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Abstract
Acute and chronic exposure to psychostimulants results in altered function of G-protein-coupled
receptors in the forebrain. It is believed that neuroadaptations in G-protein signaling contribute to
behavioral sensitivity to psychostimulants that persists over a prolonged drug-free period. Proteins
termed activators of G-protein signaling (AGS) have been characterized as potent modulators of both
receptor-dependent and receptor-independent G-protein signaling. Nevertheless, the regulation of
AGS gene and protein expression by psychostimulants remains poorly understood. In the present
study, we investigated amphetamine (AMPH)-induced changes in expression patterns of several
forebrain-enriched AGS proteins. A single exposure to AMPH (2.5 mg/kg i.p.) selectively induced
gene expression of AGS1, but not Rhes or AGS3 proteins, in the rat prefrontal cortex (PFC) as
measured 3h later. Induction of AGS1 mRNA in the PFC by acute AMPH was transient and dose-
dependent. Even repeated treatment with AMPH for 5 days did not produce lasting changes in AGS1
mRNA and protein levels in the PFC as measured three weeks post treatment. However, at this time
point, a low dose AMPH challenge (1 mg/kg, i.p.) induced a robust behavioral response and up-
regulated AGS1 expression in the PFC selectively in animals with an AMPH history. The effects of
AMPH on AGS1 expression in the PFC were blocked by a D2, but not D1, dopamine receptor
antagonist and partially by a glucocorticoid receptor antagonist. Collectively, the present study
suggests that (1) AGS1 represents a regulator of G-protein signaling that is rapidly inducible by
AMPH in the frontal cortex, (2) AGS1 regulation in the PFC parallels behavioral activation by acute
AMPH in drug-naïve animals and hypersensitivity to AMPH challenge in sensitized animals, and
(3) D2 dopamine and glucocorticoid receptors regulate AMPH effects on AGS1 in the PFC. Changes
in AGS1 levels in the PFC may result in abnormal receptor-to-G-protein coupling that alters cortical
sensitivity to psychostimulants.
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Introduction
Psychostimulants exert their actions on the brain primarily through activation of D1 and D2
dopamine receptors located in the striatum and the prefrontal cortex (PFC). Activation of these
receptors induces an array of signaling cascades followed by changes in expression of
responsive genes. It is widely accepted that altered expression of some of these genes might
trigger more enduring neuroadaptations leading to drug addiction. However, there is only
limited evidence that acute or repeated exposure to psychostimulants produces changes in
dopamine receptor levels in the forebrain (for reviews, see Pierce and Kalivas, 1997,
Vanderschuren and Kalivas, 2000). In contrast, several studies have described
psychostimulant-induced changes that take place downstream from G-protein-coupled
dopamine receptors (GPCRs). These changes include altered G-protein coupling (Alttoa et al.,
2007, Bailey et al., 2008), hyperactivity of adenylyl cyclase (Borgkvist and Fisone, 2007),
changes in phosphorylation cascades (Borgkvist and Fisone, 2007, Zhai et al., 2008), and
altered function of GPCR-associated ion channels (Kobayashi et al., 2004). Therefore, studying
changes in D1 and D2 receptor-driven G-protein signaling is central to understanding
psychostimulant-induced neural adaptations.

