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Distinct Neurochemical Adaptations Within the
Nucleus Accumbens Produced by a History of
Self-Administered vs Non-Contingently
Administered Intravenous Methamphetamine

Santa Barbara, CA, USA

Kevin D Lominac', Arianne D Sacramento', Karen K Szumlinski' and Tod E Kippin*'
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Methamphetamine is a highly addictive psychomotor stimulant yet the neurobiological consequences of methamphetamine
self-administration remain under-characterized. Thus, we employed microdialysis in rats trained to self-administer intravenous (IV)
infusions of methamphetamine (METH-SA) or saline (SAL) and a group of rats receiving non-contingent IV infusions of
methamphetamine (METH-NC) at | or 2| days withdrawal to determine the dopamine and glutamate responses in the nucleus
accumbens (NAC) to a 2 mg/kg methamphetamine intraperitoneal challenge. Furthermore, basal NAC extracellular glutamate content
was assessed employing no net-flux procedures in these three groups at both time points. At both |- and 21-day withdrawal points,
methamphetamine elicited a rise in extracellular dopamine in SAL animals and this effect was sensitized in METH-NC rats. However,
METH-SA animals showed a much greater sensitized dopamine response to the drug challenge compared with the other groups.
Additionally, acute methamphetamine decreased extracellular glutamate in both SAL and METH-NC animals at both time-points. In
contrast, METH-SA rats exhibited a modest and delayed rise in glutamate at I-day withdrawal and this rise was sensitized at 2| days
withdrawal. Finally, no net-flux microdialysis revealed elevated basal glutamate and increased extraction fraction at both withdrawal
time-points in METH-SA rats. Although METH-NC rats exhibited no change in the glutamate extraction fraction, they exhibited a
time-dependent elevation in basal glutamate levels. These data illustrate for the first time that a history of methamphetamine
self-administration produces enduring changes in NAC neurotransmission and that non-pharmacological factors have a critical role in the

INTRODUCTION

Methamphetamine is a highly addictive, potent amphet-
amine derivative and the increasing prevalence of metham-
phetamine addiction poses serious social and health
concerns world-wide (SAMHSA, 2009). Long-term metham-
phetamine abuse produces pronounced cognitive, behav-
ioral, and emotional deficits that are associated with a
high potential for relapse following periods of abstinence
(Berman et al, 2009; Elkashef et al., 2008), yet current
therapeutic interventions are extremely limited. Thus, a
deeper understanding of the neurobiological consequences
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Neuropsychopharmacology (2012) 37, 707—722; doi:10.1038/npp.201 |.248; published online 26 October 201 |

Keywords: methamphetamine; addiction; nucleus accumbens; dopamine; glutamate; self-administration

associated with the development and maintenance of
methamphetamine self-administration in animal models
will facilitate the design of rationale pharmaco-therapeutics
for the management of methamphetamine addiction.

A circuit of interconnected brain structures mediating
cognitive, motivational, and emotional processing has been
characterized, which is critical for stimulant-related behav-
iors and addictive processes. Specifically, the activation of
goal-directed behavior, including drug-seeking, requires
intact dopamine projections from the ventral tegmental area
(VTA) to several forebrain limbic structures, including the
nucleus accumbens (NAC), prefrontal cortex (PFC), ventral
pallidum, and the basolateral amygdala, whereas intact
glutamate signaling within projections from the PFC,
amygdala, and hippocampus to the NAC is critical for the
manifestation of various forms of addiction-related behav-
ioral plasticity (eg, Everitt et al, 2008; Kalivas, 2009;
Wolf, 2010). Thus, the NAC is a focal point for both
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dopamine and glutamate systems in addiction-related
processes. Methamphetamine is a highly potent releaser
of monoamines throughout the mesocorticolimbic circuit
(eg, Abekawa et al, 1994; Akimoto et al, 1990; Kashihara
et al, 1991; Kazahaya et al, 1989; Stephans and Yamamoto,
1995; Weihmuller et al, 1991; Bustamante et al, 2002; Zhang
et al, 2001). In animal models, repeated, non-contingent
methamphetamine injections elicit robust sensitization of
methamphetamine-elicited dopamine release (ie, dopamine
sensitization) within striatal regions (eg, Arai et al, 1996;
Camp et al, 1994; Shimada et al, 1996; Suzuki et al, 1997)
that is associated with sensitization of methamphetamine-
elicited locomotor activity (ie, behavioral sensitization;
eg, Akiyama et al, 1994; Camp et al, 1994; Vanderschuren
and Kalivas, 2000) and appears to be critical for drug-
related learning and drug-craving during withdrawal (cf,
Belin et al, 2009; Bradberry 2007; Di Chiara and Bassareo,
2007; Robinson and Berridge, 2008; Thomas et al, 2008).

Limited attention has been paid to the effects of
methamphetamine on glutamate neurotransmission, how-
ever, a critical role of glutamate signaling in the ‘addictive’
properties of methamphetamine is supported by findings
that both intravenous (IV) methamphetamine self-admin-
istration and cue-induced reinstatement of methamphet-
amine-seeking are blocked by mGluR5 antagonism in
rats (Osborne and Olive, 2008). Moreover, an active role
for glutamate in methamphetamine-induced behavioral
plasticity has been implicated by two lines of research.
First, pharmacological blockade of NMDA, AMPA, or
mGlIuR5 antagonists, or deletion of the NMDA episilon
1 subunit, attenuates the conditioned rewarding and
behavioral sensitizing effects of methamphetamine
(Kim and Jang, 1997; Miyamoto et al, 2004; Miyatake
et al, 2005). Similarly, enhancement and inhibition of
glutamate transporters attenuates and facilitates, respec-
tively, methamphetamine-induced place-preference and
behavioral sensitization (Fujio et al, 2005a,b; Nakagawa
et al, 2005). Second, low-dose (ie, <4 mg/kg intraperitoneal
(IP)) experimenter-administered/non-contingent metham-
phetamine produces changes in forebrain glutamate trans-
mission in some, but not all, studies (Fang et al, 2005;
Ohmori et al, 1996; Shoblock et al, 2003; Xue et al, 1996;
Zhang et al, 2001); but, in contrast to other stimulants
(Vanderschuren and Kalivas, 2000; Wolf, 2010), the
glutamate-altering effects of repeated methamphetamine
injections are only slightly augmented by withdrawal
(Fang et al, 2005; Ohmori et al, 1996; Shoblock et al,
2003; Xue et al, 1996; Zhang et al, 2001). However, there
exists a large literature indicating methamphetamine-
glutamate interactions in mediating high-dose methamphet-
amine-induced neuronal toxicity within the forebrain
(Abekawa et al, 1994; Battaglia et al, 2002; Burrows et al,
2000; Davidson et al, 2007; Golembiowska et al, 2003;
Marshall et al, 1993; Simdes et al, 2007, 2008; Sonsalla
et al, 1989; Tata and Yamamoto, 2007). Although these
latter studies are relevant to cellular processes induced
by very heavy methamphetamine use, they fail to assess
the potential role for glutamate in the establishment
of methamphetamine self-administration when drug
intake is relatively low (eg, Gass et al, 2009; Schwendt
et al, 2009; Shepard et al, 2006, Stefanski et al, 1999,
2002, 2004).
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Given the above issue and considering that the manifesta-
tion of drug-induced cellular and molecular adaptations,
including neurochemical sensitization, can depend on the
behavioral contingency of drug delivery (eg, Lecca et al,
2007a,b; McFarland et al, 2003; Stefanski et al, 1999, 2002),
this study sought to extend the aforementioned research by
examining the short- and longer-term consequences
of a history of IV methamphetamine self-administration
on NAC extracellular dopamine and glutamate levels. It was
hypothesized that a history of contingent vs non-contingent
methamphetamine exposure would exert differential effects
on basal and/or methamphetamine-stimulated neurotrans-
mitter release. On the basis of the existing literature for
cocaine (eg, McFarland et al, 2003), we predicted that
methamphetamine self-administration would lower basal
NAC glutamate content and elicit greater dopamine and
glutamate sensitization in animals with contingent metham-
phetamine exposure. The present findings demonstrate that
methamphetamine self-administration produces neuro-
chemical adaptations within the NAC that are distinct from
those produced by non-contingent methamphetamine
treatment, indicating that non-pharmacological factors
critically regulate methamphetamine-induced neuroplasti-
city within NAC dopamine and glutamate systems.

