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Abstract
Binge administration of the psychostimulant drug, methamphetamine (mAMPH), produces long-
lasting structural and functional abnormalities in the striatum. mAMPH binges produce non-
exocytotic release of dopamine (DA), and mAMPH-induced activation of excitatory afferent
inputs to cortex and striatum is evidenced by elevated extracellular glutamate (GLU) in both
regions. The mAMPH-induced increases in DA and GLU neurotransmission are thought to
combine to injure striatal DA nerve terminals of mAMPH-exposed brains. Systemic pretreatment
with either competitive or noncompetitive N-methyl-D-aspartic acid (NMDA) antagonists protects
against mAMPH-induced striatal DA terminal damage, but the locus of these antagonists’ effects
has not been determined. Here, we applied either the NMDA receptor antagonist, (DL)-amino-5-
phosphonovaleric acid (AP5), or the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor antagonist, dinitroquinoxaline-2,3-dione (DNQX), directly to the dura mater
over frontoparietal cortex to assess their effects on mAMPH-induced cortical and striatal
immediate-early gene (c-fos) expression. In a separate experiment we applied AP5 or DNQX
epidurally in the same cortical location of rats during a binge regimen of mAMPH, and assessed
mAMPH-induced striatal dopamine transporter (DAT) depletions one week later. Our results
indicate that both ionotropic glutamate receptor antagonists reduced the mAMPH-induced Fos
expression in cerebral cortex regions near the site of epidural application and reduced Fos
immunoreactivity in striatal regions innervated by the affected cortical regions. Also, epidural
application of the same concentration of either antagonist during a binge mAMPH regimen
blunted the mAMPH-induced striatal DAT depletions with a topography similar to its effects on
Fos expression. These findings demonstrate that mAMPH-induced dopaminergic injury depends
upon cortical NMDA and AMPA receptor activation and suggest the involvement of the
corticostriatal projections in mAMPH neurotoxicity.
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INTRODUCTION
mAMPH is a commonly abused psychostimulant drug that produces long-lasting brain
injury and cognitive impairments. Studies of human mAMPH abusers have demonstrated
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significant neurocognitive deficits that include impairments in executive and psychomotor
functions, learning, memory and attention (Chang et al., 2007; Scott et al., 2007; Johanson et
al., 2006; Paulus et al., 2003; Volkow et al., 2001). These impairments occur together with
structural and functional deficits in the cerebral cortex and striatum. In particular,
neuroimaging studies of mAMPH abusers reveal abnormal regional glucose metabolism in
the anterior cingulate, orbital frontal and parietal cortices, as well as reductions of striatal
dopamine transporters DAT; Kim et al., 2005, London et al., 2004; Volkow et al., 2001).
These human studies are consistent with animal experiments showing persistent reductions
in regional cerebral glucose metabolism and long-lasting decreases in several markers of
striatal dopaminergic terminal integrity, such as dopamine (DA) content, tyrosine
hydroxylase activity, and DAT (Huang et al., 1999; Pontieri et al., 1991; Hotchkiss et al.,
1979; Ricaurte et al., 1982).

Acutely, mAMPH administration leads to a leakage of DA from intraneuronal vesicular
storage sites into the cytosol, followed by reverse transport of cytosolic DA into the
extracellular space via the plasmalemmal uptake carrier, DAT (Schmidt and Gibb, 1985;
Sulzer et al., 2005; Fleckenstein et al., 1997). mAMPH-induced elevations in extracellular
DA concentration lead to altered activity in striatal efferent pathways. Striatal projection
neurons that send efferent fibers to the output nuclei of the basal ganglia influence the
cerebral cortex through recurrent circuitry (Gerfen, 1990; Alexander and Crutcher, 1990;
Parent and Hazrati, 1995). The striatum receives dense glutamatergic input from all regions
of cerebral cortex, as well as from intralaminar and ventral thalamic nuclei, via recurrent
circuits (McGeorge and Faull, 1989; Mengual et al., 1999; McFarland and Haber, 2001;
Smith et al., 2004). The mAMPH-induced increases in striatal DA and GLU
neurotransmission are thought to damage DA nerve terminals through the combined
influences of oxidative stress and GLU-mediated excitotoxicity (Sonsalla et al., 1991; Nash
and Yamamoto, 1992; LaVoie and Hastings, 1999).

Both the striatum and cerebral cortex are richly populated with glutamatergic synapses
(Monoghan et al., 1989; Greenamyre and Young, 1989; Albin et al., 1992), where they
contribute to neuronal activation during mAMPH exposure. Ionotropic GLU receptors of the
AMPA and NMDA classes are needed for mAMPH-induced immediate-early gene (IEG)
induction within striatal and cerebral cortical neurons (Wang and McGinty, 1996; Gross and
Marshall, 2009). Systemic pretreatment with competitive or noncompetitive NMDA
antagonists during binge mAMPH administration protects against mAMPH-induced striatal
DA terminal damage (Sonsalla et al., 1991; Weihmuller et al., 1992; Stephans and
Yamamoto, 1994). Microdialysis studies show that mAMPH-induced increases in striatal
extracellular GLU concentrations are necessary for the resulting damage to striatal DA
terminals (Stephans and Yamamoto, 1994). It has been argued that increased striatal
dopaminergic neurotransmission causes a secondary rise in GLU in the striatum via the
recurrent cortico-striato-nigro-thalamo-cortical loop circuit. Direct evidence for the
involvement of this circuitry in mAMPH-induced dopaminergic injury comes from Mark et
al. (2004), who found that interfering with gamma-amino-butyric acid neurotransmission in
the substantial nigra during binge mAMPH administration prevented the mAMPH-induced
rise in striatal GLU concentrations as well as subsequent striatal dopaminergic toxicity.

