were not exposed to
MA prior to the CPA or CTA tests. Rather, they were the offspring of parents that had been
tested for level of MA consumption prior to breeding. Thus, the difference between
MALDR-2 and MAHDR-2 mice in MA-induced CPA cannot be attributed to a difference in
their own MA pre-exposure. MALDR-2 mice displayed significant MA-induced CPA after
post-cue conditioning with both 2 and 4 mg/kg MA, whereas MAHDR-2 mice displayed
aversion only after post-cue conditioning with 4 mg/kg MA, supporting the hypothesis that
reduced sensitivity to the aversive effects of MA is associated with higher genetic
susceptibility to MA intake. The responses of MALDR-2 mice for this trait were more
similar to those of the founding F2 population than were those of MAHDR-2 mice. The
hypothesis that reduced sensitivity to aversive effects of MA increases susceptibility to MA
intake was also supported by the CTA data. MALDR-2 mice showed significant and strong
MA-induced CTA after conditioning with 1 and 2 mg/kg MA, whereas MAHDR-2 mice
failed to show CTA even after conditioning with a 4 mg/kg MA dose. Finally, MAHDR-2
mice had higher peak MA levels after administration of 2 mg/kg MA, compared to
MALDR-2 mice, but this line difference was limited to a single time point. Higher levels of
MA in the blood seem unlikely to explain the reduced aversion to MA of MAHDR-2 mice.

Although other data have suggested that sensitivity to both rewarding and aversive drug
effects play important roles in drug intake, our investigations in the MADR selected lines
specifically explored the genetic relationships between these factors. When a pair of selected
lines differs for a trait other than the selection trait, the new and selected traits are described
as genetically correlated. This correlation indicates that some of the same genes influence
both traits, i.e., that there is genetic codetermination. This conclusion is strengthened when
similar findings are obtained in replicated sets of selected lines (Crabbe et al., 1990). A
major strength of the selected line approach is that genetic correlation can be examined
without measuring both traits in the same animals, thus avoiding potential confounds due to
test-order effects. Genetic relationships between MA intake and sensitivity to aversive and
rewarding effects of MA are supported by our previous (Shabani et al., 2011; Wheeler et al.,
2009) and current work using CPP, CPA, and CTA procedures. Interestingly, our
preliminary data from ongoing experiments examining anxiogenic effects of acute MA using
the elevated zero maze indicate greater sensitivity in MALDR-2 than MAHDR-2 mice. Such
heightened sensitivity to anxiogenic effects of MA may play a role in the increased aversive
responses and decreased MA intake of MALDR mice. Our results for MA are similar to
some previous results for ethanol. D2 mice show stronger ethanol-induced CTA than B6
mice (Broadbent et al., 2002; Risinger and Cunningham, 1995), and D2 mice consume little
ethanol, while B6 consume relatively more of their fluid from an ethanol-containing bottle,
in home cage two-bottle choice studies (Lessov et al., 2001; Meliska et al., 1995). Unlike
our study, however, D2 mice show stronger ethanol-induced CPP than B6 mice
(Cunningham et al., 1992). A strong negative genetic correlation between severity of
ethanol-induced CTA and home-cage ethanol preference was found in a panel of 15 inbred
mouse strains (Broadbent et al., 2002), and similar results have been found for mouse and
rat lines bred for high and low ethanol preference or consumption (Chester et al., 2003;
Cunningham et al., 2009; Froehlich et al., 1988).
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The sensitivity of conditioning procedures for detecting rewarding and aversive drug effects
can be affected by temporal factors (Cunningham et al., 2006; Shabani et al., 2011; Sherman
et al., 1980). Our previous results confirm those of others, showing that when MA is given
just before cue exposure, a CPP is more likely to be detected in a drug-free test. Our results
are also consistent with results for amphetamine in rats and for other drugs, showing that
when MA is given shortly after cue exposure, a CPA is more likely to be detected. Similar to
the CTA procedure, it has been suggested that in the post-cue drug conditioning procedure,
animals respond only to the contingency that occurs first, in this case, the rapid initial
aversive drug effects occurring immediately after tactile cue exposure (perhaps the transition
from a sober to a drugged state), whereas, in a standard conditioning procedure, the longer
duration of drug exposure provides greater opportunity for longer lasting positive effects of
the drug to be experienced and overlap with the tactile cues. This line of thought has been
extensively examined in ethanol research (Cunningham et al., 2003b), but little examined for
psychostimulants, and is consistent with conditioning theories which conceptualize
unconditioned stimuli as events that can activate more than one representational component
(Wagner and Brandon, 1989).

