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Abstract
Rationale—In rats, neurotoxic doses of methamphetamine (MA) induce astrogliosis, long lasting
monoamine reductions, reuptake transporter down-regulation, and learning impairments.

Objective—We tested whether comparable effects occur in C57BL/6 mice.

Method—C57BL/6 mice were treated with 10 mg/kg s.c. × 4 MA on a single day and evaluated at
various intervals thereafter.

Results—The neurotoxic dose regimen of MA caused the predicted acute hyperthermia and
increased striatal glial fibrillary acidic protein and reduced neostriatal dopamine. The MA-treated
mice were hypoactive 24 h later but not 48 h later. MA-treated mice also showed exaggerated initial
hyperactivity after a pharmacological dose of MA used to stimulate locomotion followed by a later
phase of hypoactivity compared to saline-treated mice. No differences were observed on learning or
memory tests (novel object recognition, egocentric, or spatial learning/memory). MA-treated mice
showed a trend toward increased prepulse inhibition but not baseline acoustic startle reactivity. After
testing, MA-treated mice showed reduced neostriatal dopamine and increased basal plasma
corticosterone.

Conclusions—A neurotoxic/binge regimen of MA in mice that produces the typical pattern of
neurotoxic changes to those seen in rats, results in few behavioral changes. This may limit the utility
of C57BL/6 mice for modeling the cognitive and behavioral effects described in human MA users
who show such changes even after prolonged abstinence.
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1. Introduction
Chronic methamphetamine (MA) abuse results in evidence of neurotoxicity and compromised
cognition [16]. Magnetic resonance imaging of chronic MA users shows increased globus
pallidus and putamen and decreased hippocampal volume [17,71]. [1H]-Magnetic resonance
spectroscopy of MA users reveal reduced N-acetylaspartate/creatine ratios in the anterior
cingulate and reduced creatine in the basal ganglia [53,62,66]. Positron emission tomography
and autopsy studies show reduced levels of striatal dopamine (DA), tyrosine hydroxylase (TH),
dopamine transporter (DAT), and vesicular monoamine transporter type 2 (VMAT-2) [36,
39,43,72,77]. Serotonin transporter (SERT) density is also reduced [67]. In chronic MA users,
monoamine transporter changes correlate with cognitive/memory impairments [36,72],
including impairments of recall, manipulation of information, verbal and non-verbal fluency,
attention, and executive function [27,28,32,37,50,68].

Acute high-dose treatment of rats with MA results in a pattern of neurotoxicity resembling that
described in human chronic MA abuse. For example, a so-called neurotoxic/binge dosing
paradigm in rats results in hyperthermia [12,14,25,30], neostriatal reactive gliosis based on
increased expression of glial fibrillary acidic protein (GFAP) [12,25,30], and microgliosis
[41] based on increased expression of antibodies against the CD11b receptor. Hyperthermia,
increased GFAP, argyrophilia by silver staining, and microgliosis are also seen in MA-treated
mice given a neurotoxic dosing regimen [23,54,55,56,69,70]. Cell death (via increased TUNEL
staining) in the striatum and hippocampus of mice following high dose MA has also been
reported [19].

In rats, a neurotoxic MA treatment regimen also causes DA and 5-HT reductions in the striatum
and 5-HT reductions in the hippocampus [11,12,15,25,30,57,75] with partial recovery over
time [24]. Reductions have been observed in striatal DAT [63], TH activity [40], and VMAT-2
[22], as well as hippocampal reductions in SERT [63] and tryptophan hydroxylase activity
[40]. Similarly in mice, a neurotoxic dosing regimen of MA causes reductions in TH, DA, 3,4-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and DAT binding in
striatum [35,46] and 5-HT, DA, and HVA reductions in forebrain regions [23].

Binge/neurotoxic MA treatment regimens in rats are reported to also affect behavior. For
example, a MA dosing regimen that caused DA, 5-HT, and/or DAT reductions and/or GFAP
increases resulted in impaired novel object recognition and egocentric learning, but only minor
reductions in locomotor activity [30,42,75]. In terms of spatial learning, either no [30,63] or
very small transient deficits [24] are reported.

Much less is known about behavioral effects in mice following a binge/neurotoxic regimen of
MA. MA-induced dopaminergic reductions are associated with impaired conditioned place
preference to cocaine and MA in Swiss Webster mice; responses which were ameliorated by
N-acetylcysteine treatment [1,2]. Otherwise, there are no studies in mice of the behavioral
consequences of neurotoxic/monoamine-depleting dosing regimens of MA. For example, there
are no experiments examining the effects of a binge/neurotoxic dosing regimen on spatial,
egocentric, or novel object learning in mice, or on the acoustic startle response (ASR), and/or
sensory gating using prepulse inhibition (PPI). Nor could experiments be identified of this kind
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in mice on locomotor activity in response to an acute locomotor-stimulating challenge dose of
MA after prior treatment with a neurotoxic dosing regimen of MA.