SUBJECTS AND METHODS

Subjects

Male Sprague-Dawley rats (300-325g) from Charles-River
(Wilmington, MA) were individually housed in a tempera-
ture- and humidity-controlled vivarium on a 12-h light-
dark cycle (lights off: 0700 hours). Rats were allowed
ad libitum access to rat chow and water. All procedures
followed the ‘Guidelines for the Care and Use of Mammals
in Neuroscience and Behavioral Research’ (National
Research Council 2003) and were approved by our
Institutional Animal Care and Use Committee.

Surgery

The surgical procedures for implanting chronic indwelling
IV catheters and bilateral guide cannulae into the NAC of
rats were identical to those described previously by our
group (eg, Kerstetter et al, 2008; Kippin et al, 2008; Zayara
et al, 2011). In brief, rats were anesthetized by inhalation
with 4% isoflurane. Chronic indwelling catheters were
constructed using a bent steel cannula with a screw-type
connector (Plastics One, Roanoke, VA), silastic tubing
(10 cm, i.d. 0.64 mm, o.d. 1.19 mm; Dow Corning, Midland,
MI), prolite polypropylene monofilament mesh (Atrium
Medical, Hudson, NH), and cranio-plastic cement. One end
of the catheter was inserted into the right jugular vein and
secured to surrounding tissue with suture and the other end
ran subcutaneously to the cannula port, which was placed
posterior to the rat’s shoulder blades. Immediately follow-
ing jugular surgery, rats were placed into a Kopf stereotaxic
device and implanted with bilateral cannulae (20 gauge;
20 mm long; Plastics One) directed 2 mm above the interface
between the shell and core subdivisions of the NAC using
the following coordinates (in mm; derived from Paxinos and
Watson, 1998): AP: +1.2mm; ML: +2.5mm, DV: —4.6 mm.



Guide cannulae were secured with jeweler screws and dental
acrylic and were occluded by a 24-gauge dummy cannula
(Plastics One).

For 7 days following surgery, the animals were monitored
and the catheters were flushed once daily with 0.1 ml of
Timentin antibiotic solution (GlaxoSmithKline, Research
Triangle Park, NC) and then 0.1 ml of heparinized solution
(100 U/ml; APP Pharmaceuticals, LCC, Schaumburg, IL).
Catheter patency was verified periodically by infusing 0.1 ml
of methohexital sodium (10 mg/ml IV; Eli Lilly, Indianapo-
lis, IN) and assessing loss of muscle tone.

Methamphetamine Self-Administration

Behavioral tests were conducted during the rats’ dark cycle
in sound-attenuated operant conditioning chambers
(30 x 20 x 24 cm  high; Med Associates, St Albans, VT)
equipped with two retractable levers, stimulus lights above
each lever and a speaker connected to a tone generator
(78dB, 2kHz; ANL-926, Med Associates). At the start of
each session, the rat’s catheter was flushed with 0.1 ml of
heparin solution and then connected to a liquid swivel
(Instech, Plymouth Meeting, PA) via polyethylene 20 tubing
that was encased in steel spring leashes (Plastics One) with
the swivel suspended above the chamber and connected to
an infusion pump (Model PHM-100, Med Associates).
Following each session, the rat’s catheter was flushed with
0.1 ml each of the Timentin and heparin solutions.

For rats in the methamphetamine self-administration
condition (METH-SA; n=7), rats were trained to press a
lever according to a FR 1 schedule of methamphetamine
reinforcement (Sigma-Aldrich, St Louis, MO). Lever presses
on the ‘active’ lever resulted in a 3.7-s activation of the
infusion pump, a 0.05ml infusion and a 5-s presentation of
a tone-light stimulus complex above the active lever. This
was followed by a 20-s time-out period. Responses on the
‘inactive’ lever were recorded but had no programmed
consequences. METH-SA rats were initially trained to self-
administer methamphetamine at a dose of 0.01 mg/kg per
infusion during 5 daily 1-h sessions. In order to progres-
sively increase methamphetamine intake, rats were then
allowed to self-administer methamphetamine at the same
dose for 2 daily 2-h sessions and next the dose was
increased to 0.05mg/kg per infusion for 10 daily 2-h
sessions. For rats in the non-contingent methamphetamine
condition (METH-NC; n=10), each rat was placed in
identical chambers with their catheter connected to the
infusion line and both levers extended. Lever presses were
recorded but had no programmed consequences. METH-NC
rats received methamphetamine infusions in a passive
fashion with the amount matching that received by METH-
SA rats (ie, same number and dose of infusions accom-
panied by the light+tone stimulus complex with the
frequency of infusions distributed evenly throughout a
session)—although this pattern of administration does not
perfectly match the self-administration pattern (ie, absence
of loading phase; see Figure 2d), given the long half-life of
methamphetamine in rats (60-70 min; Melega et al, 1995;
Rivie‘re et al, 1999), the levels of intoxication are expected
to be similar in the METH-SA and METH-NC groups
(see below). For rats in the saline self-administration
condition (SAL; n=9), each rat was tested in the identical
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fashion as the METH-SA rats above except that each active
lever response resulted in an infusion of saline accompanied
by the light+tone stimulus complex and followed by a
20-s time-out.

In Vivo Microdialysis

Each rat underwent two in vivo microdialysis sessions
occurring 1 day and 21 days following the last self-
administration session using previously described conven-
tional and no net-flux procedures (eg, Kapasova and
Szumlinski, 2008; Kippin et al, 2008; Zayara et al, 2011).
In order to minimize the impact of methamphetamine-
paired cues on neurochemical measures, microdialysis
procedures were conducted in a different chamber within
a room separate from those in which IV administration took
place and by a separate experimenter. On the day before the
microdialysis session, a dialysis probe (24 gauge, 20 mm in
length with 1.6-1.8 mm of active membrane) was inserted
unilaterally and counter-balanced by hemisphere across
animals. The animals were then hooked up to a liquid
swivel, placed in a holding cage and microdialysis buffer
(NaCl, 147.2mM; CaCl,, 1.53mM; KCIl, 2.7mM; MgCl,,
2.1 mM; adjusted to pH=7.4) was perfused overnight at a
rate of 0.25pl/min. Sample collection began the next day,
following a 1-h equilibration period with the flow rate at
2ul/min and was conducted in 20-min intervals into
collection vials containing 10pul of preservative (10%
methanol (v/v), 15% acetonitrile (v/v), 150 mM NaPO4,
4.76 mM citric acid, 3 mM SDS, 50 uM EDTA, pH = 5.6). For
no net-flux studies, glutamate was dissolved in microdia-
lysis buffer and, following 1 h of baseline sample collection,
glutamate concentrations (2.5, 5, and 10 uM) were perfused
through the microdialysis probe via a liquid switch (CMA
Microdialysis; Acton, MA) in ascending order for 60-min
intervals. All baseline samples and the last two samples of
each drug concentration were averaged to calculate the net-
flux of glutamate and used in the statistical analysis of
the data. Following 1h of baseline re-establishment, a
challenge injection of 2mg/kg methamphetamine was
administered IP—this dose and route of administration
was selected because it elicits robust increases in dopamine
and decreases in glutamate in the NAC (eg, Shoblock et al,
2003) and minimizes subject attrition because of loss
of catheter patency during protracted withdrawal from
methamphetamine self-administration. Following the first
microdialysis session, the probe was removed and the
dummy cannula was replaced. The second microdialysis
session occurred 3 weeks later and employed identical
procedures to the first, using the opposite hemisphere.
Microdialysis probe placements were verified using stan-
dard histochemical methods (Figure 1).