MAHDR-2 mice expressed an aversive response after conditioning with 4 mg/kg MA in the
CPA, but not CTA, procedure. It is possible that conditioning procedures for different
modalities activate different brain pathways and that selective breeding had different effects
on each of these pathways in the low and high MA drinking lines. For example, others have
shown disruption of morphine-induced CTA, but sparing of place conditioning, by lesions of
the parabrachial nucleus (Bechara et al., 1993; Reilly et al., 1993). It has been suggested that
CTA learning has more evolutionary importance and involves caudal regions of the brain,
whereas place conditioning involves phylogenetically younger regions (Mosher et al., 2006).
However, data support at least some overlap in brain regions mediating taste and place
conditioning. For example, the nucleus accumbens (NAc) appears to have a role in both
(Aujla and Beninger, 2003; Roitman et al., 2010). In addition, the heightened sensitivity of
MAHDR mice to MA reward might contribute to the difference in aversion expressed by
MAHDR-2 mice in the two procedures. This factor would not affect MALDR-2 mice
because of their insensitivity to MA reward (Shabani et al., 2011; Wheeler et al., 2009).
Greater sensitivity to MA reward in MAHDR-2 mice would be expected to offset CTA more
effectively than CPA if one assumed that flavor cues are more readily associated with
delayed rewarding effects of MA than are contextual cues.

Reduced consumption of a novel tastant induced by conditioned drug effects using the
current procedures has sometimes been described as taste avoidance, rather than aversion
(Parker et al., 2008; Dwyer et al., 2008). This distinction has been made to distinguish
between reductions in flavor intake that reflect a negative shift in taste palatability (“taste
aversion”) and reductions whose basis is unknown or is not based on a learned change in
palatability (“taste avoidance”). Measurement of taste reactivity responses (Grill and
Norgren, 1978) have shown, for example, that rats will avoid an amphetamine-paired
tastant, but do not necessarily show aversive taste reactivity responses, which are readily
induced by emetic compounds and are thought to reflect conditioned nausea (Dwyer et al.,
2008; Zalaquett and Parker, 1989). Whether disgust reactions (e.g., oral gaping) would be
seen in either of the MADR lines using a taste reactivity test after conditioning with MA, is
not known. However, whether reduced NaCl consumption in these lines was due to a shift in
taste palatability or other factors (e.g., drug novelty), there is a clear difference between the
lines in the effects of MA.
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5. Conclusions
Results from our selective breeding projects suggest that genetic factors have a fundamental
role in vulnerability to MA abuse. Table 1 summarizes the existing data for the MADR lines
that support the notion that animals with high genetic sensitivity to rewarding, and lower
sensitivity to aversive, effects of a drug are more likely to self-administer the drug. The
converse also appears to be true. These data support a model wherein the balance between
genetically determined sensitivity to rewarding and aversive drug effects determines the
overall hedonic effect (whether largely positive or largely negative) and the potential for
MA intake and abuse. One set of potentially influential factors not examined here are
epigenetic factors. Given recent demonstrations that drugs of abuse can have epigenetic
effects that can occur in germ cells and have the potential for being passed on to subsequent
generations (Robison and Nestler, 2011), such factors cannot be ruled out as influencing
differences found in offspring of drug-exposed selected line parents. This would be an
interesting question for future investigation. The selection for high and low MA intake
resulted in extreme phenotypes for sensitivity to reward and aversion. In both replicates of
the MADR selected lines, high drinking line mice consumed three times more MA than the
founding population, whereas low drinking line mice consumed virtually no MA (Shabani et
al., 2011; Wheeler et al., 2009). Furthermore, data being prepared for publication, using
operant self-administration procedures (both for intracerebroventricular self-infusion and
oral self-administration) indicate that MALDR-2 mice not only self-administer very little
MA solution but also show reduced MA seeking (Shabani et al., unpublished).

The differential conditioned responses to MA between the high and low line mice could be
associated with a difference in response or neuroadaptation of striatal neurons. In fact,
multiple genes in the NAc are differentially expressed in drug naïve and MA-exposed
MADR line mice, which could contribute to differential neuroadaptation. Drug naïve high
and low line mice, for example, show differential expression of the gene that codes for the
noradrenergic transporter, which is thought to contribute to the negative effects of
psychostimulants (Jones et al., 2009; Schank et al., 2008). However, how this gene, or others
that are differentially expressed in the MADR lines, contributes to sensitivity to anxiogenic
and aversive effects of MA remains to be determined. Expression of the gene that codes for
the vesicular monoamine transporter type 2 (VMAT-2) was down-regulated in MALDR, but
not MAHDR, mice by administration of 2 mg/kg MA (Wheeler et al., 2009). Heterozygous
VMAT-2 knockout mice, which express half the amount of the VMAT-2 protein, compared
to matched wild type mice, show lower sensitivity to the rewarding effects of amphetamine
in a CPP procedure (Takahashi et al., 1997). Furthermore, heterozygous VMAT-2 knockout
mice were shown to be more sensitive to the neurotoxic effects of MA than wild type mice
(Fumagalli et al., 1999). Therefore, down regulation of VMAT-2 expression could
contribute to lower DA levels in the NAc and hence lower sensitivity to rewarding effects of
MA in the MALDR-2 mice. Future studies, including utilization of in vivo microdialysis to
examine level of DA response to MA in the two selected lines have the potential to confirm
this hypothesis.

