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Abstract

Amphetamines induce stereotypy, which correlates with patch-enhanced c-Fos expression the patch
compartment of caudate putamen (CPu). Methamphetamine (METH) treatment also induces patch-
enhanced expression of prodynorphin (PD), arc and zif/268 in the CPu. Whether patch-enhanced
activation of any of these genes correlates with METH-induced stereotypy is unknown, and the
factors that contribute to this pattern of expression are poorly understood. Activation of mu opioid
receptors, which are expressed by the neurons of the patch compartment, may underlie METH-
induced patch-enhanced gene expression and stereotypy. The current study examined whether striatal
mu opioid receptor blockade altered METH-induced stereotypy and patch-enhanced gene expression,
and if there was a correlation between the two responses. Animals were intrastriatally infused with
the mu antagonist CTAP (10 pg/ul), treated with METH (7.5 mg/Kkg, s.c.), placed in activity chambers
for 3h, and then sacrificed. CTAP pretreatment attenuated METH-induced increases in PD, arc and
zif/268 mRNA expression and significantly reduced METH-induced stereotypy. Patch-enhanced PD
and arc mRNA expression in the dorsolateral CPu correlated negatively with METH-induced
stereotypy. These data indicate that mu opioid receptor activation contributes to METH-induced gene
expression in the CPu and stereotypy, and that patch-enhanced PD and arc expression may be a
homeostatic response to METH treatment.
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1. Introduction

Acute, as well as repeated treatment with psychostimulants, particularly the amphetamines
(such as methamphetamine; METH) can induce stereotypy in humans and experimental
animals. Stereotypy is defined as the development of abnormally repetitive motor actions that
coincides with an inability to initiate normal adaptive responses (Canales and Graybiel,
2000; Graybiel and Canales, 2000; Graybiel et al., 2000; Graybiel and Rauch, 2000). In
humans, these repetitive behaviors may be accompanied by repetitive patterns of attention,
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emotion and planning, similar to what is seen in those who suffer from Tourette syndrome or
obsessive-compulsive disorder (Canales and Graybiel, 2000; Graybiel and Canales, 2000;
Graybiel et al., 2000; Graybiel and Rauch, 2000). The relative activity of the patch (striosome)
and matrix compartments of the rostral CPu may be related to the expression of
psychostimulant-induced stereotypy. Enhanced expression of the immediate early gene (IEG)
c-Fos in the patch compartment, relative to the surrounding matrix compartment in the
dorsolateral aspects of rostral CPu has been shown to significantly correlate with the degree
of stereotypy induced by amphetamine (AMPH; (Canales and Graybiel, 2000). The patch
compartment possesses circuitry that tends to be limbic in nature, whereas the matrix
compartment possesses circuitry that is thought to be predominantly non-limbic (Bolam et al.,
1988; Gerfen, 1984, 1989; Ragsdale and Graybiel, 1988). Thus, it is thought that the enhanced
activity of the limbic-associated circuits in the patch compartment relative to the non-limbic
circuits of the matrix may underlie the expression of inflexible, internally-driven behaviors,
such as stereotypy (Graybiel and Canales, 2000; Graybiel et al., 2000).

Treatment with high doses of AMPH or METH initially induces a patch-enhanced expression
of the IEGs arc and zif/268 that becomes more diffuse over time, while dynorphin expression
remains “patchy” for several hours after treatment (Adams et al., 2003; Fosnaugh et al.,
1995; Gonzalez-Nicolini and McGinty, 2002; Horner and Keefe, 2006; Moratalla et al.,
1992; Tan et al., 2000; Wang and McGinty, 1995; Wang et al., 1995). zif/268 codes for
transcription factors that act on downstream target genes, whereas arc mRNA is trafficked to
activated synapses (Cole et al., 1995; Lyford et al., 1995; Mildbrandt, 1987; Steward et al.,
1998; Steward and Worley, 2001). Dynorphin content in the rostral CPu is increased during
spontaneous stereotypic behavior (Presti and Lewis, 2005) and AMPH-induced IEG expression
during stereotyped behavior occurs in dynorphin-positive neurons (Moratalla et al., 1992).
Thus, activation of arc and zif/268 may be a first step in a chain of transcriptional events that
influences long-term plasticity in neurons and along with dynorphin, could ultimately
determine the acute behavioral response to treatment with amphetamines. However, it is not
clear whether a relationship exists between patch-enhanced gene expression and METH-
induced stereotypic behavior. Furthermore, the mechanisms that underlie METH-induced
enhancement of gene expression in the patch compartment and stereotypy are poorly
understood.

Activation of mu opioid receptors in the CPu may be necessary for the changes in gene
expression in the patch compartment induced by amphetamines, as mu opioid receptors are
expressed by the neurons of the patch compartment (Herkenham and Pert, 1981; Pert et al.,
1976; Tempel and Zukin, 1987). Systemic treatment with the mu opioid receptor antagonist
cloccinamox attenuated METH-induced increases in preprodynorphin mRNA expression in
the rostral aspects of the patch compartment and intrastriatal infusion of a mu opioid receptor
antagonist reduced AMPH-induced increases in neuropeptide expression in the CPu as a whole
(Gonzalez-Nicolini et al., 2003; Horner and Keefe, 2006). While mu opioid receptor activation
is typically associated with inhibition of neuronal activity, recent data indicates that mu opioid
receptor activation can also lead to an enhancement of neuronal activity (Brami-Cherrier et al.,
2005; Chavkin, 1988; Shoda et al., 2001). For example, mu opioid receptor activation can lead
to an increase in mitogen activated protein kinase (MAPK) activity, which has been shown to
contribute to AMPH-induced neuropeptide and mu agonist-induced IEG expression in the CPu
(Shi and McGinty, 2006; Shoda et al., 2001; Zidtkowska et al., 2005). Thus, it is possible that
mu opioid receptor activation has the ability drive gene expression within the CPu. However,
itis not known whether activation of striatal mu opioid receptors contributes to METH-induced
increases in arc and zif/268 expression in the patch compartment.