Although the systemic administration of GLU receptor antagonists has provided evidence
for involvement of these receptors in mAMPH-induced neurotoxicity, where the antagonists
act in the aforementioned circuitry remains to be clarified. The present investigation tested
the role of cerebral cortical ionotropic GLU receptors in mAMPH-induced injury to striatal
DA terminals. We employed a ‘cortical well’ to administer ionotropic GLU antagonists
epidurally, thereby blocking GLU receptors in a region of cortex underneath the well. This
blockade was achieved in a minimally invasive manner, by slow diffusion of the antagonist
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through the cortical layers, with the corpus callosum acting as a diffusional barrier. This
epidural application method has been previously used to disinhibit cortical regions, resulting
in secondary activation of anatomically restricted populations of striatal neurons (Berretta et
al., 1997, 1999; Trevitt and Marshall, 2002). In the first experiment, we demonstrated that
frontoparietal epidural application of the NMDA receptor antagonist, AP5, or the AMPA
receptor antagonist, DNQX, effectively blocked cortical expression of the IEG, c-fos, near
the locus of epidural application. We also found that the blockade of GLU
neurotransmission in these cortical areas decreased excitatory input to anterior striatum, as
assess by reductions in striatal c-fos activation.. Subsequently, we evaluated the effects of
epidural application of these same GLU receptor antagonists on the DAT depletions arising
from a single-day neurotoxic-binge mAMPH regimen. The results of these experiments
suggest that cortical NMDA and AMPA receptor activation during mAMPH administration
each contributes to augmented glutamatergic neurotransmission at cortico-striatal synapses
as well as to the consequent mAMPH-induced striatal DAT depletions.

EXPERIMENTAL PROCEDURES
Subjects

Male Sprague-Dawley rats (275–325 g) were obtained from Charles Rivers Labs (Hollister,
Ca.) and individually housed, with food and water ad libitum, under a standard 12 hr-light/
12 hr-dark cycle (lights on 6 am-6 pm). Animals remained in the holding room for four days
prior to surgery and were handled every day following surgery. All experiments were
carried out in accordance with the National Institute of Health Guide for the Care and Use of
Laboratory Animals. Approval to conduct the experiments described was obtained from the
UC Irvine animal subjects review board (IACUC). All efforts were made to minimize the
number of animals used and any potential stress and discomfort.

Implantation of cortical well
Rats were anesthetized with Equithesin (10 mM sodium pentobarbital, 256.8 mM chloral
hydrate, 86 mM MgSO4, 10.5% propylene glycol, and 12% ethanol, administered at 4.2 mg/
kg, i.p.) and placed in a Kopf stereotaxic apparatus. A 2 mm by 4 mm bone flap, extending
anterior +2.0 mm and lateral +/− 2.0 mm relative to bregma (Paxinos and Watson, 2003)
was removed (Figure 1). This positioning of the skull defect was chosen because it exposes
cingulate, motor, and somatosensory cortical regions to the applied GLU antagonists. Prior
research has shown that these cortical regions send strong, topographically-organized
excitatory projections to the anterior striatum (e.g., e.g., McGeorge and Faull, 1989).
Further, the regions of the striatum targeted by these cortical projection axons have been
found to be vulnerable to mAMPH-induced DAT loss (Eisch et al, 1992). The cortical wells
were constructed using 0.65 ml capacity polypropylene microcentrifuge tubes (GeneMate,
ISC BioExpress, Kaysville, UT). Each cortical well had a diameter exceeding the maximum
diameter of the skull defect, and its height was approximately 1 cm above the skull. Without
disturbing the dura mater, the cortical well was fitted around the skull opening with dental
cement, filled with 200 µl of 0.9% saline, and capped. Also during surgery, a temperature
transponder (IPTT-300, BioMedicData Systems, Inc., Seaford, DE) was implanted
subcutaneously (s.c.) near the animal’s hindquarters. The rats were allowed to recover for 3–
4 days following surgery before the day of the mAMPH or saline administration day.

Epidural GLU antagonist and mAMPH-induced Fos
Drugs and injection procedures—The 0.9% saline solution was removed from each
well, and 200 µl of the AMPA receptor antagonist DNQX [1 mg/ml phosphate-buffered
saline (PBS)] or the NMDA receptor antagonist AP5 (5 mg/ml 0.9% saline) was epidurally
applied via the cortical well. The antagonist doses chosen were based on preliminary
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experiments in which Fos immunoreactivity was consistently reduced in cortical and striatal
target regions. Other rats received the vehicle (PBS or 0.9% saline) solutions in the cortical
wells. The rats were placed into large Plexiglas boxes with 5–7 animals per box.
Approximately 6.5 hrs following initial epidural antagonist application (a time
corresponding to when animals in the mAMPH neurotoxicity experiment received their
fourth mAMPH or saline injection) animals were given a single injection of mAMPH [(+)-
mAMPH hydrochloride; Sigma, St. Louis, MO)] (4 mg/kg free base, s.c; in saline) or saline
(1 ml/kg) and euthanized 90 min later.