The objective of the present experiment was to determine whether a binge/neurotoxic regimen
of MA given to C57BL/6 mice produces patterns of behavioral changes similar to those in rats,
since mice offer advantages in terms of genetic manipulations that might be useful in testing
future mechanistic hypotheses if the mouse is similarly sensitive. Our model was the well-
established mouse model of O’Callaghan and Miller [55,56,69,70].

2. Materials and Methods
2.1 General Methods

2.1.1 Subjects and Conditions—Adult male C57BL/6N (Crl) mice (~60 days of age) were
obtained from Charles River Laboratories (Raleigh, NC) and singly housed in polycarbonate
cages for 6 days prior to experimentation. Mice were maintained on a 14 h light:10 h dark
(lights on at 600 h) schedule in a vivarium with food and water freely available (except during
drug treatment). Protocols were approved by the Institutional Animal Care and Use Committee.
The vivarium is accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care.

2.1.2 Treatments—It is well established that binge/neurotoxic MA treatment regimens
induce hyperthermia and may cause death if body temperature is not controlled appropriately,
as MA-induced neurotoxicity occurs only in a narrow range of doses in rodent models [44,
45]. Accordingly, three days prior to treatment, mice were briefly anesthetized using isoflurane
and were implanted with subcutaneous temperature transponders (IPTT-300: Bio Medic Data
Systems, Seaford, DE) in the dorsum. Temperature was recorded every 30 min during treatment
until 2 h following the last dose and again 12 h later. Body weights were recorded prior to
dosing, 12 h, 3 days, and 1, 2, 3, 4 and 5 weeks post-treatment. Mice were randomly assigned
to two groups: methamphetamine or saline (SAL) control. Animals were administered (+)-
methamphetamine HCl (expressed as the freebase and > 95% pure, National Institute on Drug
Abuse, Bethesda, MD) at a dose of 10 mg/kg in a volume of 10 ml/kg or an equal volume of
saline. All animals were treated 4 times during a 6 h dosing period with 2 h intervals between
doses. This dosing regimen has been widely used in mice (and rats) and shown to induce GFAP
increases and dopamine reductions in the striatum [e.g.,[46,55,56]]. Injections were
administered subcutaneously. During treatment, animals were maintained in separate cages at
an ambient room temperature of 23 ± 1 °C in a room separate from the home room. To ensure
that MA-induced hyperthermia did not exceed life-threatening levels, body temperatures were
monitored frequently and the experimenter was prepared to cool any animal in a shallow water
bath whose temperature exceeded 40.0°C. However, in this experiment with mice (unlike with
rats) no animal’s body temperature exceeded this level. After treatment, animals were placed
in one of three tracks described below.

2.2 Experiment 1
2.2.1 GFAP—GFAP in neostriatum was analyzed by ELISA as described previously with
modification [55] as follows: neostriatal tissue was frozen on dry ice and stored at −80°C until
assayed; tissue was homogenized in 250 µl NP-40 buffer (50mM Tris, 150mM NaCl, 1%
NP-40) using a Power Gen 125 homogenizer (Fisher Scientific). Samples were centrifuged for
5 min at 12,000 RCF at 4°C and supernatant was collected. The block solution used was 100
µl/well 1× PBS, 1× casein, 0.1% Triton X-100. Mouse monoclonal anti-GFAP (IgG fraction)
was 1:1 in blocking buffer (Abcam, Cambridge, MA). A group of animals consisting of 21
mice (8 SAL and 13 MA) were treated as above and sacrificed 72 h later. Mice were taken to
an adjacent suite, decapitated and neostriata dissected over ice with the aid of a brain block
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(Zivic-Miller, Pittsburgh, PA). The brain was sliced coronally at the optic chiasm and again 2
mm rostral and the neostriatum bilaterally dissected from this section. Protein concentrations
were determined using the Bradford method (Pierce Biotechnology, Rockford, IL) and 250 µg
of total protein was used for each sample in the GFAP ELISA. The standard curve was
developed using serial dilutions of GFAP protein (American Research Products, Inc., Belmont,
MA). Samples were analyzed at 405 nm on a Spectramax microtiter plate reader.

2.3 Experiment 2-Behavior, Monoamines and Corticosterone
2.3.1 Locomotor Activity—A separate group of identically treated animals was used for
experiment 2. On the first and second days following treatment animals were placed in
locomotor chambers (Accuscan Instruments, Columbus, OH) and movement recorded.
Subjects remained in the chamber for 1 h and data were collected every 5 min. The numbers
of vertical and horizontal movements as well as the amount of time spent in the center or
periphery of the chamber were analyzed. Chambers were cleaned with 70% ethanol between
animals.