Activation of mu opioid receptors in the CPu may also contribute to the stereotypic behavior
induced by amphetamines. Woo and co-workers (Woo et al., 1985) found that a low dose of
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AMPH that did not induce stereotypy when given alone, was able to induce marked stereotypic
behavior when a mu opioid receptor agonist was infused directly into the rostral CPu prior to
AMPH treatment. However, it is currently unknown whether activation of mu opioid receptors
in the CPu contributes to METH-induced stereotypy.

The purpose of the present study was to test the hypothesis that striatal mu opioid receptor
activation contributes to METH-induced stereotypy and increases in prodynorphin (PD) and
IEG mRNA expression in the patch compartment by infusing the mu-specific antagonist CTAP
(H-p-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NHo; (Kramer et al., 1988) directly into the CPu
prior to METH treatment. We then examined METH-induced stereotypy and increases in PD,
arc and zif/268 mRNA in the patch and matrix compartments of the CPu using in situ
hybridization and immunohistochemistry. Finally, we determined whether the degree of patch-
enhanced expression of PD, arc or zif/268 correlated significantly with the severity of METH-
induced stereotypy and whether mu opioid receptor activation contributed to this potential
relationship.

2. Materials and methods

2.1. Animals and Surgery

Male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN, USA), weighing 250-350g
were used in all experiments. Rats were housed in groups of four in plastic cages in a
temperature-controlled room. Rats were on a 14:10 h light/dark cycle and had free access to
food and water. All animal care and experimental manipulations were approved by the
Institutional Animal Care and Use Committee of Mercer University School of Medicine and
were in accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The minimum possible number of animals (based on power analyses)
was used for our experiments and steps were taken to minimize any suffering that might occur
during our procedures.

Five to seven days prior to the experiment, rats were anesthetized with ketamine (90 mg/kg,
i.p.) and xylazine (9 mg/kg, i.p.) and stainless steel 26-gauge guide cannulae 3.5 mm in length
(Plastics One, Roanoke, VA, USA) were implanted bilaterally, based on the coordinates of
Paxinos and Watson (Paxinos and Watson, 2005) in the rostral striatum (+2.16 to +1.68 mm
from bregma, approximately 2.6 mm lateral to midline and 3.5 mm below the surface of the
skull (Fig. 1). The guide cannulae were kept patent with 31-gauge obturators that were the
same length as the guides. In order to minimize acute tissue damage and spurious IEG
expression during the experiment, the day before the experiment the original dummy cannulae
were removed and replaced with dummy cannulae that extended 2.0 mm beyond the guide
cannulae (Adams et al., 2000; Keefe and Gerfen, 1995). The day of the experiment, the dummy
cannulae were removed and 31-gauge stainless steel injection cannulae that extended 1.5 mm
beyond the guide were inserted into the guide cannulae. A 1-ul volume of buffered aCSF (144
mM NacCl; 2.68 mM KCI; 1.6 mM CaCly; 2.6 mM MgCly; 0.4 mM KH,POy, pH, 7.2) or the
mu opioid receptor antagonist CTAP (10 pg/ul, a dose determined by pilot studies in our
laboratory; (Kramer et al., 1988) was administered bilaterally at a rate of 0.1 pl/min to the
freely moving animal. After each infusion, the injection cannulae were left in place for 5 min
in order to minimize fluid back flow through the cannulae. Only animals whose cannulae were
in the rostral striatum were included in subsequent analyses.

2.2. Experimental Design and Behavior

Twenty-four hours prior to the experiment, animals were habituated to plexiglass activity
chambers (46 x 46 x 12 cm, on top of a 4 x 4 grid; (Frankel et al., 2007) by placing them in
the chambers for 60 min, giving them sham injections and returning them to the chambers for
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3h. The next day, animals were placed in the chambers for 60 min, after which time they were
bilaterally infused with either aCSF or 10 pg/pl CTAP. The animals were then injected with
METH (7.5 mg/kg, s.c.) or saline and returned to the activity chambers for 3h, during which
time the behavior was digitally recorded for post-hoc analyses. During the post-hoc analyses,
each animal was observed for 1 min every 5 min for the entire 3h period after the injection of
METH or saline by an observer blind to the experimental conditions. Stereotypy was rated on
a scale of 1-10, with 10 representing the highest degree of the response (Canales and Graybiel,
2000; Creese and lverson, 1973). Stereotypy scores were generated by averaging the scores
from four behavioral dimensions: repetitiveness/flexibility (the number of alternative motor
responses emitted), frequency (the number of responses per unit time), duration (the percentage
of time spent performing the most dominant response(s)) and the spatial distribution of the
motor response (Canales and Graybiel, 2000).

2.3. In Situ Hybridization Histochemistry

Three hours after treatment with METH or saline, rats were sacrificed by exposure to CO, for
1 min followed by decapitation. The brains were rapidly harvested and quick-frozen in
isopentane on dry ice. Brains were stored at -80°C until they were cut into 12-um sections on
acryostat (Minotome Plus, Triangle Biomedical Sciences, Durham, N.C., USA). Sections were
thaw-mounted onto Superfrost slides (VWR, Westchester, PA, USA) and stored at -20°C.
Slides from all animals were then post-fixed in 4% paraformaldehyde/0.9% NaCl, acetylated
in fresh 0.25% acetic anhydride in 0.1 M triethanolamine/0.9% NaCl (pH 8.0), dehydrated in
alcohol, delipidated in chloroform and gradually re-hydrated in a descending series of alcohol
concentrations. Slides were air-dried and stored at -20°C.