HPLC Analysis of Glutamate and Dopamine

The high-pressure liquid chromatography (HPLC) proce-
dures for the sequential detection of dopamine and
glutamate within a dialysate sample were identical to those
described previously by our group (eg, Kapasova and
Szumlinski, 2008; Kippin et al, 2008; Zayara et al, 2011).
In brief, glutamate and dopamine were measured using
electrochemical detection on an ESA Coularray HPLC
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Figure | Verification of microdialysis probe membrane location. Post-mortem examination revealed that the probe membranes were located within the
nucleus accumbens in all animals tested. Probe placements were consistent between all treatment groups. METH-NC, non-contingent IV methamphetamine;
METH-SA, methamphetamine self-administering; SAL, saline self-administering; numbers in figure indicate distance from Bregma based on Paxinos and

Watson (1998).

system (ESA, Bedford, MA). For HPLC analysis of
dopamine, the MD-TM mobile phase was employed
(ESA), and neurotransmitters in 30l from each 50 pl
sample were separated using a MD-150 x 3.2mm column
(ESA). An ESA 5014B analytical cell was used for the
detection of monoamines (oxidation and reduction elec-
trode potentials of +220 and —150mV, respectively).
For glutamate, the mobile phase consisted of 3.5%
acetonitrile (v/v), 22% methanol (v/v), 100mM NaPO4,
pH=6.75. A reversed phase column (50 x 3.0 mm capcell
PAK; Shiseido, Tokyo, Japan) was used to separate the
amino acids, and precolumn derivatization with o-phthala-
dehyde (2.7 mg/ml) of the 20 pl from each 50 pl sample was
performed using an ESA Model 540 autosampler (ESA).
Glutamate was detected using an electrochemical analytical
cell with an oxidizing potential of +550 mV. Glutamate and
dopamine content in each sample were analyzed by peak
height and compared with an external standard curve
for quantification (glutamate standards: 2.5, 5.0, 10 pM;
dopamine standards: 1.25, 2.5, 5nM).

Statistical Analyses

Behavioral and neurochemical data were analyzed using
analyses of variance (ANOVAs). The self-administration
data were analyzed using a Treatment (SAL, METH-NC, and
METH-SA) x Lever (active vs inactive) X Session ANOVA,
with repeated measures on the Session factor (17 days). For
analyses of cumulative dosing and estimated intoxication,
data for the last day of methamphetamine administration
were analyzed in real-time and then blocked into 10-min
intervals; estimated intoxication was calculated from
cumulative dosing subtracting estimated metabolism based
on a half-life of 70 min. Cumulative dose and estimated
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intoxication levels were analyzed using a Treatment x Time
ANOVA with repeated measures on the Time factor (12,
10-min bins). The neurochemical data collected under
conventional microdialysis procedures were analyzed using
a Treatment x Withdrawal x Time ANOVA, with repeated
measures on the Time factor (12, 20-min bins). The average
basal glutamate content (x-intercept) and extraction
fraction (slope) of the linear regression analyses from the
glutamate no net-flux study were analyzed using a
Treatment x Withdrawal ANOVA. In order to include the
data from all the animals that underwent microdialysis
procedures, the Withdrawal factor was treated as a between-
subjects factor for the neurochemical analyses. As in
previous studies (eg, Kapasova and Szumlinski, 2008;
Zayara et al, 2011), this statistical approach was used to
minimize subject attrition as data could not be obtained for
both microdialysis sessions for all animals because of
nonsystematic microdialysis probe failure and technical
issues with the HPLC. Significant interactions were
deconstructed for main effects and post-hoc comparisons
were conducted using Least Significant Difference tests
when appropriate, o =0.05.

RESULTS

Effect of Contingent vs Non-Contingent
Methamphetamine on Operant Lever Responding
Behavior

Methamphetamine infusions delivered in a contingent
fashion under an escalating dose and access schedule
(see above) produced a selective increase in responding on
the active lever in METH-SA rats, relative to both that
on the inactive lever and that exhibited by SAL rats.



In contrast, non-contingent methamphetamine infusions
failed to elevate responding on either lever in METH-NC
rats (Figures 2a and b) (Treatment x Lever x Session:
F(32,768) =2.95, p<0.0001). For the METH-SA rats, there
was a significant session by lever interaction
(F(16,224) =2.61, p<0.001) with the number of active
lever responses exceeding the number of inactive lever
responses during sessions 6-17 (all p’s<0.05), but not
during sessions 1-5. Conversely, for the METH-NC rats,
there were no significant main effects or interaction
between sessions or levers (all p’s>0.05). For the SAL rats,
there was a significant main effect of session
(F(16,256) =3.77, p<0.001), with transiently elevated
responding on both levers during sessions 6 and 12, but
there was no significant main effect of lever, nor was
there a significant interaction between session and lever.
In addition, an analysis of active lever responses revealed a
significant interaction (Treatment x Session: F(32,384) =
2.84, p<0.0001), with the METH-SA rats exhibiting higher
responding than the other groups during sessions 6-17 (all
p’s<0.05), but no significant differences were found
between the SAL and METH-NC groups during any session.
In contrast, the same analysis of inactive lever responses
failed to reveal significant main effects of either Treatment
or Session nor a significant interaction between these
factors (all p’s>0.05). Together, these data indicate that the
0.01 and 0.05 mg/kg methamphetamine infusions delivered
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in a contingent fashion were reinforcing during 2-h
sessions, whereas equivalent levels of non-contingent
methamphetamine exposure fails to increase lever re-
sponses and contingent saline paired with the light-tone
complex failed to be reinforcing.