Highlights

• Genetics have a fundamental role in vulnerability to methamphetamine
addiction.

• High risk for methamphetamine (MA) intake reduces MA aversion.

• Post-cue conditioning with MA produces place and taste aversion.
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• Sensitivity to aversive effects of methamphetamine (MA) protects from MA
intake.
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Figure 1.
B6D2F2 mice display conditioned place aversion (CPA) to a wide range of
methamphetamine (MA) doses. (A and B) Time in sec/min on the grid floor during a 30-min
test for mice previously conditioned with MA on the grid (G+) or on the hole (G−) floor (n
= 7–8 per group and dose). (C and D) Percent (%) time spent on the MA-paired floor by the
same animals for the same 30-min test as for the data shown in A and B. Data are collapsed
on conditioning group (G+ vs G−) and sex, due to the absence of significant effects of these
factors; n = 14–16 per dose. Shown are means ± SEM. ***p<.001 for the main effect of
conditioning group.
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Figure 2.
MALDR-2 mice display MA-induced conditioned place aversion (CPA) at a lower MA dose
than MAHDR-2 mice. (A and B) Time in sec/min on the grid floor during a 30-min test for
mice previously conditioned with MA on the grid (G+) or on the hole (G−) floor (n = 10–13
per line, group and dose). (C) Percent (%) time on the MA-paired floor by the same animals
for the same 30-min test as for the data shown in A and B. Data are collapsed on
conditioning group (G+ vs G−) and sex, due to the absence of significant effects of these
factors; n = 20–23 per line and dose. Shown are means ± SEM. ***p<.001 for the
comparison of G+ and G− at the specific MA dose. **p<.005 for the line comparison at the
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specific MA dose. MAHDR-2, MA high drinking replicate 2; MALDR-2, MA low drinking
replicate 2.
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Figure 3.
MAHDR-2 mice are insensitive to MA-induced conditioned taste aversion (CTA) at doses
that produce profound CTA in MALDR-2 mice. MALDR-2 mice (n = 12 per sex and dose)
received injections of saline, 1 or 2 mg/kg MA, whereas MAHDR-2 mice (n = 12 per sex
and dose) received injections of saline, 2 or 4 mg/kg MA, immediately following
consumption of 0.2 M NaCl on days 7, 9, 11 and 13. (A) Consumption of 0.2 M NaCl in
MAHDR-2 mice. (B) Consumption of 0.2 M NaCl in MALDR-2 mice. Shown are means ±
SEM for data collapsed on sex because there was no significant effect of this factor. *p<.01
for indicated day vs day 7. MAHDR-2, MA high drinking replicate 2; MALDR-2, MA low
drinking replicate 2.
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Figure 4.
Plasma MA levels in male MAHDR-2 and MALDR-2 mice at several time points following
ip administration of 2 mg/kg MA. N=4–5 mice per line and time point. *** p<.001 for the
line comparison at the 15-min time point.
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Table 1

Compiled results for B6D2F2 and MADR mice in tests of MA conditioned reward and aversion.

Sensitivity to rewarding and aversive effects of MA at the
indicated dose

Mice Procedure 0.5 mg/kg 2 mg/kg 4 mg/kg

B6D2F2 drug-free CPP rewarding neutral neutral

MALDR drug-free CPP + neutral not tested not tested

MALDR-2 drug-free CPP * neutral neutral neutral

MAHDR drug-free CPP + rewarding not tested not tested

MAHDR-2 drug-free CPP* rewarding rewarding rewarding

MALDR-2 drug-present CPP* aversive aversive aversive

MAHDR-2 drug-present CPP* rewarding neutral neutral

B6D2F2 CPA neutral aversive aversive

MALDR-2 CPA neutral aversive aversive

MAHDR-2 CPA neutral neutral aversive

MALDR CTA+ not tested aversive not tested

MALDR-2 CTA not tested aversive not tested

MAHDR CTA+ not tested neutral not tested

MAHDR-2 CTA not tested neutral neutral

+
see Wheeler et al., 2009

*
see Shabani et al., 2011.
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