Tissue preparation—Rats were anesthetized with sodium pentobarbital (5 ml/kg, i.p.)
and transcardially perfused. The perfused brains were processed for Fos
immunohistochemical analysis as previously described (Gross and Marshall, 2009). Forty
µm thick coronal sections were cut on a freezing microtome at three antero-posterior levels
(see ‘Fos quantification’ below).

Fos immunohistochemistry—Sections were initially rinsed in 0.1 M PBS, followed by
inhibition of endogenous peroxidase activity with 0.5% H2O2 in 70% methanol. Nonspecific
antibody binding was blocked using 5% dry milk in PBS containing 0.2% Triton X-100.
Sections were incubated with a rabbit anti-Fos polyclonal primary antibody [(Santa Cruz
Biotechnology, Inc.; sc-52; Santa Cruz, Ca.) (1:8500 dilution in 1% dry milk in PBS with
0.1% Triton X-100)] for 48 hr at 4 °C. Sections were incubated in a solution containing
biotinylated anti-rabbit IgG made in goat (1:200 dilution in 1% dry milk in PBS), and then
incubated in a solution containing an avidin-biotin-peroxidase complex (Vectastain Elite
ABC), and immunostaining was visualized by peroxidase reaction with a stabilized, metal-
enhanced diaminobenzidine (DAB) complex (10% solution; Pierce Chemical Co.; Rockford,
IL). The tissue was stored in Tris buffer until mounted onto gelatin-chrom-alum subbed
slides.

Fos quantification—Levels of Fos immunoreactivity were determined by counting Fos-
immunolabeled nuclei in the cerebral cortex and striatum at three antero-posterior levels
corresponding to bregma AP +3.0 (‘prelimbic level’), +1.0 (‘striatal level’), and −2.0 mm
(‘hippocampal level’). Because the three levels sampled correspond to cortical regions
anterior to, posterior to, and at the center of the skull defect, separate analyses of the
influences of GLU antagonists on Fos at these three levels was expected to provide
information concerning the diffusion of GLU antagonist influences both anterior and
posterior to the defect. The three levels sampled were: bregma AP +3.0 mm (1 mm anterior
to front edge of the epidural opening in skull), AP +1.0 mm (center of epidural opening),
and AP −2.0 mm (2 mm posterior to the back edge of epidural opening). Fos-positive nuclei
were visualized at 100 X magnification using an Olympus BX60 microscope and were
counted using computer-assisted image analysis employing a Roper Cool-Snap digital
camera and a grain counting module of an MCID image analysis system (Imaging Research;
Chalfont St. Giles, UK). Fos immunoreactivity levels were quantified using the “mean
proportional area” measure of this module, which represents the proportion of the sampling
area containing Fos-positive nuclei, as defined by density and size criteria. Here, values are
expressed as the mean proportional area X 100. Because the cortical well extended over both
hemispheres equally, effects on IEG expression were expected to be bilaterally equivalent;
correspondingly, Fos immunoreactivity in one hemisphere per section was used for analysis.

Epidural glutamate antagonist and mAMPH-induced DAT depletion
Drugs and injection procedures—Rats were moved to a procedure room where the
temperature was maintained between 23–24 °C. The 0.9% saline solution was removed from
each well, and 200 µl of DNQX (1 mg/ml PBS) or AP5 (5 mg/ml of saline), was added to
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the cortical well 30 minutes prior to the first of four mAMPH injections. Vehicle (200 µl)
for DNQX and AP5 was PBS and 0.9% saline, respectively. The rats were placed into large
Plexiglas boxes (16×16x16 in) with 5–7 animals per box.

Methamphetamine injections—Thirty minutes after adding the GLU receptor
antagonist (or vehicle), the animals received a systemic injection of mAMPH (4 mg/kg free
base, s.c; in saline) or saline (1 ml/kg). Rats were given injections of mAMPH or saline
solution at two hour intervals for a total of four injections. Each animal’s temperature was
measured hourly using a wireless hand-held scanner (Smartprobe, BioMedicData Systems,
Inc., 2010) during the mAMPH administration day.

DAT autoradiography—One week following the binge mAMPH administration, rats
were anesthetized with sodium pentobarbital (5 ml/kg, i.p.) and decapitated, and their brains
were removed and frozen at −20 °C for use in DAT autoradiography. Twenty µm-thick
coronal sections were cut with a cryostat at the level of the striatum and stored at −20 °C
until used. Tissue sections were taken at a level (AP +1.9 mm, relative to bregma)
corresponding to the most anterior plane of fusion of the corpus callosum across the midline,
and continuing posteriorly for 1 mm. At this AP level, the striatum has been found to be
highly vulnerable to mAMPH-induced depletions of DA and DAT (Eisch et al, 1992), and is
innervated by cortical neurons located in regions directly underneath the skull defect
(McGeorge & Faull, 1989) and therefore subject to influence by NMDA antagonists added
to the cortical wells.. Sections were incubated with 50 pM [125I]RTI-55 for autoradiographic
quantification of binding to DAT in the striatum. To block [125I]RTI-55 from binding to the
5-HT transporter, 100 nM fluoxetine was included in all incubation solutions.
Autoradiographic slides and 14C standard slides containing known amounts of radioactivity
were apposed to Hyperfilm (GE Healthcare) for 48 hrs before development. Quantification
of [125I]RTI-55 binding to DAT was performed using an MCID image analyzer. Image
densities were converted to binding levels (nCi/g) using a calibration curve based on images
of the standard slides packed with each film. To investigate the regional specificity of
mAMPH-induced striatal DAT depletions, DAT levels were determined by sampling whole
caudate-putamen (CPu), dorsal CPu [dorsolateral (DL), dorsocentral (DC), and dorsomedial
(DM)], ventral CPu [ventrolateral(VL), ventrocentral (VC), and ventromedial (VM)], and
nucleus accumbens core (NAcC) and shell (NAcSh) regions. Results from the two
hemispheres of each animal were combined for analysis. Neuroprotective influences of
epidural DNQX or AP5 were calculated for each striatal region by calculating the proportion
of the mAMPH-induced DAT loss that was prevented by DNQX or AP5 administration.