Similarly, the METH-SA and METH-NC groups received
more infusions than did the saline groups during most
of the sessions (Figure 2c) (Treatment X Session:
F(32,384)=7.37, p<0.0001), with the METH-SA and
METH-NC rats receiving more infusions than the SAL rats
during sessions 4-17 (all p’s <0.05). The methamphetamine
exposure for the METH-SA and METH-NC rats during the
last three sessions averaged 2.27 mg/kg per session and the
total exposure was 21.61 mg/kg for the entire experiment.
Notably, the cumulative dose and rate of intoxication
differed between the METH-SA and METH-NC groups
(Figures 2d and e) (for cumulative dose, Treatment x Time:
F(1,11) =4.21, p<0.0001; for estimated intoxication, Treat-
ment x Time: F(1,11)=11.69, p<0.0001); METH-SA rats
exhibited significantly higher cumulative dosing than
METH-NC rats for intervals 0-10min through 60-70m
and higher estimated intoxication for intervals 0-10 min
through 50-60 min, whereas estimated intoxication was
significantly higher in the METH-NC rats than METH-SA
rats for the interval 110-120min. Nevertheless, the
average peak intoxication levels were almost identical
for METH-SA and METH-NC groups at 1.30%£0.16 and
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Figure 2 Escalating access to IV methamphetamine elicits increased lever-pressing behavior and intake across training days. Summary of the number of
active (a) and inactive (b) lever responses and infusions received (c) exhibited by rats self-administering IV methamphetamine (METH-SA) or saline (SAL),
as well as rats receiving non-contingent IV infusions of methamphetamine (METH-NC). During operant training, METH-SA animals had access to 0.0 mg/kg
per infusion for 60 min on days 1-5, then 0.01 mg/kg per infusion for 120 min on days 6—7, followed by 0.05mg/kg per infusion for 120 min on days 8—17.
This access resulted in a progressive increase in both the number of lever-presses and drug infusions exhibited by METH-SA animals across days. The
cumulative dosing (d) and estimated intoxication (e) levels for the METH-SA and METH-NC groups during the final day of treatment indicate a faster dosing
in the METH-SA rats but nearly identical total dosing and peak intoxication levels. Time course of methamphetamine infusions for each of the METH-SA rats
(f, top 8 graphs) and METH-NC rats (f, bottom graph) during the last day of treatment.
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1.27 + 0.06 mg/kg, respectively. Further, qualitative analyses
of the time-course of infusions during the last self-
administration session revealed a high degree of variability
between rats (Figure 2f). Although all METH-SA rats
exhibited a loading phase, it could be delayed a few (M8)
or many (M23) min and the number of infusions during the
loading phase varied dramatically between rats (eg, M10 vs
M12). Further, rats often exhibited long periods without
infusions (eg, >60min by M10). Additionally, the pattern
varied across days substantially; for instance, M23 exhibited
a delay of 34.9min before the first self-administered
infusion on the final day of treatment but only a delay of
11's the preceding day. Conversely, the METH-NC received
a consistent pattern of infusions in a predictable fashion
(Figure 2f).

Differential Effects of Self-Administered vs Non-
Contingent Methamphetamine on NAC Dopamine
Release

Neither a history of methamphetamine administration
nor the duration of withdrawal significantly affected basal

Table I Comparison of Average Baseline Glutamate and
Dopamine Levels Before a 2 mg/kg METH Challenge Conducted at
24h and 3 Weeks Withdrawal from Self-Administration, as
Assessed Using a Conventional In Vivo Microdialysis Approach

SAL NC METH

Glutamate (ng per sample)
24h 100£34 (9) 751 1.6 (10) 37104 (7)
3 Weeks 79%379) 73114 (8) 43110 (5

Dopamine (pg per sample)
24h 42%08 (8) 63x 1.1 (10) 45106 (7)
3 Weeks 45107 9) 35106 (8) 52109 (5)

Abbreviations: METH, methamphetamine self-administering rats;
NC, non-contingent METH rats; SAL, saline self-administering rats.

extracellular dopamine levels in the NAC (Table 1). The lack
of group and withdrawal effects was confirmed by the results
of a Treatment x Withdrawal ANOVA (all p’s >0.05).

As there were no significant differences in basal extra-
cellular dopamine levels, the data for the dopamine
response to an IP challenge injection of 2 mg/kg metham-
phetamine obtained at 1 day and 3 weeks withdrawal was
expressed as a percent change from the average baseline
levels (from Table 1) and presented in Figures 3a and b,
respectively. As can be observed from Figure 3, both the
magnitude and the time-course of the NAC dopamine
response to the methamphetamine challenge injection were
unaffected by the duration of withdrawal (no main effects
of, or interactions with the Withdrawal factor, p>0.05).
During both microdialysis sessions, METH-SA animals
exhibited the most robust methamphetamine-elicited rise
in dopamine, which peaked between 400 and 500% above
baseline levels during early sampling and declined progres-
sively to levels approximately 140% above baseline by
the end of the 3-h microdialysis session (Figure 3). While
the general shape of the time-course of methamphetamine-
induced dopamine release was similar between METH-SA
and SAL animals (ie, early peak, followed by a progressive
decline in levels), the magnitude of the early peak was
considerably lower (175-200% above baseline) in SAL
rats, indicating that a history of methamphetamine self-
administration elicits dopamine sensitization in the NAC.
Intriguingly, the time-course of methamphetamine-
induced dopamine release exhibited by METH-NC rats was
essentially flat, with dopamine levels between 175 and
250% above baseline for the duration of the 3-h micro-
dialysis session (Treatment x Time: F(22,418)=14.03,
p<0.0001).

As it was not entirely clear from the time-course data
whether or not METH-NC rats exhibited dopamine
sensitization (ie, had a greater dopamine response vs SAL
controls), we calculated and then compared the area under
the curve (AUC) for the rise in dopamine post-injection
(Figure 3c). Although METH-SA animals exhibited the
greatest rise in dopamine, the dopamine rise in METH-NC
rats was also significantly greater than that of their
SAL counterparts and the group differences did not
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Figure 3 The magnitude of methamphetamine-induced accumbens dopamine sensitization is greatest in rats with contingent methamphetamine
exposure. At 24h (a) and 3 weeks (b) following the last operant session, conventional microdialysis was employed to assay the effects of a 2 mg/kg IP
methamphetamine challenge injection on accumbens dopamine of rats with a history of methamphetamine self-administration (METH-SA), rats with a
history of saline self-administration (SAL) and rats with a history of non-contingent IV methamphetamine exposure (METH-NC). To facilitate visualization
of group differences in the magnitude of methamphetamine-induced dopamine release, the area under the time-course curves (AUC) from panels (a, b)
were calculated and are presented in panel (c). *p<0.05 vs SAL; *p<0.05 vs METH-NC (LSD post-hoc tests).
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vary with the duration of withdrawal (Treatment effect:
F(2,44) =9.54, p<0.0001; LSD post-hoc tests). Together,
these data provide novel evidence that a history of
methamphetamine self-administration elicits dopamine
sensitization in the NAC and, moreover, that the magnitude
of this dopamine sensitization reflects more than the
pharmacological consequences of IV exposure to the drug.

Differential Effects of Self-Administered vs
Non-Contingent Methamphetamine on NAC
Glutamate Sensitization

An analysis of the average basal levels of glutamate obtained
by conventional in vivo microdialysis procedures before
methamphetamine challenge suggested lower glutamate
levels in METH-SA animals, relative to the other treatment
groups (Table 1). However, the results of the statistical
analysis failed to indicate group differences at either
withdrawal time-point (Treatment x Withdrawal ANOVA,
all p’s>0.05). Thus, as per dopamine, the data for the
glutamate response to the 2 mg/kg challenge injection was
expressed as a percent change from the average baseline
values to better illustrate group differences in methamphet-
amine’s effects on glutamate levels and these data are
presented in Figures 4a and b.