For the detection of PD mRNA, an oligonucleotide probe (GeneDetect, Bradenton, FL, USA)
that was complementary to bases 762-809 of the PD mRNA (Civelli et al., 1985) was end-
labeled with [3°S]-dATP (Perkin EImer NEN, Wellesley, MA, USA), as previously described
(Adams et al., 2003; Horner et al., 2005; Horner and Keefe, 2006; Horner et al., 2009). Briefly,
the probe was diluted in hybridization buffer (0.6 M sodium chloride, 80 mM Tris, 4 mM
EDTA, 0.1% wi/v sodium pyrophosphate, 10% w/v dextran, 0.2% wi/v lauryl sulfate, 0.5 mg/
ml heparin, 50% formamide) and 90 pl of the probe in hybridization buffer was applied to each
slide and covered with glass coverslips. Slides were hybridized overnight in humid chambers
at 37°C. The slides were then washed four times in 1x saline-sodium citrate (SSC; 0.15 M
NaCl, 0.015 M sodium citrate, pH 7.2) at room temperature and then three times in 2x SSC
with 50% (v/v) formamide at 42°C. Slides were washed twice in 1x SSC at room temperature,
rinsed briefly in deionized H,O and air-dried.

Full-length ribonucleotide probes were used for the detection of zif/268 (Mildbrandt, 1987)
and arc mRNA (Lyford et al., 1995), as previously described (Adams et al., 2001; Horner and
Keefe, 2006). The probe was synthesized from the cDNA using [3°S]-UTP (Perkin Elmer,
NEN, Wellesley, MA, USA) and the appropriate RNA polymerase. The probe was mixed with
nuclease-free water and (final concentrations) salmon sperm DNA (200 pg/pl), yeast total RNA
(250 pg/ul) and tRNA (250 ug/ul). The solutions were then denatured at 65°C for 5 min and
cooled on ice for 1 min. The following compounds were added to the solution (final
concentrations): dithiothreitol (100 mM), sodium dodecy! sulfate (0.2% w/v), sodium
thiosulfate (0.11% wi/v) and hybridization buffer (23.8 mM Tris, pH 7.4; 1.2 mM EDTA, pH
8.0; 357 mM sodium chloride; dextran, 11.9% w/v; 1.2 x Denhardt's solution; 59.5% wi/v
formamide) to the appropriate dilution. Hybridization buffer containing probe (2 x 108 cpm/
100 pl buffer) was added to the slides as described above, and incubated overnight in humid
chambers at 55°C. The slides were then washed four times in 1 x SSC at room temperature,
then in buffer (0.5 M sodium chloride, 5 mM Tris and 250 uM EDTA) containing RNAse A
(5 ng/ml; Roche Biomedical Laboratories, Burlington, NC, USA). RNAse A treatment was
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followed by four washes in 0.2x SSC at 60°C. The slides were then dipped in deionized H,0
and air-dried.

All labeled slides were apposed to X-ray film (Kodak Biomax MR film, Kodak Company,
Rochester, NY, USA) for approximately 30 days.

2.4. Mu Opioid Receptor Immunohistochemistry

Immunohistochemistry for mu opioid receptors was performed as previously described
(Adams et al., 2003; Horner et al., 2005; Horner and Keefe, 2006; Horner et al., 2009), using
serial, 12-um sections through the CPu that were adjacent to those used for in situ hybridization.
Sections were post-fixed in 4% paraformaldehyde/0.9% NaCl and then rinsed three times in
0.1 M phosphate-buffered saline (PBS). Slides were then blocked with 10% bovine serum
albumin (BSA)/0.3% Triton X-100 (TX)/0.1 M PBS for 2 h followed by overnight incubation
at 4°C with a polyclonal antibody for the mu opioid receptor (Immunostar, Hudson, W1, USA),
diluted in 1:1000 in 0.3% TX/0.1M PBS/5% BSA. The slides were then washed several times
in PBS and incubated for 2 h at room temperature in biotinylated goat anti-rabbit 1IgG antiserum
(Vector Laboratories, Burlingame, CA, USA) diluted 1:200in 0.1M PBS/5% BSA. Slides were
then washed three times in PBS, incubated 1 h in ABC solution (Elite ABC Kit, Vector
Laboratories) and washed three more times in PBS. Bound antibody was detected using a 3’,
3-diaminobenzidine/Ni* solution (Vector Laboratories). Slides were washed with deionized
H-0, dehydrated in a series of alcohols and coverslipped out of xylene.

2.5. Film Analysis

Film autoradiograms were analyzed using the image analysis program ImageJ (National
Institutes of Health; http://rsb.info.nih.gov/ij), as previously described (Adams et al., 2003;
Horner et al., 2005; Horner and Keefe, 2006; Horner et al., 2009). Basic densitometric analysis
yielded average density (gray) values over regions of interest. Before the measurement of
sections, the linearity of the video camera to increasing signal intensity was determined using
the average gray values of signals of known optical density from a photographic step tablet
(Eastman Kodak Company, Rochester, NY, USA). The intensity of the light was adjusted such
that the values measured from the film autoradiograms of brain sections fell within the linear
portion of the system's response.

The images of sections from all groups within an experiment that were processed and
hybridized in parallel were captured and measured under constant lighting and camera
conditions. Images from 5 to 8 animals in each treatment group were analyzed for each mMRNA
and one section per animal was analyzed for each region of interest examined. Measurements
were made according to the coordinates of Paxinos and Watson (Paxinos and Watson, 2005)
in the left hemisphere of the rostral CPu (+2.16 to +1.68 mm anterior to bregma). The average
gray value of the white matter overlying the structure being measured was subtracted from the
average gray value of the region of interest to correct for background labeling.