2.3.2 Novel Object Recognition—This task was performed 7–11 days post treatment.
Subjects were placed in circular, polyethylene arenas (91 cm in diameter with 51 cm high walls)
and allowed to habituate to the chamber for 10 min/day for 4 days prior to testing; chambers
were cleaned with 70% ethanol between trials. On the fifth day, object recognition was tested
in two phases. In the familiarization phase, two identical objects were placed along a line
bisecting the diameter, 41 cm apart and 25 cm from the sides of the arena. Mice were placed
in the center of the arena and allowed to explore until 30 s of combined object exploration time
was accumulated. Exploration of objects was scored using a video camera above the arena. If
an animal did not accumulate 30 s of exploration time within 10 min, it was removed and tested
again using a different set of objects the following day. Twelve of 38 tested mice needed to be
retested of which 6 failed the retest and were not included in the data analyses. Object
exploration was scored when the animal was oriented toward and within 1 cm of the object but
not climbing on the object. Following familiarization, animals were removed from the arena
and placed back in their home cage for 1 h. In the retention phase, animals were placed back
in the arena and presented with a new object and an identical copy of the original object. As
before, animals were allowed to accumulate 30 s of combined object time. Arenas and objects
were cleaned with 70% ethanol between each trial.

2.3.3 Acoustic Startle/Pre-pulse Inhibition—ASR/PPI was tested 1–2 days after novel
object (day 12–13 post drug administration) during the same time each day and was measured
in an SR Lab apparatus (San Diego Instruments, San Diego, CA). Animals were placed in an
acrylic cylindrical test chamber mounted on a platform with a piezoelectric force transducer
attached to the underside of the platform. The platform was located inside a sound-attenuated
chamber and a 5 min acclimation period preceded test trials. Animals were tested for a total of
12 min using a 4 × 4 Latin square sequence of trials that were of 4 types: no stimulus, startle
stimulus with no pre-pulse, 74 dB pre-pulse, or 76 dB pre-pulse (background noise level was
64 dB). Each set of 16 trials was repeated 3 times for a total of 48 trials. Trials of the same type
were averaged together and the intertrial interval (ITI) was 8 s. The startle signal was a 20 ms
110 dB SPL mixed frequency white noise burst and the recording window was 100 ms after
signal onset. Prepulses preceded the startle-eliciting stimulus by 70 ms (from pre-pulse onset
to startle signal onset). The apparatus was cleaned with 70% ethanol between animals.

2.3.4 Morris Water Maze (Cued Platform)—Morris water maze (MWM) cued trials
began the day following ASR/PPI and were conducted for 6 days (14–19 days post-treatment).
Subjects were placed in a 122 cm diameter tank of water (21 ± 1 °C) and tested for latency to
reach a 10 cm diameter platform. The platform was submerged 1–1.5 cm below the water and
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had an orange ball mounted on a brass rod above the surface to mark its location. Curtains were
closed around the tank to minimize distal cues. On the first day of testing, subjects were
administered 6 trials from a fixed starting position to a fixed platform position (i.e., start =
west; platform = east) with a 15 s ITI. On the remaining days, 2 trials/day were given and
platform and starting positions were randomized. The ITI was 15–30 s in the home cage.
Animals were allowed 1 min to find the platform and were placed on it for 5 s if they failed to
find it before being placed in their home cage during the ITI. White tempura paint was added
to the water to make it opaque and latencies were recorded. All mice performed the task.

2.3.5 Morris Water Maze (Hidden Platform)—There were three phases of the MWM
hidden platform test (with curtains open). Acquisition: initial learning to find the hidden
platform was conducted for 7 days (20–26 days post treatment). A 10 cm diameter platform
was used and the platform was placed in the southwest quadrant and starting positions were
pseudo-randomized. Animals were given 4 trials/day for 6 consecutive days with a maximum
of 1 min to reach the platform with an ITI of 15 s on the platform. If an animal did not find the
platform within 1 min, it was placed on it. Data were collected using video tracking software
(Smart® software, San Diego Instruments). The platform was submerged 1–1.5 cm below the
water (21 ± 1°C). The day after acquisition, mice were tested in reversal with a 7 cm diameter
platform in the northeast quadrant (27–33 days post treatment). During the third, shift phase
(34–40 days post treatment), the platform (5 cm in diameter) was moved to the northwest
quadrant and the same procedure as for acquisition and reversal was followed. On day 7 of
each phase, animals were given a single probe trial with the platform removed for 30 s.

2.3.6 Locomotor Activity with MA Challenge—Animals were placed in the previously
described locomotor chambers 2 days following MWM testing (42–44 days post-treatment)
and baseline activity was reestablished for 30 min. After 30 min, animals were removed,
administered a single s.c. dose of 1 mg/kg (+)-MA (expressed as the freebase), and placed back
in the chambers for an additional 120 min. Chambers were cleaned with 70% ethanol between
animals.

2.3.7 Plasma and Tissue Collection—Animals were sacrificed by decapitation 3 days
after behavioral testing (47 days post-treatment). Brains were removed and blood collected in
polyethylene tubes containing 2% EDTA (0.05 ml), and stored on ice until centrifuged. Plasma
was isolated from whole blood by centrifugation at 1300 × g for 25 min and the supernatant
collected and stored at −80°C until assayed. Brains were removed and neostriata dissected over
ice as described in Experiment 1. Brain tissue was frozen on dry ice and stored at −80°C until
assayed.