As illustrated in Figure 4, group differences were observed
regarding the time-course of methamphetamine-induced
glutamate release in the NAC and these group differences
depended on the duration of withdrawal (Treatment X
Withdrawal x Time: F(22,462) =2.27, p=0.001). Both SAL
and METH-NC rats exhibited an approximately 50%
reduction in glutamate relative to baseline levels that (1)
persisted throughout sampling and (2) did not change
as a function of the withdrawal period (SAL: Time effect:
F(11,176) =4.12, p<0.0001; Withdrawal x Time: p =0.70;
METH-NC: F(11,176)=10.95, p<0.0001; Withdrawal x
Time: p=10.53). In contrast, the NAC glutamate response
to methamphetamine in METH-SA animals varied as a
function of withdrawal (Time effect: F(11,110)=2.33,
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p=0.01; Withdrawal x Time: F(11,110)=1.91, p=0.04).
At 1-day withdrawal, the glutamate response to metham-
phetamine in METH-SA animals was biphasic with respect
to time; animals exhibited a drop in glutamate levels
followed by a modest, nonsignificant, rise during the final
hour of sampling (Figure 4a) (Time effect: p=20.06).
However, at 3 weeks withdrawal, the methamphetamine
injection elevated glutamate significantly above baseline
levels and this effect persisted for the duration of sampling
(Time effect: F(11,44) =2.10, p=0.04). A comparison of the
cumulative change in glutamate during the 3-h sampling
periods (AUC) better illustrates the time-dependency of
group differences in the effects of the methamphetamine
challenge injection on NAC glutamate (Figure 4c) (Treat-
ment x Withdrawal: F(2,42) =4.39, p=0.02). Taken to-
gether, these data provide novel evidence that a history of
methamphetamine self-administration elicits sensitization of
methamphetamine-elicited glutamate release (ie, glutamate
sensitization) in the NAC and, perhaps more importantly,
that this glutamate sensitization is not a direct pharmaco-
logical consequence of IV exposure to the methamphet-
amine.

Contingent and Non-Contingent Methamphetamine
Produce Distinct Effects on NAC Basal Glutamate

A history of cocaine produces anomalies in basal NAC
glutamate content that are associated with greater behav-
ioral sensitivity and relapse vulnerability during withdrawal
(cf, Kalivas, 2009). Thus, we employed a no net-flux
approach to quantify group differences in glutamate
content, as, unlike conventional in vivo microdialysis
approaches, this method yields estimates of neurotransmit-
ter content that are independent of potential individual
differences in probe recovery (Parsons and Justice 1994).
The plots of the net-flux of glutamate vs glutamate infused
through the microdialysis probe for the 1-day and 3-week
withdrawal periods are presented in Figures 5a and b,
respectively. As is apparent in Figures 5a and b, the relation
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Figure 4 Withdrawal from methamphetamine self-administration augments the glutamate response to challenge methamphetamine. (a) When examined
24 h following the final self-administration session, an acute methamphetamine injection (2 mg/kg, IP) produced a mild reduction in the levels of extra-cellular
glutamate in saline self-administering animals (SAL) and this effect was not altered in animals receiving non-contingent methamphetamine (METH-NC)
exposure. In contrast, the challenge injection of methamphetamine produced a latent, modest rise in extra-cellular glutamate in methamphetamine self-
administering rats (METH-SA) and (b) extended withdrawal produced an increase in the magnitude of this effect as well as a more rapid onset. (c) Analysis
of the area under the time-course curves (AUC) revealed no differences in the glutamate response to challenge methamphetamine between saline
self-administering rats and those receiving non-contingent methamphetamine infusions. However, in methamphetamine self-administering animals, the
challenge injection of methamphetamine produced a significant elevation in extra-cellular glutamate, the magnitude of which was significantly greater
following 3 weeks withdrawal. *p <0.05 vs SAL; p<0.05 vs METH-NC (LSD post-hoc tests).
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Figure 5 A history of methamphetamine exposure elevates basal levels of extra-cellular glutamate in the nucleus accumbens. The data from panels (a, b)
are summarized in panel (c). (a) When assessed using no net-flux microdialysis, methamphetamine self-administering animals (METH-SA) exhibited a
significant elevation in basal glutamate concentrations of approximately 75% compared with saline self-administering animals (SAL) when tested 24 h after
the final operant session (a). The elevation in glutamate observed in methamphetamine self-administering animals persisted into extended withdrawal
at which point a similar elevation was observed in non-contingent methamphetamine-infused animals (METH-NC) (b). Analysis of the slope of the plots
indicated a significant change in the methamphetamine self-administering animals at both of the tested time-points, likely indicating a change in reuptake/

release mechanisms (d). *p<0.05 vs SAL.

between the net-flux of glutamate vs the amount of
glutamate infused through the probe was linear at both
withdrawal time-points in SAL and METH-NC animals and
these two groups did not appear to differ in this regard.
In contrast, the 0 uM data point for the METH-SA animals
appeared to deviate from the line of best-fit at both
withdrawal time-points, with the relatively large negative
glutamate net-flux values indicative of greater gain
of glutamate in the perfusate (ie, higher basal extracellular
glutamate levels). To confirm this observation, the point at
which no glutamate is gained or lost from the perfusate
(ie, y=0) was calculated from a linear regression analyses
of the plots to yield an estimate of basal glutamate content,
independent of probe recovery (Bungay et al, 2003; Chefer
et al, 2006; Parsons and Justice, 1994). An analysis of the
point of no net-flux (y=0) revealed significant group
differences that depended on the duration of withdrawal
(Treatment x Withdrawal, F(2,43)=3.79, p=0.03). Rela-
tive to SAL animals, METH-SA rats exhibited elevated NAC
extracellular glutamate content at both 1-day and 3 weeks
withdrawal, while elevated glutamate content was observed
in the METH-NC group only at the 3-week withdrawal time-
point (Figure 5c). An analysis of the slopes of the linear
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regressions (ie, the extraction fraction) also revealed an
influence of prior methamphetamine history on this
variable, but this was independent of withdrawal (Treat-
ment effect: F(2,43) =15.80, p<0.0001; no main effect of,
or interaction with, the Withdrawal factor, p>0.05). The
net-flux data points are theorized to reflect both release (at
data points below y=0; particularly, the 0 pM concentra-
tion) and uptake (data points near and above y=0)
mechanisms with slope or ‘extraction fraction’ largely
reflecting uptake mechanisms (see Bungay et al, 2003;
Chefer et al, 2006; Parsons and Justice, 1994). Relative to
SAL animals, only METH-SA rats exhibited increased slope
and this group difference was apparent at both withdrawal
time-points (Figure 5d). Given concern that the estimates of
basal glutamate levels and extraction fraction derived from
the linear regression analyses of the plots for the METH-SA
animals might be heavily influenced by the large gain
of glutamate in the perfusate at the 0 uM concentration
(Figures 5a and b), we reanalyzed the data without the
OuM data point. The results of this follow-up analysis
revealed comparable statistical results for both y=0
(Treatment x Withdrawal: F(2,43) =4.67, p=0.01) and
for the slope of the linear regressions (Treatment



effect: F(1,43)=8.48, p=0.001; no main effect of, or
interaction with, the Withdrawal factor, p>0.05). These
data, in conjunction with the data for methamphetamine-
induced changes in NAC glutamate (Figure 3) demonstrate
that (1) a history of methamphetamine self-administration
produces pronounced increases in both basal and metham-
phetamine-stimulated glutamate release, as well as glutamate
uptake, within the NAC; (2) perturbations in NAC glutamate
produced by a history of methamphetamine self-administra-
tion are present early in withdrawal and persist for at least
several weeks; and (3) the glutamate perturbations produced
by a history of methamphetamine self-administration
are distinct from those produced by non-contingent
methamphetamine administration despite very similar levels
of intoxication. These data indicate a critical role for non-
pharmacological factors in the development of glutamate
plasticity of potential relevance for methamphetamine
addiction.