Statistics—Three-way ANOVAs were used to determine main effects of systemic
mAMPH treatment, epidural treatment, and brain region on DAT binding and Fos
expression as well as to examine interactions between these factors. Three-way ANOVAs
were also used to determine main effects of systemic mAMPH treatment, epidural treatment,
and time on body temperature as well as to examine interactions between these factors. The
between-subjects factors were systemic injection (mAMPH vs. saline) and epidural
treatment (e.g., DNQX, AP5, or vehicle). The within-subjects factors were brain region for
the DAT binding and Fos expression data, and time for the body temperature data. Where
the three-way ANOVAs permitted, one-way ANOVAs were performed on the DAT binding
and Fos expression data to test for group differences within the different cortical and striatal
regions, and on body temperature data to test for group differences at the four time points (1,
3, 5, and 7 hrs post first mAMPH injection). One-way ANOVAs were used to evaluate three
comparisons, (1) epidural vehicle / saline injection vs. epidural vehicle / mAMPH injection,
to test for effects of systemic mAMPH administration, (2) epidural vehicle / mAMPH
injection vs. epidural antagonist [e.g. DNQX (1 mg/ml) or AP5 (5 mg/ml)] / mAMPH
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injection to test for effects of epidural antagonist treatment on mAMPH-induced striatal
DAT depletion, Fos immunoreactivity and hyperthermia, and (3) epidural vehicle / saline
injection vs. epidural antagonist /saline-injection, to test for effects of antagonist alone. P
values less than .05 were considered statistically significant. Data are presented as mean ±
SEM and analyzed using SPSS 13.0 (Chicago, IL).

RESULTS
Epidural GLU antagonists and mAMPH-induced Fos

Effects of epidural DNQX application—A single systemic injection of mAMPH (4 mg/
kg) induced a substantial increase in cortical and striatal Fos immunoreactive nuclei.
Frontoparietal DNQX application significantly reduced this mAMPH-induced increase Fos
in cortical regions underneath and in close proximity to the skull defect through which
epidurally-applied substances diffused into cerebral cortex. Three-way ANOVA yielded a
significant main effects for systemic injection, F(1,16) = 803.01, p < .001, and epidural
treatment, F(1,16) = 47.49, p < .001, and significant interactions were found (region x
systemic injection, F(14,16) = 24.48, p < .001; region x epidural treatment, F(14,16) = 6.03, p
< .001, region x epidural treatment x systemic injection, F(14,16) = 6.17, p < .001; and
epidural treatment x systemic injection, F(1,16) = 51.67, p < .01).

One-way ANOVAs showed that Fos immunoreactivity was increased in all regions
examined of the PBS / mAMPH group compared to the PBS / saline group, p’s <.05.
Additionally, DNQX-induced antagonism of mAMPH-stimulated Fos was statistically
significant (p’s < .05) for cortical areas directly under the skull defect (‘striatal level’) and 1
mm in front of the anterior edge of defect (‘prelimbic level’), but not 2 mm behind its
posterior edge (‘hippocampal level’; Figures 2,3). These effects of mAMPH and DNQX on
Fos immunoreactivity were observed throughout cortical laminae (Fig. 4 C,D). At the
middle and anterior levels of analysis, DNQX effects were greater in magnitude for medial
than lateral cortical and striatal regions. For example, at the middle level, DNQX application
decreased Fos immunoreactivity by ~80% in secondary motor cortex, but only by ~15% in
somatosensory cortex, and ~40% in medial striatum compared to ~30% in lateral striatum.
In all regions, Fos expression in the cortex and striatum of the DNQX / saline and PBS /
saline groups did not differ (p’s>.05 in all cases).

Effects of epidural AP5 application—The frontoparietal application of AP5, like that
of DNQX, significantly reduced the mAMPH-induced Fos immunoreactivity in cortical
regions immediately anterior to and underneath the cortical well, and in most sampled
striatal regions (Figures 2, 3). Three-way ANOVA yielded significant main effects for
systemic injection, F(1,10) = 718.16, p < .001 and epidural treatment, F(1,10) = 48.82.01, p < .
001, and significant interactions were found (region x systemic injection, F(14,10) = 21.85, p
< .001; region x epidural treatment, F(14,10) = 5.22, p < .001, region x epidural treatment x
systemic injection, F(14,10) = 5.41, p < .001; and epidural treatment x systemic injection,
F(1,10) = 48.04, p < .001).