In order to distinguish the patch and matrix compartments of the CPu, sections adjacent to
those used for in situ hybridization for PD, arc or zif/268 mRNA were processed for mu opioid
receptor immunohistochemistry. Measurements were made in the patch and matrix of the
rostral CPu, as previously described (Adams etal., 2003; Horner etal., 2005; Horner and Keefe,
2006; Horner et al., 2009), and encompassed four sub-regions (Adams etal., 2001): dorsolateral
(DL), dorsomedial (DM), ventrolateral (VL) and ventromedial (VM) CPu (Fig. 1A).
Immunohistochemically labeled sections were captured at the same magnification as the in
situ hybridization-labeled sections. Patches of mu opioid receptor immunoreactivity were
outlined using the ImageJ software and superimposed over corresponding areas on the in
situ hybridization-labeled CPu sections and analyzed as described above. Areas where mu
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opioid receptor immunoreactivity was absent were analyzed as a measure of mMRNA expression
in the matrix compartment of CPu. A ratio of patch-to-matrix mRNA expression (Canales and
Graybiel, 2000; Horner et al., 2009) was calculated for each mRNA in each of the four sub-
regions of the rostral CPu and was accomplished by dividing the average gray value of the
patch by the average gray value of the matrix, for each animal in the study.

2.6. Statistical Analysis

2.7. Drugs

3. Results

The effects of mu opioid receptor blockade on PD, arc and zif/268 mRNA expression in the
rostral CPu induced by METH was analyzed using a two-way (pre-treatment x acute treatment)
analysis of variance. A separate analysis was performed for each compartment in each of the
four sub-regions of the rostral CPu. Behavioral rating data was represented as the area under
the curve (AUC) and was also analyzed using a two-way (pre-treatment x acute treatment)
analysis of variance. Post-hoc analysis of significant effects was accomplished using individual
Bonferroni (Dunn) t-tests. The alpha level for all analyses was set at 0.05. In the case of a
significant overall main effect of treatment, the alpha level was not corrected, as only one
comparison was made in the post-hoc analysis (saline vs. METH). For the post-hoc analysis
of significant interaction terms, four comparisons were made (vehicle/saline vs. vehicle/
METH,; vehicle/saline vs. CTAP/saline; vehicle/METH vs. CTAP/METH; CTAP/saline vs.
CTAP/METH), thus requiring a P-value=0.0125 (0.05/4) for statistical significance.
Correlations between the ratio of patch-to-matrix gene expression in each of the four sub-
regions of the rostral CPu for each mMRNA and the cumulative stereotypy score for the entire
3h observation period, were calculated according to the Spearman method, with statistical
significance set at P<0.05.

(£)METH hydrochloride was a generous gift from the National Institute on Drug Abuse
(Bethesda, MD, USA). Ketamine hydrochloride and xylazine hydrochloride were obtained
from Sigma Aldrich (St. Louis, MO, USA). METH, ketamine and xylazine doses were
calculated as the free base and dissolved in normal saline. All drugs were given in a volume
of 1 ml/kg. CTAP was obtained from Sigma Aldrich (St. Louis, MO, USA) and dissolved in
aCSF.

3.1. Effects of striatal mu opioid receptor blockade on METH-induced PD mRNA expression

in the CPu

In CPu of vehicle-pretreated animals, METH-induced increases in PD mRNA were somewhat
“patchy” in appearance, while in CTAP-pretreated animals, the effects of METH on PD mRNA
expression were reduced (Fig. 2A and B). Two-way analysis of variance of the effects of striatal
mu opioid receptor blockade on METH-induced PD mRNA expression revealed significant
effects of pretreatment and treatment as well as significant pretreatment x treatment
interactions in both the patch and matrix compartments of DL, DM and VM CPu, but not the
VL CPu (Fig. 2C-F). Post-hoc analysis revealed that METH significantly increased PD mRNA
expression in the patch compartment of DL (t=4.66, P=0.0007), DM (t=3.83, P=0.003) and
VM (t=4.60, P=0.0008) CPu, as well as the matrix compartment of DL (t=4.29, P=0.001), DM
(t=4.17, P=0.002) and VM (t=3.97, P=0.002) CPu. METH did not significantly increase PD
mRNA expression in CTAP-pretreated animals in the patch compartment of DL (t=1.74,
P=0.12), DM (t=0.33, P=0.75) and VM (t=0.29, P=0.78) CPu, or in the matrix compartment
of DL (t=1.56, P=0.16), DM (t=0.65, P=0.54) and VM (t=0.42, P=0.67) CPu. Unexpectedly,
in the VL CPu, CTAP pretreatment resulted in a decrease in PD mRNA expression that was
below that observed for vehicle-pretreated control animals. Two-way analysis of variance
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revealed a significant effect of pretreatment and a significant pretreatment x treatment
interaction, but not a significant main effect of treatment in this region.