DISCUSSION

This study examined both the short and enduring effects
of a history of escalating IV methamphetamine self-
administration (~0.1 mg/kg/day to ~2.5mg/kg/day) on
NAC levels of two neurotransmitters—dopamine and
glutamate—highly implicated in mediating the psychomo-
tor-activating and addictive properties of psychomotor
stimulant drugs (cf, Di Chiara and Bassareo, 2007; Everitt
et al, 2008; Kalivas, 2009; Wolf, 2010). Consistent, in part,
with our hypothesis, the present results indicate that a
history of methamphetamine self-administration elicits an
enduring dopamine and glutamate sensitization in the NAC
that is distinct from that exhibited by animals infused non-
contingently with the same amount of drug. However,
contrary to our hypothesis that a history of IV metham-
phetamine infusions would reduce basal NAC extracellular
glutamate levels as reported following IV cocaine self-
administration (cf, Kalivas, 2009), a history of IV metham-
phetamine infusions elevated, rather than lowered, basal
NAC glutamate content—although this neurochemical
adaptation was apparent during early withdrawal only
in animals with methamphetamine self-administration
experience. Importantly, the employed method of non-
contingent methamphetamine exposure produced nearly
identical peak intoxication levels as those produced under
self-administration (Figure 2e), albeit, the cumulative
dosing occurred at a slower rate (Figure 2d). However, the
employment of a predictable pattern of non-contingent
exposure is likely to have minimized distress (Mutschler
and Miczek, 1998), lethality (Dworkin et al, 1995), and
differential HPA activation (Mantsch and Goeders, 2000;
Palamarchouk et al, 2009; see, however, Galici et al, 2000)
that have been observed with cocaine yoking procedures,
but have not been well reported for non-contingent
methamphetamine exposure. Thus, the data indicate
a critical role for behavioral contingency associated
with operant responding for methamphetamine in the
manifestation of neurochemical adaptations of relevance
for our understanding of the neurobiology and treatment
of methamphetamine addiction.
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Effects of Methamphetamine on Basal and Evoked
Neurotransmission Involve Psychological and
Pharmacological Factors

Relative to other drugs of abuse, the role for behavioral
contingency of drug self-administration in the neurobiolog-
ical consequences of repeated methamphetamine exposure
is poorly characterized. Although several studies have
examined extracellular neurotransmitter levels in animals
with a history of d-amphetamine self-administration
(eg, Di Ciano et al, 1995, 1996, 2001; Ranaldi et al, 1999;
Vezina et al, 2002), the present report is the first to assess
the effects of a history of IV methamphetamine self-
administration on extracellular neurotransmitter levels,
as well as, the role for the behavioral contingency
of methamphetamine delivery in these effects. In fact,
only three reports by Stefanski et al (1999, 2002, 2004)
have examined the issue of behavioral contingency of IV
methamphetamine delivery on its neurobiological conse-
quences and revealed that methamphetamine-induced
reductions in cell body and terminal dopamine receptor
expression, as well as increases in NAC sigma-1 receptor
expression, occur during short-term (24 h) withdrawal only
in animals self-administering methamphetamine. Moreover,
a comparison of results between studies using experimen-
ter-injected animals and those employing methamphet-
amine self-administration models reveals a number of
discrepancies with respect to dopamine receptor/trans-
porter expression, as well as neurotoxicity; typically, IV
methamphetamine self-administering animals exhibit either
no or very transient changes in the expression of dopamine-
related proteins, without obvious signs of terminal toxicity
(Schwendt et al, 2009; Shepard et al, 2006; Stefanski et al,
2002; Volz et al, 2007). Consistent with these latter findings,
we failed to observe significant effects of methamphetamine
self-administration on basal NAC extracellular dopamine
levels (Table 1), while reductions in NAC extracellular
dopamine content are typically reported following
repeated, high dose, neurotoxic methamphetamine injec-
tions (eg, Broom and Yamamoto, 2005).

However, the behavioral contingency of IV methamphet-
amine delivery dramatically impacted the magnitude
of dopamine sensitization (Figure 3), the development of
glutamate sensitization (Figure 4), the time of onset of
elevated basal glutamate levels during withdrawal and
changes in indicators of basal glutamate release and uptake
(Figure 5), with methamphetamine producing greater,
earlier or selective effects in animals with self-administra-
tion history, compared with animals infused passively with
drug but with similar levels of intoxication. The present
in vivo microdialysis data are consistent not only with
earlier reports for methamphetamine (Stefanski et al, 1999,
2004; but see Stefanski et al, 2002), but also with reports
of active-passive distinctions in the development of NAC
neurochemical plasticity as derived from studies using
animal models of heroin, cocaine or MDMA self-adminis-
tration (eg, Lecca et al, 2007ab; McFarland et al, 2003;
Orejarena et al, 2009).

Given the purported role for the NAC in anticipation of
reward delivery, reward-related learning and goal-directed
behavior (for recent reviews, Heinz and Schlagenhauf, 2010;
Kehagia et al, 2010; Roesch et al, 2010; Schultz, 2010), it was
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not entirely surprising that methamphetamine affected NAC
glutamate selectively within self-administering animals or
that the effects of methamphetamine on NAC dopamine
were greater in self-administering vs non-contingently
infused animals. However, it is interesting to note that,
in this study, methamphetamine increased dopamine and
glutamate responsiveness in animals with a prior history of
methamphetamine self-administration compared with those
receiving passive IV infusions, while studies of MDMA and
d-amphetamine self-administration indicated significantly
reduced basal and/or drug-stimulated dopamine release in
animals infused contingently vs non-contingently with these
amphetamine compounds (Orejarena et al, 2009; Ranaldi
et al, 1999). Whether or not the self-administration of these
three structurally related stimulants also produces divergent
effects on NAC glutamate (or other neurotransmitters)
is not known; however, non-contingent administration
studies indicate that this might be the case (eg, Nash and
Yamamoto, 1992; Shoblock et al, 2003; Yeh et al, 2002).
Moreover, it is also unclear whether or not the divergent
dopamine effects produced by the self-administration of
different amphetamine derivatives relate to distinctions in
their affinities for the different monoamine transporters,
issues related to drug dose or other procedural differences.
Nevertheless, while drug dose, route of administration
and temporal patterning of drug delivery may certainly
contribute to the differential effects of injected vs self-
infused methamphetamine on neurochemical measures
and neurotoxicity within the cell body and terminal regions
of the mesolimbic and nigrostriatal dopamine systems
(see Schwendt et al, 2009; Shepard et al, 2006 for
discussion), it is clear from the microdialysis studies
conducted to date, in which total daily drug dose/
intoxication levels, route of administration, and/or temporal
patterning of drug delivery were similar between groups
(Figure 5), that the behavioral contingency of drug delivery
is a critical factor influencing the magnitude, time-course
and duration of dopamine and glutamate sensitization
within the NAC (this study; LaLumiere and Kalivas, 2008;
Lecca et al, 2007a, b; McFarland et al, 2003; Orejarena et al,
2009; Ranaldi et al, 1999).

The question then arises as to the precise psychological
processes engaged during a history of drug self-adminis-
tration that regulate the development of NAC glutamate
sensitization and the elevated magnitude of dopamine
sensitization in the NAC of methamphetamine self-admin-
istering animals. Distinct from the majority of earlier
microdialysis studies in which dialysate was collected
within the same environment (ie, the operant chamber) as
that experienced by the animals during self-administration
training (eg, LaLumiere and Kalivas, 2008; Lecca et al,
2007a,b; McFarland et al, 2003; Ranaldi et al, 1999;Suto
et al, 2010), our microdialysis procedures and those in some
other studies (eg, Kippin et al, 2008; Xi et al, 2006) were
conducted in an experimental room and in microdialysis
chambers distinct from those employed during the
self-administration phase of the experiment. Moreover,
our microdialysis procedures were conducted by personnel
distinct from those involved in self-administration training
to further reduce the influence of conditioned factors
associated with drug self-administration on neurotransmit-
ter levels. The MDMA self-administration study conducted
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by Orejarena et al (2009) employed a similar experimental
design as that used in this study and also observed active-
passive distinctions in basal, as well as, MDMA-induced
dopamine release. Thus, while the presence of discrete or
contextual cues associated with drug delivery can influence
the extent to which a challenge injection of drug
elicits neurotransmitter release within the NAC following
a history of drug self-administration (eg, Di Ciano et al,
2002), drug-associated conditioning is not likely a major
contributing factor to our observed neurochemical differ-
ences between METH-SA and METH-NC rats. Further,
given that the METH-SA and METH-NC groups received
methamphetamine exposure in the same context (including
the opportunity to engage in lever-pressing behavior) and
methamphetamine exposure was associated with the same
predictive discrete cues, the observed differences in
neurochemistry were likely related to the behavioral history
associated with methamphetamine exposure (ie, the act of
self-administration).