One-way ANOVAs showed that the effects of epidural AP5 application were similar to
those of DNQX application, with the greatest effects of the AP5 treatment occurring in
medial cortex and striatum. For example, at the middle level of analysis, Fos
immunoreactivity was decreased ~65% in secondary motor cortex, and ~30% in
somatosensory cortex; and ~35% in medial striatum compared to ~25% in lateral striatum.
No significant effects on Fos expression were observed in the cortex at the most posterior
level of analysis (Figure 3, bottom panels).
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An estimate of the cortical zone of diffusion of the GLU antagonists could be made based on
the finding that the effects of each antagonist was limited to an area extending 1–2 mm
beyond the borders of the skull defect, along both the anterior-posterior axis and lateral to
edge of this skull defect (Figure 4A).

Epidural GLU antagonists, mAMPH-induced DAT loss, and body temperature
Effects of epidural DNQX application
A. mAMPH effects on body temperature: Binge mAMPH treatment induced a significant
elevation in body temperature that was not significantly changed by epidural DNQX
treatment (Figure 5). Three-way ANOVA yielded a significant main effects for systemic
injection (mAMPH vs. saline), F(1,37) = 215.38 p < .001, and a significant interaction were
observed (time x systemic injection, F(3,37) = 5.85, p < .01). No main effect or interactions
involving epidural application were found. One-way ANOVAs at each time point (i.e. 1, 3,
5, 7 hrs post first mAMPH injection) demonstrated a significant increase in temperature at
all time points measured in the PBS / mAMPH group compared to PBS / saline group, p’s <.
05.

B. mAMPH effects on striatal DAT binding levels: The binge mAMPH administration
induced substantial depletions of striatal [125I]RTI-55 binding, which were greatest in the
ventral caudate-putamen, and the epidural application of DNQX partially protected against
this mAMPH-induced striatal DAT loss (Figure 6, top and middle panels). Three-way
ANOVA yielded a significant main effect for systemic injection, F(1,37) = 127.45, p < .001,
and significant interactions were found (region x systemic injection, F(8,37) = 101.14, p < .
001; region x epidural treatment x systemic injection, F(8,37) = 5.08, p < .001; epidural
treatment x systemic injection, F(8,37) = 8.93, p < .01 ).

One-way ANOVAs showed that DAT binding was decreased for all regions examined in the
PBS / mAMPH group compared to the PBS / saline group, p’s <.05. Comparisons between
the PBS / mAMPH group and DNQX / mAMPH group showed that epidural DNQX
treatment significantly attenuated mAMPH-induced DAT depletions in all dorsal and ventral
striatal subregions analyzed. The magnitude of this neuroprotective influence of DNQX
application varied from region to region, with greatest normalization to control values
occurring in the NAcSh (~60% neuroprotection) and NAcC (~50% neuroprotection)
subregions, followed by dorsal striatal subregions (DM and DC, ~40%; DL, ~30% ), and
ventral striatal subregions (VM, ~30%; VC and VL, ~20%) (Figure 7, top panel). Finally,
the DAT levels of the DNQX / saline group and PBS / saline group did not differ for any
region, p’s>.05.

Effects of epidural AP5 application
A. mAMPH effects on body temperature: Binge mAMPH treatment induced a significant
elevation in body temperature that was significantly changed by epidural AP5 treatment
(Figure 5, right panel). Three-way ANOVAs yielded significant main effects for systemic
injection, F(1,30) = 121.51, p < .001, and significant interactions were observed (time x
systemic injection, F(3,30) = 3.27, p <.05; time x epidural treatment x systemic injection,
F(3,30) = 3.89, p < .05). One-way ANOVAs at each time point (i.e. 1, 3, 5, 7 hrs post first
mAMPH injection) demonstrated that body temperatures of the saline / mAMPH group were
higher at all time points compared to saline / saline group, p’s <.05. Oneway ANOVAs also
showed that AP5 application did not significantly attenuate mAMPH-induced hyperthermia
at the 1, 3, and 7 hr. time points (p > .05), but did significantly reduce body temperature at
the 5 hr. time point (p < .01). Finally, at no time point was there a significant body
temperature difference between the AP5 / saline group and the saline / saline group, p’s>.05.
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B. mAMPH effects on striatal DAT binding levels: The binge mAMPH administration
induced substantial depletions of striatal DAT binding, and the epidural application of AP5
partially protected against this mAMPH-induced striatal DAT loss (Figures 6 and 7).
Significant main effects were found for epidural treatment, F(1,30) = 5.07, p < .05 and
systemic injection, F(1,30) = 76.25, p < .001, and significant interactions were observed
(epidural treatment x systemic injection, F(1,30) = 8.53, p < .01; region x epidural treatment x
systemic injection, F(8,30) = 3.38, p < .01; and region x systemic injection, F(8,30) = 52.73, p
< .001).

One-way ANOVAs revealed significant decreases in DAT levels in all regions examined in
the saline / mAMPH group compared to the saline / saline group, p’s <.05. Also, the
epidural AP5 application significantly attenuated mAMPH-induced DAT depletions in all
dorsal and ventral striatal subregions analyzed. The magnitude of this neuroprotective
influence of AP5 application varied from region to region, with greatest normalization to
control values occurring in the NAcSh (~100% neuroprotection) and NAcC (~70%
neuroprotection) subregions, followed by dorsal striatal subregions (DC, ~60%; DM and
DL, ~50%), and ventral striatal subregions (VM, ~40%; VC and VL, ~30%) (Figure 7,
bottom panel). Finally, the DAT levels of the AP5 / saline group did not differ from those of
the saline / saline group, p’s >.05 in all regions.