3.2. Effects of striatal mu opioid receptor blockade on METH-induced arc mRNA expression

in the CPu

Overall, METH-induced increases in arc mRNA expression in the CPu appeared to be
homogeneous in vehicle-pretreated animals and CTAP pretreatment reduced METH-induced
arc mRNA expression (Fig. 3A and 3B). Two-way analysis of variance of the effects of striatal
mu opioid receptor blockade on METH-induced arc mRNA expression revealed significant
effects of pretreatment and treatment as well as significant pretreatment x treatment
interactions in both the patch and matrix compartments of DL, DM, VM and VL CPu (Fig.
3C-F). Post-hoc analysis revealed that METH significantly increased arc mRNA expression
in the patch compartment of DL (t=8.52, P<0.0001), DM (t=5.60, P=0.0003), VM (t=5.47,
P=0.0004) and VL (t=6.91, P<0.0001) CPu, as well as the matrix compartment of DL (t=9.54,
P<0.0001), DM (t=5.60, P=0.0003), VM (t=6.74, P<0.0001) and VL (t=7.43, P<0.0001) CPu.
METH treatment did not significantly increase arc mMRNA expression in CTAP-pretreated
animals in the patch compartment of DL (t=0.46, P=0.66), DM (t=0.62, P=0.56), VM (t=2.186,
P=0.06) and VL (t=0.58, P=0.57) CPu, or in the matrix compartment of DL (t=1.01, P=0.330),
DM (t=0.83, P=0.43) VM (t=2.9, P=0.02) and VL (t=0.36, P=0.73) CPu.

3.3. Effects of striatal mu opioid receptor blockade on METH-induced zif/268 mRNA
expression in the CPu

In CPu of vehicle-pretreated animals, METH-induced increases in zif/268 mMRNA were diffuse
in appearance, while in CTAP-pretreated animals, the effects of METH on zif/268 mRNA
expression were reduced (Fig. 4A and 4B). Two-way analysis of variance of the effects of
striatal mu opioid receptor blockade on METH-induced zif/268 mRNA expression revealed
significant effects of pretreatment and treatment as well as significant pretreatment x treatment
interactions in both the patch and matrix compartments of DL, DM and VM CPu (Fig. 4C-F).
Post-hoc analysis revealed that METH significantly increased zif/268 mMRNA expression in the
patch compartment of DL (t=4.012, P=0.002), DM (t=4.80, P=0.0006) and VM (t=4.05,
P=0.002) CPu, as well as the matrix compartment of DL (t=4.83, P=0.0005), DM (t=4.58,
P=0.0008) and VM (t=3.70, P=0.003) CPu. METH did not significantly increase zif/268
MRNA expression in CTAP-pretreated animals in the patch compartment of DL (t=0.113,
P=0.91), DM (t=0.113, P=0.91) and VM (t=1.709, P=0.133) CPu, and in the matrix
compartment of DL (t=0.50, P=0.63), DM (t=0.37, P=0.72) and VM (t=0.65, P=0.53) CPu.
Similar to what was observed for PD mRNA expression, in the VL CPu, CTAP pretreatment
resulted in a decrease in zif/268 mRNA expression that was below that observed for vehicle-
pretreated control animals. Two-way analysis of variance revealed a significant effect of
pretreatment and a significant pretreatment x treatment interaction, but not a significant main
effect of treatment in this region.

3.4. Effects of striatal mu opioid receptor blockade on METH-induced stereotypy

Acute METH treatment resulted in an initial increase in activity during the first 30-45 min after
treatment, which was followed by a high degree of stereotypic behavior, an effect that was
reduced by pretreatment with CTAP (Fig. 5A). Two-way analysis of variance of the stereotypy
AUC values for the 3h observation period indicated that there was a significant main effect of
CTAP pretreatment (F1 29=69, P<0.0001), METH treatment (F1 29=730, P<0.0001) and a
pretreatment x treatment interaction (F1 29=80, P<0.0001). Post-hoc analysis revealed that
METH induced significant stereotyped behavior in both vehicle- (t=21.37, P<0.0001) and
CTAP-(t=17.39, P<0.0001) pretreated animals; however, the ability of METH to induce
stereotypic behavior was reduced in CTAP-pretreated versus vehicle-pretreated animals
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(t=11.95, P<0.0001). Since a lack of mobility is characteristic of the stereotypic behavior
induced by amphetamines (Creese and Iverson, 1973), we examined the spatial distribution
scores from each group of animals (Fig. 5B). Two-way analysis of the AUC values for spatial
distribution scores during the 3h observation period revealed a significant main effect of CTAP
pretreatment (Fq 29=31.5, P<0.0001), METH treatment (F1 29=233.0, P<0.0001) and a
pretreatment x treatment interaction (Fj 29=38.5, P<0.0001). Post-hoc analysis indicated that
METH treatment resulted in significant immobility in both vehicle- (t=12.67, P<0.0001) and
CTAP- (t=8.93, P<0.0001) pretreated animals, but the ability of METH to induce immobility
was reduced in CTAP- versus vehicle-pretreated animals (t=8.37, P<0.0001). CTAP treatment
alone did not significantly alter behavior.

3.6 Analysis of patch-enhanced gene expression and METH-induced stereotypic behavior

Two-way analysis of variance of the patch-to-matrix ratio of PD mRNA expression revealed
that the pattern of PD mRNA expression the CPu was patch-enhanced, but only in the DL CPu
(Fig BA, inset). In the DL CPu, there was a significant main effect of CTAP pretreatment
(F1,18=18, P=0.0005), METH treatment (F1 15=4.8, P=0.04) and a significant pretreatment x
treatment interaction (F1 15=20, P=0.0003). Post-hoc analysis indicated that there was a
significant difference in the ratio of patch-to-matrix PD mRNA expression in the DL CPu of
vehicle-pretreated, METH-treated versus vehicle-pretreated, saline-treated animals (t=5.20,
P=0.0004), an effect that was abolished by pretreatment with CTAP (t=1.28, P=0.236). Two-
way analysis of variance also revealed the ratio of patch-to-matrix arc mRNA expression the
CPu induced by METH treatment was patch-enhanced in the DL CPu (Fig 6B, inset), but not
in other sub-regions of the CPu or for any other treatment groups. CTAP pretreatment did not
significantly alter the patch-enhanced pattern of arc mRNA expression in the DL CPu, as there
was a significant main effect of METH treatment (Fq 1g=4.9, P=0.04), but not a significant
effect of CTAP pretreatment (F1 15=1.3, P=0.27) or a significant pretreatment x treatment
interaction (F1 15=0.002, P=0.97). METH-induced zif/268 mRNA expression was not patch-
enhanced in any sub-region of the CPu, as there was not a significant difference in the patch-
to-matrix ratio of zif/268 mMRNA expression between saline- and METH-treated groups (data
not shown).