Conversely, physical and psychological stressors elicit
dopamine release within forebrain regions, including
the NAC (cf, Cabib and Puglisi-Allegra, 1996; Marinelli
and Piazza, 2002; Piazza and Le Moal, 1996; Pezze and
Feldon, 2004; Yap and Miczek, 2008) and stressors elicit
behavioral and neurochemical cross-sensitization with
psychomotor stimulant drugs (cf, Piazza and Le Moal,
1996; Robinson and Becker, 1986; Vanderschuren and
Kalivas, 2000). As METH-SA rats were accustomed to self-
regulating their drug intake, while METH-NC rats were not,
it is possible that the stress associated with the experi-
menter-administered IP methamphetamine injection/lack of
control over the amount of methamphetamine present in
their system, heightened the mesocorticolimbic neurochem-
ical responsiveness of METH-SA animals. For practical
reasons, a non-contingent saline challenge was not included
in this study and so it is not possible to discern from its
design whether or not interactions between ‘injection stress’
and methamphetamine history contributed to the differ-
ential neurotransmitter responses to the methamphetamine
challenge. However, arguing against this potential inter-
pretation, greater drug-induced dopamine sensitization was
reported in the NAC of rats during IV heroin and cocaine
self-administration, compared with yoked, drug-infused
controls (Lecca et al, 2007a,b; Suto et al, 2010) and
similarly, priming produced greater dopamine increases in
rats with a history of cocaine self-administration than
cocaine-yoked controls (McFarland et al, 2003). Thus, there
clearly exist other factors associated with the act of drug-
taking that are augmenting NAC neurochemical sensitivity
to subsequent exposures to addictive drugs and impacting
basal NAC glutamate levels.

Possible Mediators of Changes in NAC Dopamine
Produced by Contingent and Non-Contingent
Methamphetamine

The molecular mechanisms through which a history of IV
methamphetamine self-administration augments the magni-
tude of NAC dopamine sensitization in methamphet-
amine self-administering animals are unclear. Methamphet-
amine increases extracellular levels of monoamines via
interactions with plasma membrane- and vesicular-monamine



transporters, as well as the inhibition of monoamine
oxidase. Together, these mechanisms result in a dramatic
elevation of cytoplasmic monoamine levels, which alters the
membrane concentration gradient of these neurotransmit-
ters and promotes their ‘reverse transport’ out of neurons
(eg, Sulzer et al, 2005). Moreover, amphetamines prevent
the clearance of excess extracellular monoamines from the
synapse by competing with monoamine neurotransmitters
for shared binding sites on plasma membrane transporters
(eg, Sulzer et al, 2005). It has been previously shown that
methamphetamine self-administration produces a reduc-
tion in the expression of VTA D2 autoreceptors and
terminal D1 receptors, which does not occur in animals
passively infused with methamphetamine (Stefanski et al,
1999). Moreover, methamphetamine self-administration can
reduce corticostriatal DAT expression (Schwendt et al,
2009), as well as enhance VTA tyrosine hydroxylase levels
(Shepard et al, 2006). Although changes in D2 receptors and
DAT could contribute to an elevated magnitude of
dopamine sensitization, our dopamine effects either persist
into protracted withdrawal or grow with the passage of time
(Figure 3), while changes in D1/D2 receptor and tyrosine
hydroxylase expression are not observed at withdrawal
time-points beyond 1 day, even in animals with extended
access to the drug (Shepard et al, 2006; Stefanski et al,
2002). Moreover, pretreatment with either D1 or D2
antagonists reduce, rather than augment, IP methampheta-
mine-induced dopamine and glutamate release within
striatal structures (Ito et al, 2006; Mark et al, 2004; Stephans
and Yamamoto 1995) and enduring changes in corticostriatal
DAT expression are observed in animals with extended
access to IV methamphetamine (intakes ~ 7 mg/kg/day;
~3 times that observed in this study), but not in animals
self-administering under shorter periods of methamphet-
mine access as in this study (Schwendt et al, 2009). Such
data argue against a direct role for drug-induced changes
in D1/D2 receptors or DAT function in the augmented
neurochemical sensitization observed following a history of
methamphetamine self-administration.

Possible Mediators of Changes in NAC Glutamate
Produced by Contingent and Non-Contingent
Methamphetamine

While less well-investigated than the dopamine system,
evidence also exists supporting persistent abnormalities in
glutamate turnover within frontal cortex of abstinent
methamphetamine addicts (Chang et al, 2007; Sailasuta
et al, 2010). The results of preclinical studies employing
antagonists for different glutamate receptors or transporters
also support a necessary role for intact glutamate signaling
in the manifestation of methamphetamine-seeking behavior
(Fujio et al, 2005a; Gass et al, 2009; Kim and Jang, 1997;
Miyatake et al, 2005; Nakagawa et al, 2005; Osborne and
Olive, 2008). Further, systemic pretreatment with glutamate
antagonists also blunts the capacity of non-contingent
methamphetamine injections to elevate or sensitize striatal
dopamine and/or protects against methamphetamine-in-
duced dopamine toxicity, indicating an important role for
glutamate transmission in regulating methamphetamine-
induced neurochemical plasticity (Arai et al, 1996, 1997;
Battaglia et al, 2002; Golembiowska et al, 2003; Ohmori
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et al, 1995, 1996; Shimazoe et al, 2002). As reported
by Shoblock et al (2003), an acute challenge injection of
2 mg/kg methamphetamine lowered NAC glutamate levels
below baseline in SAL animals; this effect was indistinguish-
able from that observed in METH-NC rats, despite their
prior methamphetamine experience (Figure 4c). However,
consistent with earlier reports of active-passive distinctions
for cocaine- and heroin-induced NAC glutamate release
following a history of drug self-administration (LaLumiere
and Kalivas, 2008; McFarland et al, 2003), not only was the
methamphetamine-induced reduction in glutamate absent
at 24-h withdrawal in METH-SA rats (Figure 4c), METH-SA
rats exhibited a trend toward an increase in extracellular
glutamate levels during the last hour of dialysate collec-
tion (Figure 4a). Thus, a history of methamphetamine
self-administration produced tolerance to the glutamate-
reducing effects of acute methamphetamine.