DISCUSSION
The present experiments point to the conclusions that epidural application of ionotropic
GLU receptor antagonists can block mAMPH-induced activation of corticostriatal
projections, and that this blockade reduces mAMPH-induced injury to striatal dopaminergic
nerve terminals. To determine the extent to which epidural application of GLU receptor
antagonists affected activation of specific cortical and striatal regions, immunohistochemical
analysis of the IEG product, Fos, was performed. Frontoparietal epidural application of
DNQX or AP5 attenuated the mAMPH-induced increases in Fos immunoreactivity in
cortical regions located under and near the skull defect, but not in more distant locations.
Additionally, epidural application of these drugs reduced mAMPH-induced Fos in dorsal
and ventral striatal subregions. These findings led to the prediction that a similar antagonism
of either class of ionotropic GLU receptor during an otherwise neurotoxic regimen of
mAMPH would attenuate the subsequent loss of striatal dopaminergic terminal markers.
This prediction was supported by a second set of experiments, showing frontoparietal
epidural application of DNQX or AP5 during a binge mAMPH regimen attenuated
mAMPH-induced DAT loss in a topographically-organized manner within both dorsal and
ventral striatal subregions.

Cortical GLU receptor involvement in mAMPH-induced activation of striatal neuron activity
These experiments show that a focal blockade of cortical ionotropic GLU receptors can
attenuate mAMPH-induced striatal IEG expression in both cortex and striatum. The skull
defect underneath the cortical well extended 2 mm laterally on each side of the midline.
Reflecting this medial positioning, epidural application of DNQX or AP5 attenuated
mAMPH-induced cortical Fos expression in a medial-to-lateral gradient, evidenced by
significant reductions in the anterior cingulate, prelimbic, and primary and secondary motor
cortices, and only nonsignificant reductions in the primary somatosensory cortex.

A medial-to-lateral gradient of GLU antagonist effects on Fos expression was also observed
in the striatum, where greater Fos reductions occurred in dorsomedial and ventromedial,
compared to dorsolateral and ventrolateral, CPu subregions. The striatum receives
topographically organized afferent fibers from the cerebral cortex, whereby medially-
positioned limbic and association cortical areas maintain functionally distinct projections
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into medial and ventral striatal regions referred to as association and limbic striatal
territories (Alexander and Crutcher, 1990; Graybiel, 1990; Parent and Hazrati, 1995).
Importantly, this regional pattern of interference with mAMPH-induced striatal Fos
expression consequent to cortical GLU receptor blockade is inconsistent with a direct drug
diffusion to striatum, since such a diffusional pattern would predict diminishing effects of
the epidural GLU antagonists at greater distances from the site of their application. Instead,
we observed greater effects of each GLU antagonist on levels of Fos expression in the
ventrolateral striatum compared to the dorsolateral striatum. Notably, these anteroventral
striatal subregions receive extensive inputs from medial cortical areas, including cingulate
and secondary motor cortex (McGeorge & Faull, 1989). Collectively, these observations
support the notion that epidural GLU receptor antagonists alter striatal function by reducing
activity in corticostriatal projections rather than by direct diffusion to striatum.

The present experiments confirm the importance of cortical GLU neurotransmission for
mAMPH-induced activation of corticostriatal projections. Although previous studies showed
that systemic injection of an AMPA or NMDA receptor antagonist decreased
psychostimulant-evoked IEG expression in the sensorimotor cortex and striatum (Dragunow
et al., 1991; Wang et al, 1994a,b; Konradi et al., 1996), this systemic blockade left
unresolved the locus of these effects. Extensive prior research supports the importance of
cortical activity in the control of striatal IEG expression. For instance, disinhibition of
cortical neurons by epidural application of picrotoxin induces striatal immediate-early gene
activation (Berretta et al., 1997, 1999; Trevitt et al., 2005). Also, transection of
corticostriatal projections reduces amphetamine-induced striatal c-fos expression (Cenci and
Bjorklund, 1993). Here, cortical blockade of either AMPA or NMDA receptors during
mAMPH administration had similar effects on cortical and striatal IEG expression,
presumably because both AMPA and NMDA receptors make significant contributions to
thalamo-cortical and cortico-cortical excitatory transmission (Salt et al., 1995; Armstrong-
James et al., 1993). Overall, our results are consistent with a model whereby mAMPH
administration induces increased GLU neurotransmission in the cerebral cortex which,
through both AMPA and NMDA cortical receptors, contributes to increased excitatory
transmission at corticostriatal synapses.

Cortical GLU receptor involvement in mAMPH-induced loss of striatal DAT
Previous studies regarding the role played by GLU receptor activation in mAMPH-induced
neurotoxicity have shown that systemic pretreatment with competitive and noncompetitive
NMDA receptor antagonists protect against mAMPH-induced striatal DA terminal damage
(Sonsalla et al., 1991; Weihmuller et al., 1992). The noncompetitive NMDA antagonist,
MK-801 has been found to protect against several other forms of brain injury, including
those resulting from cerebral ischemia/hypoxia (Globus et al., 1988) and hypoglycemia
(Westerberg et al., 1988). The findings that MK-801 and other NMDA antagonists are
protective in these excitotoxic models and also in mAMPH-induced DA terminal damage
suggests an excitotoxic component to mAMPH-induced damage.