In order to determine whether a relationship exists between the degree of gene expression in
the patch versus matrix compartments and METH-induced stereotyped behavior, we
determined if there was a correlation between the ratio of patch-to-matrix PD, arc and zif/
268 mMRNA expression in the four sub-regions of CPu and the cumulative stereotypy scores
for the entire 3h session for each animal. In the DL sub-region of the CPu, there was a significant
negative correlation between cumulative stereotypy scores and the ratio of patch-to-matrix PD
MRNA expression in vehicle-pretreated/ METH-treated animals (rs=-0.775; P=0.04), but not
in vehicle-pretreated/saline-treated animals (rs=-0.406; P=0.42), CTAP-pretreated/saline-
treated animals (rs=0.300, P=0.68) or CTAP-pretreated/METH-treated animals (rg=-0.73,
P=0.162; Fig. 6A). There was no correlation between the cumulative stereotypy score and the
ratio of patch-to-matrix PD mRNA expression in any other region of CPu, for any treatment
group, except for inthe DM CPu (data not shown). In this region, there was a significant positive
correlation between the ratio of patch-to-matrix PD mRNA expression and cumulative
stereotypy scores in CTAP-pretreated/saline-treated animals (rs=1.00, P=0.017; data not
shown).

There was also a significant negative correlation in the DL CPu between cumulative stereotypy
scores and the ratio of patch-to-matrix arc mRNA expression in vehicle-pretreated/ METH-
treated animals (rg=0.99, P=0.003), but not in vehicle-pretreated/saline-treated animals
(rs=-0.500, P=0.45), CTAP-pretreated/saline-treated animals (rg=0.41, P=0.52) or CTAP-
pretreated/METH-treated animals (rg=0.41, P=0.42; Fig. 6B). There was no significant
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correlation between cumulative stereotypy scores and the patch-to-matrix ratio of arc mRNA
expression in any other sub-region of CPu for any treatment group (data not shown).

There was no significant correlation between cumulative stereotypy scores and the patch-to-
matrix ratio of zif/268 mRNA expression in any sub-region of CPu for any treatment group
(data not shown).

4. Discussion

The goal of this study was to determine if striatal mu opioid receptor activation contributes to
METH-induced gene expression in the patch compartment and stereotypy. Striatal mu opioid
receptor blockade inhibited METH-induced increases in PD, arc and zif/268 mRNA expression
in both the patch and matrix compartments and significantly reduced METH-induced
stereotypy. We also sought to determine if the patch-enhanced pattern of gene expression
induced by METH correlated significantly with stereotypy and the effect of striatal mu opioid
receptor blockade on this relationship. There was a significant negative correlation between
patch-enhanced PD and arc mRNA expression in the DL CPu and METH-induced stereotypy
and striatal mu opioid receptor blockade reduced this negative correlation. These data
demonstrate a role for mu opioid receptor activation in METH-induced gene expression and
stereotypy and are among the first to demonstrate a negative correlation between METH-
induced patch-enhanced PD and arc mRNA expression in the DL CPu and stereotypic
behavior.

METH-induced gene expression in the patch and matrix compartments

The dose of METH used in the current study increased PD, arc and zif/268 expression in both
the patch and matrix compartments of all four sub-regions of rostral CPu examined. These data
are in conflict with previous work where METH treatment significantly increased
preprodynorphin mRNA expression in the patch, but not matrix compartment of rostral CPu
(Adams et al., 2003; Horner et al., 2005; Horner and Keefe, 2006), but are in line with previous
work showing that at this time point after METH or AMPH treatment, zif/268 and arc mRNA
expression is homogeneous (Adams et al., 2001; Gonzalez-Nicolini and McGinty, 2002;
Horner et al., 2005; Horner and Keefe, 2006; Wang and McGinty, 1995; Wang et al., 1995).
It is also important to note that the dose of METH used in the current study (7.5 mg/kg) is half
that used in our previous studies (Horner et al., 2005; Horner and Keefe, 2006). Treatment with
alow dose of METH (2.0 mg/kg) does not significantly alter preprodynorphin gene expression
in either compartment, whereas a moderate dose (7.5 mg/kg) increases gene expression in both
compartments, and high doses of METH (15 mg/kg) or repeated treatment with AMPH appears
to down-regulate gene expression in the matrix (Adams et al., 2003; Canales and Graybiel,
2000; Grayhbiel et al., 2000). Thus, the dose of METH used in our study was high enough to
induce gene expression in the CPu overall, but not high enough to yield a suppression of gene
expression in the matrix compartment as a whole.