2.3.8 Corticosterone Assessment—Corticosterone concentrations in plasma (taken 3
days following behavioral testing) were assayed with Octeia Corticosterone ELISA kits (IDS,
Fountain Hills, AZ). Each sample was diluted 1:5 and assayed in duplicate according to the
manufacturer’s protocol. The samples were measured on a SpectraMax Plus microtiter plate
reader (Molecular Devices, Sunnyvale, CA).

2.3.9 High Performance Liquid Chromatography—Neostriata were weighed and
homogenized using a hand-held glass homogenizer in 50 volumes of 0.2 N perchloric acid.
The homogenate was centrifuged for 5 min at 12000 × g, the supernatant collected and stored
on ice, and 20 µl aliquots were injected into a C18-column (MD-150, 3×150mm; ESA,
Chelmsford, MA). The column was connected to a Coulochem II (25 A, Chelmsford, MA)
detector and an integrator recorded the heights of each peak after injection. The mobile phase
consisted of 35 mM citric acid, 54 mM sodium acetate, 50 mg/L of disodium ethylenedeamine
tetraacetate, 70 mg/l of octanesulfonic acid sodium salt, 6% v/v methanol, and 6% v/v
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acetonitrile, with a final pH of 4.0. The flow rate was 0.4 ml/min and quantities of each sample
were calculated from standard curves. DOPAC, DA, 5-HIAA, and 5-HT had retention times
of approximately 6, 8, 11, and 17 min.

2.4 Experiment 3
2.4.1 Egocentric Learning—A separate group of mice identically treated to those in
Experiments 1 and 2 was used for Experiment 3. The Cincinnati water maze (CWM) is a
multiple T-maze used to test egocentric learning. Testing began 20 days post-treatment (similar
to the start of hidden platform testing in the MWM in Experiment 2) and lasted for 15 days.
Mice were tested in the cued version of the Morris water maze as above prior to CMW testing
(days 14–19 post treatment) in order to acclimate the mice to swimming, teach them that escape
was possible, and obtain a measure of swimming speed. The CWM consists of a series of nine
black Ts that branch from a central circuitous channel. For mice, the maze was scaled-down
from the previously described rat version [73] such that the width of the Ts and channel were
~50% narrower, i.e., 8 cm for mice, rather than 15 cm as used for rats, with walls 25 cm high
filled half-way with water. The maze was fabricated of high density 0.6 cm black polyethylene
(AB Plastics, Cincinnati, OH). Water was drained and refilled daily and allowed to equilibrate
overnight to room temperature (21 ± 1 °C). The task was performed under infrared light with
a CCD camera mounted above the maze and attached to a closed circuit TV monitor situated
in an adjacent room. Groups of 8–10 mice were brought in the maze room and allowed at least
5 min of dark adaptation before testing. Two trials were given per day for 15 consecutive days
with a maximum of 5 min/trial. All animals completed trial 1 before beginning trial 2; hence
the ITI was15–120 min depending on how quickly the animals completed the first trial of the
day. Latency to reach the escape platform and number of errors were recorded. An error was
committed upon entry into a cul-de-sac and was scored whenever an animal crossed into either
arm of a “T”. Animals that did not complete the task within 5 min were given an error score
equal to the maximum number of errors committed by the worst performing animal + 1 in order
to correct for animals that stopped searching and treaded water. The maximum error score was
47.

2.4.2 Statistics—Data were analyzed using SAS statistical analysis software (SAS Institute,
Cary, NC). Weekly body weights were analyzed using general linear model analysis of variance
(ANOVA) with week as a repeated measure factor. Locomotor activity was similarly analyzed
(treatment × day × interval). T-tests for independent samples (2-tailed) were used to analyze
corticosterone concentrations. Mixed linear model ANOVAs were used to analyze acoustic
startle with a supplemental analysis for changes in PPI by analysis of covariance (ANCOVA)
with no-prepulse trials as the covariate. For novel object recognition, t-tests for independent
samples were used to analyze percent time spent with the novel object. Mixed linear ANOVA
was used to analyze locomotor activity after MA challenge and ANCOVA to adjust for pre-
challenge baseline activity using the last 10 min of the baseline as the covariate. Mixed linear
ANOVAs were also used to analyze Morris and Cincinnati water maze data (treatment × day).
Kenward-Roger adjusted degrees of freedom were used in these analyses; these do not match
those used in standard ANOVAs and can be fractional. Significant effects were set at p ≤ 0.05.