The present experiments provide evidence that cortical NMDA and AMPA classes of
ionotropic GLU receptors contribute to mAMPH-induced striatal DAT depletion. As
previously discussed, all striatal subregions receive dense glutamatergic innervation from
cortical areas in a topographically organized manner. Here, epidural GLU antagonist
application attenuated mAMPH-induced striatal DAT depletion in a medial to lateral
gradient evidenced by greatest neuroprotection, relative to control values, in the
dorsomedial, dorsocentral, and ventromedial striatal subregions (including the NAcC and
NAcSh), which receive extensive cortical excitatory input from prelimbic, cingulate, and
secondary motor areas.
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In the present experiments, the magnitude of the mAMPH-induced DAT loss in CPu was
very extensive (65–70% DAT losses in the two experiments), and we also noted less
extensive but significant DAT depletions in the nucleus accumbens. This accumbens
damage is in contrast with several previous experiments that reported no significant
mAMPH-induced loss of DA terminal markers in nucleus accumbens, even under dosing
conditions that reduced DA, DAT or TH in CPu (Eisch et al, 1992; Belcher et al, 2005,
2008; Thomas et al, 2008). However, those studies also reported lower CPu DAT depletions
than those seen in the present experiments. Overall, the available evidence suggests that
relative to the CPu, the nucleus accumbens is spared from mAMPH-induced dopaminergic
damage, but that this sparing is not absolute . At high levels of mAMPH-induced injury,
damage to the nucleus accumbens, although less than that in the CPU, will become
significant. We also report, as has been previously described (Broening et al., 1997; Burrows
and Meschul, 1997), that the NAcC was more vulnerable to mAMPH-induced dopaminergic
damage than NAcSh. Thus, the rat striatum exhibits marked heterogeneity to the effects of
mAMPH, with the loss of DAT, DA, and TH in ventral CPu exceeding that seen for dorsal
CPu, and with the NAcSh exhibiting relative, but not absolute sparing.

The hyperthermia that occurs during mAMPH administration can be an important
contributing factor to the development of striatal DA terminal injury (Bowyer et al., 1994;
Ali et al., 1994), and systemic NMDA receptor antagonist administration during mAMPH
exposure blunts this hyperthermia (Albers and Sonsalla, 1995). In the present experiment,
epidural DNQX provided neuroprotection against mAMPH-induced striatal DAT depletions
while having no effect on mAMPH-induced hyperthermia. Epidural application of AP5 also
protected against mAMPH-induced striatal DAT depletion while affecting mAMPH-induced
hyperthermia at one of the four time points measured. This finding raises the question of
how cortical NMDA receptors could contribute to body temperature, as measured
subcutaneously. The Fos data shown in Figure 3 show that epidural AP5 had significant
effects on the function of medial prefrontal cortex (mPFC). The mPFC is considered to be
an autonomic motor area because of its dense innervations to hypothalamic nuclei that both
receive temperature information (Shibata et al, 1988) and play a role in controlling
cardiovascular responses (Chiba et al., 2001; Bennett, 2011). Prefrontal cortical stimulation
can affect core and extremity body temperatures (see Van Eden and Buijs, 2000), and
decortication or damage to frontal pole has been found to alter thermoregulatory responses
of rodents in some studies (Blass, 1969; Monda et al, 1994) but not others (Osaka, 2003).

Separate from the potential contribution of PFC glutamatergic transmission to body
temperature, the similarities between epidural DNQX and AP5 in the pattern and magnitude
of the protection against mAMPH-induced DAT loss strongly suggest that the transitory
effect of AP5 on body temperature does not explain the neuroprotective effects of the
NMDA antagonist. Instead, the effects that these two ionotropic GLU receptor antagonists
had in common, including their significant reduction of mAMPH-induced cortical and
striatal Fos expression, point to the interpretation that their interference with corticofugal
circuitry, and particularly corticostriatal GLU transmission, is the critical factor in their
ability to blunt mAMPH-induced striatal DAT loss.

Summary and Conclusions
Epidural application of either the AMPA receptor antagonist, DNQX, or the NMDA
receptor antagonist, AP5, attenuated the mAMPH-induced increases in Fos protein
expression in cortical regions located under the ‘cortical well’ as well as in dorsal and
ventral striatal subregions. The administration of a binge mAMPH regimen resulted in
significant striatal dopaminergic terminal loss, as measured by DAT depletion, and this
neurotoxicity was attenuated by frontoparietal epidural application of either GLU receptor
antagonist. Each of these influences of epidural GLU receptor antagonism occurred
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heterogeneously through striatal subregions, in keeping with the topography of the
projections from medial frontal cortical areas whose activity was most affected by the GLU
antagonist applications.

Highlights

Blockade of NMDA and AMPA receptors in frontal cortex blunts the cortical and striatal
responses to systemic methamphetamine.

Application of glutamate receptor antagonists reduces methamphetamine-evoked c-fos
induction in cortex and striatum.

Application of these antagonists attenuates methamphetamine-induced neurotoxicity of
the striatal dopaminergic innervation.

Striatal regions most affected by cortical glutamate antagonism receive inputs from the
most heavily affected cortical areas.

Corticostriatal neurotransmission plays an important role in methamphetamine’s
activating and neurotoxic influences.