Correlation between METH-induced patch-enhanced gene expression and stereotypy

Despite increasing gene expression in both compartments, the dose of METH used in our study
was able to induce a patch-enhanced pattern of PD and arc mRNA expression in the DL CPu.
This finding is of particular interest, since the DL CPu has been implicated in the expression
of inflexible behaviors (Canales and Graybiel, 2000; Yin and Knowlton, 2006) and enhanced
activation of c-Fos in the patch vs. matrix compartment of this region is thought to underlie
AMPH-induced stereotypy (Canales and Graybiel, 2000). However, our data show that patch-
enhanced PD and arc mRNA expression in the DL CPu correlated negatively with cumulative
METH-induced stereotypy, which raises the possibility that patch-enhanced PD and arc
MRNA expression in the DL CPu is not related to the induction METH-induced stereotypic
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behavior, but is a response to overstimulation of striatal neurons by METH. For example,
METH-induced dynorphin expression in the patch compartment could be a homeostatic
response to increased dopamine release in the CPu, as kappa opioid receptor agonists have
been shown to decrease dopamine release in the CPu (Margolis et al., 2003; Meshul and
McGinty, 2000; Walker etal., 1987; You et al., 1999). In line with this theory is the observation
that METH-induced stereotypy first occurs 40-60 min after METH treatment (see Fig. 2), a
time point at which there is not significant induction of preprodynorphin mRNA expression
by METH or AMPH (Adams et al., 2003; Horner and Keefe, 2006; Wang et al., 1995).

It is of note that in the current study, arc mRNA expression, which is typically homogeneous
at 3h post-AMPH treatment (Gonzalez-Nicolini and McGinty, 2002) was patch-enhanced in
the DL CPu, 3h after METH treatment. It is possible that the quadrant-based patch-matrix
analysis utilized in our study unmasked regional alterations in patch-to-matrix arc expression
that may not be detectable in the CPu as a whole. Alternatively, there may be subtle, region-
specific patterns of arc expression induced by AMPH vs. METH after extended exposure.
Regardless, a patch-enhanced pattern of arc expression in the DL CPu at 3h post-treatment
could reflect a transition from a generalized patch-enhanced pattern of arc expression evident
at shorter survival times to a restricted patch-enhanced pattern of arc expression within this
region, as the stereotypic behavior becomes more intense in its inflexibility. However, it is not
clear how this focused pattern of patch-enhanced arc expression in the DL CPu would serve
as a homeostatic response to METH-induced overstimulation of striatal neurons and
stereotypy. Additional studies are needed in order to determine the exact nature of the negative
relationship between patch-enhanced arc expression and METH-induced stereotypy.

Striatal mu opioid receptor blockade and METH-induced gene expression and stereotypy

Striatal mu opioid receptor blockade attenuated METH-induced gene expression in the patch
and matrix compartments in all four sub-regions of rostral CPu. The ability of mu opioid
receptor blockade to attenuate METH-induced gene expression in the matrix compartment is
unexpected, since mu opioid receptors are not significantly expressed in this region of CPu
(Herkenham and Pert, 1981; Pert et al., 1976; Tempel and Zukin, 1987). The ability of CTAP
to attenuate mMRNA expression in the matrix compartment could reflect interactions between
the patch and matrix compartments. The majority of medium spiny neurons in the CPu have
dendritic arborizations that remain within their compartment of origin, but a portion of medium
spiny neurons have dendritic arborizations that cross from one compartment into the other
(Bolam et al., 1988; Walker et al., 1993). Thus, it is possible that dendrites from a portion of
matrix neurons cross over into the patch and are influenced by CTAP-induced changes in the
patch compartment.

Alternatively, striatal mu opioid receptor blockade may have reduced dopamine release in the
CPu, leading to decreased activation of both compartments. Disinhibition of the GABAergic
neurons of the patch compartment via mu opioid receptor blockade could inhibit dopaminergic
cell firing in the substantia nigra pars compacta, resulting in decreased dopamine release in the
CPu (Gonzalez-Nicolini etal., 2003; Ujike et al., 1989). The potential CTAP-induced decreases
in METH-induced striatal dopamine release could also explain how mu opioid receptor
blockade was able to reduce METH-induced stereotypy, as well as disrupt the correlation
between patch-enhanced PD and arc mRNA expression and stereotypy. If mu opioid receptor
blockade can reduce METH-induced dopamine release in the CPu, then the dopamine-driven
homeostatic response of patch-enhanced PD expression by METH would be diminished in the
presence of CTAP, leading to a reduction in METH-induced stereotypy and patch-enhanced
PD expression. As for arc, there may still have been enough METH-induced dopamine release
in the presence of CTAP to co-activate D1 and D, receptors (which has been shown to be
necessary for patch-enhanced IEG expression in the CPu) allowing for the maintenance of
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METH-induced patch-enhanced arc expression (Capper-Loup et al., 2002; LaHoste et al.,
1993). As such, the disruption of the negative correlation between patch-enhanced arc mMRNA
expression and METH-induced stereotypy by CTAP was not due to a decrease in patch-
enhanced arc mRNA expression, but the result of the reduction in cumulative stereotypy scores.
These data indicate that patch-enhanced arc mRNA expression is independent of METH-
induced stereotypy when mu opioid receptors are blocked. In support of this observation are
previous studies that have demonstrated a dissociation can exist between patch-enhanced IEG
expression in the CPu and the stereotypy induced by METH treatment, indicating that patch
predominance in the CPu may not necessarily be related to repetitive behaviors (Glickstein
and Schmauss, 2004). However, the specific effects of striatal mu opioid receptor blockade on
METH-induced dopamine release in the CPu are not currently known, but it is important to
that note METH-induced increases in extracellular dopamine may not be action potential-
dependent (Nomikos et al., 1990) and mu opioid receptor blockade does not alter AMPH-
induced dopamine release in the CPu (Schad et al., 1996). Clearly, additional studies are needed
to address the potential modulatory role of mu opioid receptor activation in METH-induced
gene expression and behavior.