3 Results
3.1 Body Weight and Temperature

There were no significant effects of treatment on body weight between SAL and MA-treated
animals during or after dosing (not shown). For body temperature, there were significant effects
of treatment and treatment × time. The treatment × time interaction showed that animals treated
with MA had higher body temperatures beginning 60 min after the first dose and continuing
throughout the treatment period and lasting until 12 h later compared to SAL controls (Fig. 1).
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3.2 Experiment 1
3.2.1 GFAP—Neostriatal astrogliosis 72 h post drug-treatment was significantly increased in
MA-treated animals as measured by GFAP compared to SAL controls, t(19) = 6.66, p< 0.0001.
Expressed as percent control, MA animals had increased GFAP levels that were 538% of SAL
animals. This was higher than that previously observed (~ 300 %) [55] with the difference
likely attributable to the difference in antibody used and other assay details.

3.3 Experiment 2
3.3.1 Locomotor Activity—Measures analyzed for locomotor activity were distance
traveled (total, center, and peripheral), vertical (rears), and repetitive-beam breaks (focused
activity). For total distance, overall effects of treatment and treatment × day were observed
(Fig. 2). The treatment × day interaction was attributable to hypoactivity in MA animals on
day 1 (Fig. 2A, p<0.0001) with no effect on day 2 (Fig. 2B) compared to SAL animals. For
center distance on day-1, there was an effect of treatment, interval, and treatment × interval.
The treatment × interval effect was attributable to decreased center distance in MA-treated
animals compared to SAL-treated animals on day-1, similar to what was found for total distance
(not shown). On the second day of testing, there was a main effect of interval for center distance
only. For peripheral distance, there were effects of treatment and treatment × day, F(1, 36) =
12.88, p<0.001. The treatment × day interaction showed that MA-treated animals on day-1
were less active than SAL-treated animals (p<0.0001; not shown). No other effects were
observed for peripheral distance. There were no effects obtained for rearing or focused activity.

3.3.2 Novel Object Recognition—There were no differences in time spent investigating
the two identical objects during familiarization. During retention, both SAL and MA-treated
animals showed preference for the novel object. There were no significant differences observed
for novel object preference as a function of treatment expressed as percent time observing the
novel object (mean ± SEM; SAL = 74.5 ± 4.6% and MA = 73.1 ± 2.6%).

3.3.3 Acoustic Startle Reactivity/PPI—An ANOVA showed that both groups displayed
prepulse inhibition (main effect of prepulse), but there was no significant main effect of drug
treatment or interaction of drug treatment × prepulse. An ANCOVA with baseline startle as
the covariate showed a trend toward an interaction between treatment group and prepulse (p <
0.06), with decreased PPI in the MA group compared to SAL (Fig. 3),

3.3.4 Morris Water Maze—The six trials of cued with the platform and start in a constant
location were analyzed in 2-trial blocks. There was an effect of treatment on latency, in which
MA-treated animals took longer to reach the platform than SAL-treated controls. Days 2–6 (2
trials/day with the start and platform positions randomized) also showed a treatment effect for
latency, day, and treatment × day. Similar to day-1 performance, the treatment × day interaction
was attributable to increased latency to reach the platform in MA-treated animals on day 2 and
3 with no differences from SAL animals on days 4–6 (Fig. 4).

In all three phases of hidden platform testing (acquisition, reversal, and shift), no treatment
main effects or treatment-related interactions were found on latency, path length, or cumulative
distance. Learning was demonstrated during all phases (Fig. 5). Similarly, no treatment effects
were obtained on probe trials given after acquisition, reversal, or shift. Analyses of swim speed
during all phases showed no treatment or interaction effects.

3.3.5 Locomotor Activity with Methamphetamine Challenge—For locomotor
activity with MA challenge, total distance showed a main effect of interval and treatment ×
interval, but no main effect of treatment. The interaction showed greater hyperactivity
following MA-challenge in the MA-treated group compared to that seen in SAL-treated
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animals from 15 to 50 min post-challenge and reduced activity compared to SAL-treated
animals 120 min post-challenge with trends at 85 and 100 min (Fig. 6A). For focused
movements, there were effects of treatment, interval, and treatment × interval. The treatment
× interval interaction was attributable to increased repetitive beam breaks in MA-treated
animals challenged with MA 20–65 min post-challenge (Fig. 6B) compared to SAL-treated
animals challenged with MA. For vertical activity, there were main effects of treatment,
interval, and treatment × interval. The treatment × interval interaction showed that MA-treated
animals responded to the MA challenge with a larger increase in vertical beam breaks from
10–60 min post-challenge compared to SAL-treated MA challenged animals (Fig. 6C).

3.3.6 Corticosterone—Basal corticosterone levels 3 days following behavioral testing (47
days following MA treatment) were found to be increased in MA-treated animals compared
to SAL-treated animals, t(17) = −2.44, p< 0.03. The mean CORT values (ng/ml) were SAL =
20.0 ± 3.9 and MA = 37.0 ± 5.6.

3.3.7 Monoamines—The same animals from which blood was taken for CORT were assayed
for neostriatal monoamines. Reductions in DA and DOPAC were observed in MA-treated mice
compared to SAL-treated mice (Fig. 7). Levels of 5-HT and 5-HIAA did not differ significantly
(Fig. 7).