Furthermore, METH-SA rats expressed a sensitized
glutamate response to the methamphetamine challenge
injection when assayed at 3 weeks withdrawal (Figure 4),
indicating time-dependent changes in the molecular
mechanisms governing glutamate release within this region.
Further support in favor of enhanced glutamate release in
animals with a history of methamphetamine self-adminis-
tration is derived from the results of the no net-flux study
(Figure 5), in which METH-SA animals exhibited increases
in the net-flux at the 0 pM glutamate concentration, which is
largely dependent on neurotransmitter release (for detailed
discussion, see Bungay et al, 2003) and this result was
apparent at both the 1- and 21-day withdrawal periods.
Although the magnitude of the increased extraction fraction
exhibited by METH-SA animals during no net-flux proce-
dures diminished to a certain extent during protracted
withdrawal (Figure 5d), the methamphetamine-induced
glutamate release exhibited by these same animals was
not only earlier in onset, but also greater in magnitude
and longer in duration, following protracted withdrawal,
compared with the 1-day withdrawal time-point (Figures 4a
vs b). Thus, the present data indicate persistent enhance-
ment of basal release and, possibly ‘incubating’ enhanced
methamphetamine-induced glutamate release within the
NAC during the course of withdrawal from methamphet-
amine self-administration. Although not yet assayed in an
animal model of drug-taking or drug-seeking behavior,
elevating extracellular glutamate levels via intra-cerebro-
ventricular infusion of a non-selective glutamate reuptake
inhibitor facilitates the development of methamphetamine-
induced behavioral sensitization, without influencing the
acute locomotor response to methamphetamine (Fujio et al,
2005b). Such data support an active role for methamphet-
amine-induced glutamate sensitization in regulating
at least certain forms of methamphetamine-induced behav-
ioral plasticity, which, based on a rapidly growing body
of literature derived from both human and animal studies
(eg, Nakagawa and Kaneko, 2008; Vanderschuren and
Kalivas, 2000; Wolf, 1998), may extend to methamphet-
amine-taking and/or -seeking behavior.

The molecular mechanisms through which self-adminis-
tered, but not non-contingent, methamphetamine
induces glutamate sensitization are unclear at this time.
The temporal profile of the methamphetamine-sensitized
glutamate rise observed within the NAC of METH-SA
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animals is delayed, peaking approximately 2-h post-
injection (Figure 4b). The temporal profile of methamphet-
amine-sensitized glutamate release in METH-SA rats is
similar to that observed within the NAC on amphetamine
challenge in amphetamine-experienced rats (Xue et al,
1996), but is distinct from the reported temporal profiles of
cocaine-sensitized glutamate release within the NAC. In
studies of experimenter-administered cocaine (eg, Baker
et al, 2003; Pierce et al, 1996; Zayara et al, 2011), the
cocaine-sensitized glutamate response is often bimodal and
characterized by a TTX-sensitive rise during the first 20- to
40-min post-injection (Pierce et al, 1996), which is followed
by a larger and more persistent rise that is TTX-insensitive
(Pierce et al, 1996), but N-acetyl-cystine-sensitive (Baker
et al, 2003). Such observations indicate that, within the
confines of non-contingent drug exposure, the majority of
the cocaine-sensitized NAC glutamate response is derived
from non-vesicular glutamate sources (Pierce et al, 1996)
that have been related to dysregulated cystine-glutamate
exchange and/or GLT-1 glutamate transporter function
(eg, Baker et al, 2003; Knackstedt et al, 2010). Interestingly,
akin to the present results for METH-NC animals, an IP
cocaine challenge injection fails to elevate NAC glutamate
levels above baseline in rats with a history of yoked cocaine
exposure (McFarland et al, 2003). However, in the majority
of studies of rats with a history of self-administered cocaine,
the cocaine-induced rise in NAC glutamate is very rapid in
onset whether micordialysis is performed during subse-
quent IV self-administration (Miguens et al, 2008; Suto
et al, 2010) or before an IP cocaine challenge, following
some form of extinction training regardless of testing
environment (in the self-administration context: Baker et al,
2003; Li et al, 2010, McFarland et al, 2003; Madayag et al,
2010; Miguens et al, 2008; Xi et al, 2010; or in a neutral
context: Kippin et al, 2008; Xi et al, 2006). In studies where
the cocaine is self-administered (Miguens et al, 2008; Suto
et al, 2010), the cocaine-induced rise in NAC glutamate
is maintained, whereas in studies where the cocaine
challenge was administered IP to animals with a cocaine
self-administration and extinction history, the glutamate
rise is transient (Baker et al, 2003; Kippin et al, 2008; Li
et al, 2010; McFarland et al, 2003; Xi et al, 2006, 2010; but
see also Madayag et al, 2010) and can be blocked completely
by N-acetyl-cystine pretreatment (Baker et al, 2003),
suggesting a critical role for non-neuronal glutamate
sources in this regard (Baker et al, 2002). Although the
source of glutamate undergoing methamphetamine-induced
plasticity on self-administration remains to be determined,
it is clear from the present data that this source is heavily
influenced by factors related to the act of drug-taking.
Consistent with the notion that basal extracellular
glutamate within the NAC is derived primarily from non-
neuronal sources (Baker et al, 2002), drug-induced anoma-
lies in Xct and GLT-1 function within the NAC are theorized
to underpin the marked reduction in basal extracellular
glutamate content reported following a period of cocaine
withdrawal in animals with histories of either contingent or
non-contingent cocaine experience (eg, Baker et al, 2003;
Kippin et al, 2008; McFarland et al, 2003; Zayara et al, 2011;
but see Madayag et al, 2010). Although the results of our
injection study indicated equivocal effects of IV metham-
phetamine self-administration on baseline extracellular
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glutamate (Table 1), a marked increase in basal extracellu-
lar glutamate was observed in METH-SA rats at the O uM
glutamate dose in the no net-flux study (equivalent to
conventional procedures) and confirmed through determi-
nations of the point of no net-flux on the addition of
glutamate to the perfusate (Figure 5). Interestingly, the
methamphetamine-induced increase in NAC glutamate
was apparent at 24-h withdrawal in self-administering
animals and persisted into protracted withdrawal, while
that observed in non-contingently exposed animals ap-
peared to require the passage of time. Also in contrast to
earlier reports for at least non-contingent cocaine (Baker
et al, 2003), a history of methamphetamine self-adminis-
tration, but not non-contingent IV methamphetamine
administration, elevated the glutamate extraction fraction
(ie, slope) in the no net-flux study (Figure 5d). Interestingly,
the greater glutamate extraction fraction exhibited
by METH-SA animals primarily reflected greater gains in
perfusate glutamate at concentrations below, rather than
above, y=0. Although a body of data derived from studies
of non-contingent methamphetamine models have
indicated elevated striatal glutamate clearance following
neurotoxic dosing regiments (Mark et al, 2007; Nishino
et al, 1996; Shirai et al, 1996), our in vivo data suggest
enhanced basal glutamate release, most probably from
extra-synaptic sources given the nature of microdialysis, as
at least one mechanism to account for the elevated basal
NAC glutamate levels observed in METH-SA animals
(see Bungay et al, 2003; Chefer et al, 2006; Parsons and
Justice, 1994 for detailed discussion). This being said,
METH-NC animals also exhibited elevated basal glutamate
but failed to exhibit drug-induced changes in the extraction
fraction. Such discrepancies provide further evidence that
the molecular mechanisms underpinning drug-induced
neurochemical adaptations are very much dependent on
the behavioral contingency of drug delivery and highlight
the role had by the self-administration context in regulating
extracellular glutamate levels within the NAC (see Suto
et al, 2010).

Conclusions

Regardless of the precise neural substrates involved in
mediating the observed neurochemical adaptations pro-
duced by a history of repeated methamphetamine exposure,
it is clear that the magnitude, time-course or manifestation
of methamphetamine-induced changes in basal and/or
drug-stimulated dopamine and glutamate release depend
strongly on the behavioral contingency of methamphet-
amine delivery. Accordingly, the present and similar
findings reiterate the importance of studying drug-induced
neuro-adaptations in animal models of addiction, which
employ behavioral contingencies in order to elucidate the
mechanisms of drug-seeking behavior.
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