Conclusions

In summary, our findings demonstrate that striatal mu opioid receptor activation contributes
to METH-induced gene expression in both the patch and matrix compartments of the CPu,
suggesting compartmental cross-talk or mu opioid receptor-mediated modulation of factors
that contribute to gene expression in both regions. This study is also the first to demonstrate a
negative correlation between a patch-enhanced pattern of PD and arc mRNA expression in the
DL CPu and the overall expression of METH-induced stereotyped behavior, suggesting that
patch-enhanced expression of these genes may be a homeostatic response to METH-induced
overstimulation of the CPu, rather than the source of METH-induced stereotypy. Striatal mu
opioid receptor blockade also reduced METH-induced stereotypy, as well as the correlation
between patch-enhanced PD and arc expression and behavior, suggesting that mu opioid
receptor activation may contribute to this relationship. Together, these data indicate that the
mu opioid receptor system contributes to the systemic changes in basal ganglia function and
organismal behavior that occur as a result of METH treatment.
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Figure 1.

Schematic diagram of the four sub-regions in rostral (AP+ 1.68) CPu used for autoradiogram
analysis of mRNA expression in the patch and matrix compartments (A) and the approximate
locations of the microinjection needle tips (B). The numbers indicate the millimeters anterior
to bregma (Paxinos and Watson, 2005). DL, dorsolateral, DM, dorsomedial, VL, ventrolateral,
VM, ventromedial (Adapted from Adams et al., 2001 and Gonzalez-Nicolini et al., 2003).
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Figure 2.

Effects of CTAP pretreatment on METH-induced PD mRNA expression in the rostral CPu.
In situ hybridization film autoradiograms showing PD (A) and mu opioid receptor
immunohistochemical staining in adjacent sections (B) and quantitative analysis of PD mRNA
expression in the patch and matrix compartments of DL (C), DM (D), VM (E) and VL (F) CPu,
from rats intrastriatally infused with vehicle or CTAP (10 ug/ul), 15 min prior to METH or
saline treatment. Arrows indicate patches of mu opioid receptor labeling and corresponding
patches of intense PD mRNA expression. Note the decrease in PD expression in METH-treated
animals pretreated with CTAP. Quantitative values are average gray values (arbitrary units;
+S.E.M., n=5-8 animals/group) obtained from densitometric analysis of film autoradiograms.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2011 June 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Horner et al.

Page 17

*Significantly different from saline-pretreated control group, P<0.05; +Significantly different
from respective saline-pretreated group, P<0.05. There was a not significant main effect of
treatment in the VL CPu, but a significant effect of pretreatment and a significant pretreatment-
treatment interaction.
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Figure 3.

Effects of CTAP pretreatment on METH-induced arc mRNA expression in the rostral CPu.
In situ hybridization film autoradiograms showing arc (A) and mu opioid receptor
immunohistochemical staining in adjacent sections (B) and quantitative analysis of arc mMRNA
expression in the patch and matrix compartments of DL (C), DM (D), VM (E) and VL (F) CPu,
from rats intrastriatally infused with vehicle or CTAP (10 pg/ul), 15 min prior to METH or
saline treatment. Arrows indicate patches of mu opioid receptor labeling and corresponding
patches of intense arc MRNA expression. Note the decrease in arc expression in METH-treated
animals pretreated with CTAP. Quantitative values are average gray values (arbitrary units;
+S.E.M., n=5-8 animals/group) obtained from densitometric analysis of film autoradiograms.
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*Significantly different from saline-pretreated control group, P<0.05; +Significantly different
from respective saline-pretreated group, P<0.05.
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Effects of CTAP pretreatment on METH-induced zif/268 mRNA expression in the rostral CPu.
In situ hybridization film autoradiograms showing zif/268 (A) and mu opioid receptor
immunohistochemical staining in adjacent sections (B) and quantitative analysis of PD mRNA
expression in the patch and matrix compartments of DL (C), DM (D), VM (E) and VL (F) CPu,
from rats intrastriatally infused with vehicle or CTAP (10 pg/ul), 15 min prior to METH or
saline treatment. Arrows indicate patches of mu opioid receptor labeling and corresponding
patches of zif/268 mMRNA expression. Note the decrease in zif/2678 expression in METH-
treated animals pretreated with CTAP. Quantitative values are average gray values (arbitrary
units; £S.E.M., n=5-8 animals/group) obtained from densitometric analysis of film
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autoradiograms. *Significantly different from saline-pretreated control group, P<0.05;

+Significantly different from respective saline-pretreated group, P<0.05. There was not a
significant main effect of METH treatment in the VL CPu.
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Figure 5.

Effects of intrastriatal infusion of CTAP (10 pg/pl) and acute METH treatment (7.5 mg/kg) on
stereotyped behavior (A) and spatial distribution scores (B). Values are expression as the mean
+SEM. AUC values are in parentheses. *Significantly different from respective control group,
P<0.005; +Significantly different from vehicle-pretreated METH group, P<0.005. Acute
METH treatment increased stereotypy and spatial distribution scores, both of which were
reduced by pretreatment with CTAP.
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Figure 6.

Patch-enhanced gene expression in the DL CPu, and the correlation between cumulative
stereotypy scores and the ratio of patch-to-matrix mRNA in the DL CPu. Acute METH
treatment significantly increased the ratio of patch-to-matrix PD mRNA expression (A, inset)
and arc mRNA expression (B, inset) only in the DL CPu an effect that was blocked by
pretreatment with CTAP, for PD, but not arc mRNA expression. There was a significant
negative correlation between the cumulative stereotypy scores and the ratio of patch-to-matrix
expression of PD (A) and arc (B) mRNA expression, which was disrupted in both cases by
mu striatal opioid receptor blockade. *Significantly different from saline-pretreated control
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group, P<0.05; +Significantly different from respective saline-pretreated group, P<0.05. There
was an overall main effect of treatment for the patch-to-matrix ratio of arc mRNA expression.
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