3.4 Experiment 3
3.4.1 Egocentric Learning—Latency to escape from the CWM showed a main effect of
day, but no effect of treatment or treatment × day interaction (Fig. 8A). For errors, there was
a main effect of day and a treatment × day interaction, but no main effect of treatment. Further
analysis of the treatment × day interaction showed the interaction did not reach significance
by slice ANOVA for any day (Fig. 8B).

4 Discussion
The data provided in the present experiments demonstrate that similar neurochemical and
physiological effects following MA treatment may be observed in mice as are seen in rats after
a neurotoxic dosing regimen [8,9,11,29,30,31,63,74]. Both rats and mice show increased body
temperature and GFAP levels following MA treatment, along with reductions in brain
monoamines. However, in terms of behavioral effects, rats and mice differ (at least in so far
as egocentric and object recognition learning are concerned) despite similar changes in markers
of neurotoxicity. MA causes substantial deficits in egocentric learning in the CWM in rats
[30]whereas this effect was absent in mice. Neither rats nor mice showed differences in spatial
learning in the MWM following MA, which is consistent across species. Rats show
hypolocomotion for ~3 days after treatment and exhibit a modest differential response to a
pharmacological challenge dose of MA [30], compared to mice that showed recovery of
locomotor levels to those of SAL-treated controls after one day and showed an exaggerated
hyperlocomotion following a pharmacological challenge dose of MA. Hence, despite
neurochemical similarities between rats and mice following a binge/neurotoxic regimen of
MA, functionally there are more differences than similarities.

We verified that mice given MA (10 mg/kg) at 2 h intervals 4 times on a single day had increased
neostriatal GFAP protein levels 72 h post-treatment, demonstrating increased reactive gliosis
as a marker of neurotoxicity as seen in rats. This marker has reliably been shown in rats and
mice to reflect MA-induced neurotoxicity [30,31,45,55].

As in rats, MA-induced hyperthermia is seen in mice, along with monoamine reductions.
Furthermore, the degree of hyperthermia is sensitive to ambient temperature; i.e., increases in
ambient temperature heighten neurotoxicity and decreased temperature reduces neurotoxicity
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[3,44,55]. We observed increased core body temperatures in MA-treated C57BL/6 mice
compared to controls, which, combined with increased GFAP levels and previous data [44,
55,56], demonstrate that the dose regimen used here was neurotoxic. Higher doses typically
cause sharp increases in mortality, placing practical limits on testing higher doses.

Despite evidence of neurotoxicity, MA-treated mice showed no impairments in recognition
memory, spatial learning, reference memory, or in egocentric learning. We previously observed
deficits in rats in egocentric learning in the CWM [30]. There was also impairment in novel
object recognition memory in rats [30] that was not observed here, although this effect was not
replicated in another study conducted in rats (Herring et al., unpublished). Other groups have
observed deficits in novel object learning in mice following MA treatment [5,33,38,48].
However, these studies used a single, low (1 mg/kg) dose given on multiple days (7 days).
These are not neurotoxic doses and are not comparable to the model used here. In addition to
differences in dosing regimens, we used a different mouse strain.

In rats, novel object recognition deficits have been reported after binge/neurotoxic MA
treatment [7,8,10,11,29,30,42,63] however, despite the number of reports, this effect has
proven difficult to reliably replicate. No novel object recognition deficits were observed here
in C57BL/6 mice, perhaps indicating a species difference or perhaps because the effect on
novel object recognition is itself variable. It has also been demonstrated that rats treated with
MA using an escalating dose + binge paradigm (14 days) or a single 1 mg/kg MA dose do not
demonstrate object recognition deficits [7].

There is mounting evidence that recognition memory involves a multi-component system,
consisting of contributions from the hippocampus (allocentric) and perirhinal cortex
(discrimination of object familiarity and recency)[13] as well as the prefrontal cortex [52]. The
glutamatergic system in the perirhinal cortex [6,78] and the dopaminergic system in prefrontal
cortex (D1 receptors) [52] are important for encoding and/or retrieval in recognition memory
tasks. Neither perirhinal nor prefrontal cortices were examined in this experiment and it may
be that the current dose did not significantly affect these regions, although the doses used here
would be predicted to affect these regions. Another consideration is time since treatment.
Perhaps the extended period between treatment and the later tests allowed neurotransmitters
to partially recover thereby eliminating behavioral differences on these tests. Prior behavioral
testing may also have contributed to the absence of differences on tasks given later in the testing
sequence.

To date, little data exist examining the effects of neurotoxic MA doses on spatial learning in
the MWM in mice. One study found that mice given 10 mg/kg MA i.p. on a single day
demonstrated increased latencies in MWM when examined one week after treatment and these
deficits could be attenuated by pseudoginsenoside-F11+ treatment. Pseudoginsenoside-F11+ is
a saponin-like compound found in ginseng [79]. Unfortunately, this study did not show whether
the single MA dose was neurotoxic or not. No similar MWM deficits were observed in the
current study; however the current experiment differed in that an increased interval (2 weeks
vs. 1) was imposed between the time of treatment and MWM testing. The reason for our
experimental design was to match the approach typically used with rats following a neurotoxic
dosing regimen [30,63].