Abbreviations

AMPA Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

AP5 (DL)-amino-5-phosphonovaleric acid

CG Cingulate cortex

CPu Caudate putamen

DL Dorsolateral

DC Dorsocentral

DM Dorsomedial

VL Ventrolateral

VC Ventrocentral

VM Ventromedial

DA Dopamine

DAB Diaminobenzidine

DAT Dopamine transporter

DNQX Dinitroquinoxaline-2,3-dione

GLU Glutamate

IEG Immediate early gene

mAMPH Methamphetamine

Mtx1 Primary motor cortex

Mtx2 Secondary motor cortex

NAcC Nucleus accumbens core

NAcSh Nucleus accumbens core
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NMDA N-methyl-D-aspartic acid

PBS Phosphate buffer saline

PrL Prelimbic cortex

s.c Subcutaneously

SSX Somatosensory cortex
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Figure 1.
Schematic diagrams depicting anterior-posterior and medial-lateral extent of cortical well
position. Bone diagram (left) illustrating cortical well placement (circular dotted line). A 2
mm by 4 mm bone flap (black rectangle), extending anterior +2.0 mm and lateral +/− 2.0
mm (right), relative to bregma was removed to expose underlying dura mater. Glutamate
antagonists applied in cortical well diffused through skull defect and across dura mater.
Schematics derived from Paxinos & Watson (2003).
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Figure 2.
Representative photomicrographs depicting Fos-positive immunoreactive nuclei in SAL/
mAMPH (left panel), DNQX/mAMPH (middle panel) and AP5/mAMPH (right panel) at
three anterior-posterior levels. At the anterior “prelimbic” level, representative cortical
regions include cingulate (Cg) and somatosensory (Ssx) cortex. At the middle “striatal”
level, representative regions include secondary (Mtx2) motor cortex, and dorsomedial (DM)
striatum. At the posterior “hippocampal” level, a representative cortical region is represented
by motor cortex (Mtx). Scale bar = 200 µm.
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Figure 3.
Levels of cortical and striatal Fos immunoreactivity at three antero-posterior levels after
epidural application of vehicle, DNQX (top), or AP5 (bottom), with systemic saline (SAL)
or mAMPH injection. At the anterior “prelimbic” level, sampled cortical regions include
prelimbic (PrL), cingulate (Cg), motor (Mtx), and somatosensory (Ssx) cortex, represented
in schematic insert as 1, 2, 3, 4. At the middle “striatal” level, sampled cortical regions
include cingulate, secondary motor (Mtx2), primary motor (Mtx1) and somatosensory
cortex, and identified as 1, 2, 3, 4. Striatal subregions sampled in dorsal [dorsomedial (DM),
dorsolateral (DL)], and ventral [ventromedial (VM), ventrolateral (VL)] striatum, identified
as 5, 6, 7, 8. At the posterior “hippocampal” level, sampled cortical regions include
cingulate, motor and somatosensory cortex, identified as 1, 2, 3. Statistically significant
differences between the vehicle/SAL and vehicle/mAMPH groups are denoted as: ^ p < .05,
^^ p < .01, ^^^ p < .001. Significant differences between the vehicle/mAMPH and GLU

Gross et al. Page 18

Neuroscience. Author manuscript; available in PMC 2012 December 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antagonist/mAMPH groups are represented as * p < .05, ** p < .01, *** p < .001, and trends
(t) noted when p < 0.1.
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Figure 4.
Photomicrographs and schematic representations illustrating extent of functional influence
of epidurally applied glutamate receptor antagonists. (A) Schematic representation of
cortical zone of functional influence of both DNQX and AP5 at concentrations employed in
present experiments. Using a dorsal view of the rat cerebral cortex, the area of skull defect is
depicted as dashed rectangle, and the zone of cortical influence of the glutamate antagonists
is depicted as gray zone that included skull defect and cortex 1.5 mm beyond the border of
the defect. Area of cortical influence is derived from analysis of significant Fos effects with
respect to Paxinos and Watson (1993) coordinates. (B) Schematic illustration of size and
positioning of photomicrographs shown in Panels C and D. (C,D) Photomicrographs of Fos
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immunoreactivity in frontoparietal cortex of representative rats with epidural application of
PBS (C) or DNQX (D; 1 mg/ml).
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Figure 5.
Mean (±SEM) body temperature of animals receiving epidural vehicle, DNQX (left panel),
or AP5 (right panel) with systemic injections of vehicle or mAMPH. Statistically significant
differences between the vehicle/SAL and vehicle/mAMPH groups are represented as * p < .
05, ** p < .01, *** p < .001, and significant differences between the vehicle/mAMPH and
glutamate antagonist/mAMPH groups are represented as: ^^ p < .01.
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Figure 6.
Representative striatal DAT autoradiograph images at the level of the anterior striatum. The
[125I]RTI-55 autoradiographs depict DAT binding levels (nCi/g) in rats that received
frontoparietal epidural application of vehicle (top), DNQX (middle), AP5 (bottom),
followed by four systemic injections of either saline (1 ml/kg) or mAMPH (4 mg/kg).
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Figure 7.
Mean (±SEM) striatal DAT binding density (nCi/g) of animals receiving epidural
application of vehicle, DNQX (top), or AP5 (bottom) with systemic injections of vehicle or
mAMPH. The schematic insert illustrates striatal dorsal and ventral subregions where DAT
levels were quantified. Statistically significant differences between the vehicle/SAL and
vehicle/mAMPH groups are represented as * p < .05, ** p < .01, *** p < .001, and
significant differences between the vehicle/mAMPH and glutamate antagonist/mAMPH
groups are represented as: ^ p < .05, ^^ p < .01, ^^^ p < .001.
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