Egocentric learning is the ability of an animal to navigate to a destination using cues based on
self-motion, without relying on distal landmarks. This form of learning is used by vertebrates
and invertebrates to find their way in their environment and back again [20,21]. In our
experiment, we did not observe egocentric deficits in MA-treated animals in the CWM. An
analysis of escape latencies also showed no effect, suggesting that egocentric learning was not
affected in MA-treated animals given neurotoxic doses. While we did not measure swimming
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speed in the CWM, it was captured by the tracking software during MWM testing and no
differences in swimming speed were detected. We have noted that mice vary widely in how
they perform in the CWM. For example, some mice search actively to escape, some swim
rapidly but enter few cul-de-sacs, others swim slowly, and still others spend intervals not
searching. This creates larger variations in performance than are seen when rats are tested in
this maze and may result in the test being less sensitive in mice than in rats.

We observed hypoactivity 1 day after MA treatment, but activity levels in MA-treated mice
returned to those of SAL-treated controls on the second day. It has been established that mice,
as well as other species, become hyperactive shortly following MA treatment [34], but little is
known about the effects on locomotor activity days following treatment with a neurotoxic
regimen. We have previously demonstrated hypoactivity 1–3 [30] and 7 days [74] following
a neurotoxic regimen of MA treatment in rats. The decreased initial locomotion observed in
the MA-treated mice in the present experiment may be caused by drug-induced DA reductions
in the neostriatum. Neostriatal monoamine levels measured following behavioral testing and
those from published studies suggest that DA reductions were likely present shortly after drug
treatment. Such monoamine reductions are also evident in rats treated with a neurotoxic MA
regimen measured 3 days later; and have been shown to remain reduced several weeks later
[30]. Although hypoactivity was observed in MA-treated mice, swimming ability/speed,
assessed by measuring swim velocity in the MWM, was not affected.

Locomotor activity following a 1 mg/kg MA challenge produced a biphasic response in the
MA-treated neurotoxic group. MA-treated animals were initially more hyperactive than SAL-
treated animals after challenge, but later they became hypoactive. We previously observed this
biphasic response in rats [30], however in mice the duration of the hyperactive phase was longer
and the hypoactive phase less pronounced. It is unclear why such a biphasic response occurs.
Aside from the reductions in neostriatal DA, it is possible that alterations in DA receptors are
involved, but further testing will be needed to test this possibility.

Other neurotoxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-
hydroxydopamine (6-OHDA) have also shown inconsistencies in behavioral effects between
rats and mice despite robust depletions of DA. One group demonstrated that MPTP produced
increased akinesia and catalepsy [47,49,51], whereas others have not [76]. Similar observations
have been made for spontaneous locomotion in the open field in MPTP models (see [65] for
review). Reduced [60,61] and no differences [64] have been observed in mice on the rotorod
test following MPTP. In 6-OHDA-treated mice, deficits in rotorod performance are partially
restored by postnatal (P) day 28 [4]. Consistent MPTP-induced deficits in rotorod performance
can only be achieved by chronic MPTP combined with co-administration of an adjuvant such
as probenecid [58]. In the MPTP/probenecid model, motor deficits persist [58] while in other
MPTP models they are transient [26] if seen at all [58]. Additionally, MPTP/probenecid mice
have altered gait, MWM cued learning, motor deficits, and some of these (gait, balance, and
movement deficits) are reversed by exercise [59]. Inconsistencies have also been reported in
the spatial version of MWM following MPTP [18,59]. Therefore, it may not be surprising that
we find differing effects of MA-induced DA depletions compared to what are seen in rats.

C57BL/6 mice are widely used in genetic studies and the present data demonstrate some
similarities in response to a neurotoxic dose regimen of MA between rats and mice, but also
differences. The C57BL/6 mouse does not appear to be an appropriate species for examining
egocentric learning despite similar neostriatal DA and DOPAC reductions, increased basal
corticosterone levels, and increased GFAP as in the rat, and this is congruent with differences
between mice and rats in response to other dopaminergic depleting treatments (e.g. MPTP and
6-OHDA).
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5. Conclusion
C57BL/6 mice, while suitable for investigating the neurochemical/neurotoxic effects of a
neurotoxic regimen of MA exposure, are less well suited for studying the behavioral
consequences. Mice do not show the same types of behavioral effects as seen in rats even
following similar doses and comparable reductions in monoamine levels.
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Fig. 1.
Core body temperatures of mice treated with MA (10 mg/kg) or SAL 4 times on a single day.
Beginning 60 min and lasting for at least 12 h after the first dose, animals treated with MA
showed increased core body temperatures compared to SAL controls. Arrows indicate when
injections were given. There were main effects of treatment, F(1, 114) = 60.01, p<0.0001, time,
F(16, 1824) = 87.01, p<0.0001, and treatment × time, F(16, 1824) = 40.49, p<0.0001. ***p <
0.001
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Fig. 2.
Locomotor activity: Locomotion was measured as distance traveled on day 1 (A) and day 2
(B) after treatment. Main effects of treatment, F(1, 36) = 7.00, p<0.05, day, F(1, 36) = 29.58,
p<0.0001, and treatment × day, F(1, 36) = 13.35, p<0.001, were observed for total distance.
The treatment × day interaction showed that animals treated with MA were hypoactive on day
1. Effects of treatment, F(1, 36) = 4.08, p<0.05, interval, F(11, 396) = 8.12, p<0.0001, and
treatment × interval, F(11, 396) = 3.32, p< 0.001, were observed for center distance on day 1.
For the treatment × interval interaction, decreased center distance was observed in MA-treated
animals compared to SAL-treated animals (not shown). There was a main effect of interval for
center distance on day 2, F(11, 396) = 6.48, p< 0.0001, only. Effects of treatment, F(1, 36) =
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10.21, p<0.01, day, F(1, 36) = 56.26, p<0.0001, and treatment × day, F(1, 36) = 12.88, p<0.001,
were observed for peripheral distance. The treatment × day interaction showed that MA-treated
animals on day-1 were less active than SAL-treated animals (p<0.0001; not shown). ***p<
0.001
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Fig. 3.
Acoustic startle/pre-pulse inhibition: Mice treated with 10 mg/kg MA or SAL all showed
prepulse inhibition as a function of prepulse intensity but no significant group differences were
obtained. A trend toward a treatment × prepulse interaction was observed, F(1, 35) = 3.94, p<
0.06. NS = no stimulus, †p< 0.06
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Fig. 4.
Morris water maze cued platform trials. Animals administered MA had increased latencies to
reach the platform on day 1, F(1, 36) = 4.26, p<0.05. On the remaining days, there were main
effects of treatment, F(1, 36) = 12.27, p<0.01, day, F(4, 144) = 31.80, p<0.0001, and treatment
× day F(4, 144) = 5.05, p<0.001, for latency. The treatment × day interaction was due to
increased latency in MA-treated animals on day 2 (p<0.0001) and 3 (p< 0.001). On days 4–6,
latencies were similar to controls. **p< 0.01, ***p< 0.001
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Fig. 5.
Morris water maze hidden platform trials. Learning curves for latency to reach the platform
during each phase of testing: acquisition (A), reversal (B), and shift (C). No differences were
observed between treatment groups in any phase of the test.
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Fig. 6.
Locomotor activity with MA challenge: The challenge (1 mg/kg MA) was administered
following 30 min of baseline activity. Total distance showed a main effect of interval, F(23,
727) = 8.31, p<0.0001, and treatment × interval, F(23, 727) = 6.74, p<0.0001. The interaction
showed both groups were initially hyperactive following drug challenge and then gradually
showed reduced locomotion 85 min later (distance traveled (A)), although the MA-treated
animals were even less active at 120 min compared to SAL-treated animals. Focused
movements showed effects of treatment, F(1, 35) = 4.24, p<0.05, interval, F(23, 828) = 11.44,
p<0.0001, and treatment × interval, F(23, 828) = 13.73, p<0.0001. The treatment × interval
interaction showed MA-treated groups had increased focused movements (B) compared to
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controls that lasted approximately 60 min after acute MA challenge. For vertical activity (C),
there were main effects of treatment, F(1, 35.2) = 4.30, p<0.05, interval, F(23, 748) = 7.53,
p<0.0001, and treatment × interval, F(23, 748) = 2.73, p<0.0001. MA animals had increased
vertical activity compared to controls. ***p< 0.001, **p< 0.01, *p< 0.05, †p< 0.06
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Fig. 7.
Neostriatal monoamine levels: Monoamine concentrations in SAL- and MA-treated animals
3 days following behavioral experiments (day 47). MA caused reductions in DA (t(18) = 6.08,
p< 0.0001) and its primary metabolite, DOPAC, (t(18) = 2.97, p< 0.01), compared to SAL
controls. 5-HT and 5-hydroxyindoleacetic acid (5-HIAA) were unaffected. *p< 0.01, ***p<
0.001
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Fig. 8.
Cincinnati water maze: Egocentric learning was assessed by latency to escape (A) and number
of errors (B) in animals treated with MA or SAL. MA animals had similar latencies and errors
as SAL controls. There was only an effect of day for latency to the platform, F(14, 597) = 3.92,
p< 0.0001. There was a main effect of day, F(14, 666) = 5.89, p< 0.0001, and treatment × day
interaction, F(14, 666) = 1.77, p< 0.04 for errors. The treatment × day interaction showed no
significant effect of treatment by slice ANOVA for any day. *p< 0.05
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