Two general classes of accessory proteins involved in signaling through heterotrimeric G-
proteins have been identified to date. The first class, termed “regulators of G-protein
signaling” (RGS), accelerate the GTPase activity of Gα-GTP, thus decreasing the efficiency
and duration of receptor-to-G-protein signaling (for review, see Ross and Wilkie, 2000). The
second class directly influences Gα-protein nucleotide exchange or Gα-Gβγ subunit
interactions, thus altering G-protein signaling independently of receptor activation state. The
latter class of proteins was termed “activators of G-protein signaling” (AGS; for review, see
Blumer et al., 2005). The regulation of RGS gene and protein expression by psychostimulants
has been investigated for over a decade (Burchett et al., 1999, Taymans et al., 2003, Schwendt
et al., 2006). As a result, altered levels of several RGS proteins have been linked to abnormal
D2 receptor-mediated signaling and behaviors (Rahman et al., 2003, Cabrera-Vera et al.,
2004). In contrast, analogous mechanisms regulating the expression and function of AGS
proteins remain largely unknown, possibly because of the diverse character of the AGS protein
family. Unlike RGS proteins, members of the AGS protein family were identified in a
functional screen for receptor-independent activators of G-protein signaling, rather than on the
basis of sequence homology (Blumer et al., 2005). For example, among the AGS proteins
enriched in rodent brain, AGS3 is a mid-size protein with modular domain structure containing
multiple G-protein regulatory motifs also found in RGS12 and RGS14 proteins (Kimple at el.,
2001). On the other hand, AGS1 (DexRas1, RasD1) is a small protein of the Ras superfamily,
homologous to Rhes (RasD2; Blumer et al., 2005, Cismowski, 2006). Despite structural
diversity, both AGS proteins share the ability to influence efficiency of Gαi/o and Gβγ
signaling. One mechanism of action observed in neuronal and non-neuronal cell cultures is the
ability of AGS proteins to directly activate Gαi- or Gβγ-dependent signaling independently of
the receptor activation (Cismowski, 2006). In addition to this tonic effect on G-protein-
dependent signaling, AGS proteins can interfere with GPCR-activated signaling by competing
for the same G-protein substrates (Cismowski, 2006). Interestingly, the latter mechanism of
action has been implicated in inhibition of D2 receptor signaling by AGS1 and AGS3 proteins
(Nguyen and Watts, 2005, Webb et al., 2005). With regard to drug addiction, the ability of
AGS3 in the nucleus accumbens (NAc) to interfere with Gαi-coupled receptor signaling has
been implicated in facilitating cocaine, heroin and alcohol seeking (Bowers et al., 2004, Yao
et al., 2005, Bowers et al., 2008). The effects of AGS3 on drug-seeking are likely related to an
increased expression of this protein in the NAc and the PFC induced by cocaine or alcohol
treatment (Bowers et al., 2004, 2008). In addition to changes in AGS3 levels, our preliminary
findings indicate that acute amphetamine (AMPH) administration can upregulate AGS1
mRNA in the PFC (Schwendt et al. 2005). Despite the emerging evidence that levels of some
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AGS proteins in the brain are regulated by drugs of abuse, changes in expression patterns of
individual AGS proteins or the identity of regulatory factors that control expression of AGS
proteins have not yet been characterized.

Therefore, the present study was designed to examine changes in the expression of forebrain-
enriched AGS proteins (AGS1, AGS1 homolog – Rhes, and AGS3) after acute or chronic
exposure to amphetamine (AMPH). Since the expression of many psychostimulant-responsive
genes is dependent on activation of dopamine and/or glucocorticoid receptors, this study further
investigates the role of these receptors in the regulation of basal and AMPH-induced levels of
AGS proteins across the forebrain. It is widely accepted that changes in receptor signaling
(possibly as a consequence of altered levels of AGS proteins) occurring within these heavily
dopamine-innervated brain regions represent key neuroadaptations underlying addictive
behaviors.

Experimental Procedures
Animals

Adult male Sprague Dawley rats (225-275g) (Charles River Laboratories, Wilmington, MA,
USA) were pair-housed in clear plastic cages and maintained on a 12 h light/dark cycle with
food and water available ad libitum. All animals were habituated to their environment and
handling for 5 days prior to drug administration to minimize any stress-induced behaviors.
Every animal procedure in this study was approved by the Institutional Animal Care and Use
Committee and in strict accordance with the “Guide for the Care and Use of Laboratory
Animals” (Institute of Laboratory Animal Resources, National Academy Press 1996).

Experimental Design
In all experiments, rats were randomly assigned to appropriate experimental groups and
received intraperitoneal (i.p.) injections of experimental drugs (as specified below). Following
injections, behavioral activity of the rats was recorded in locomotor activity chambers as
previously described (Schwendt et al., 2006). In Experiment 1, rats (n = 6 / group) were injected
with either physiological saline (SAL) or 2.5 mg/kg, i.p. AMPH (D-amphetamine sulfate;
Sigma, St. Louis, MO, USA). This dose of AMPH has been shown to reliably stimulate
horizontal and vertical activity in rats (Wang and McGinty, 1995b). Three hours after the
injection, rats were anesthetized with equithesin (10 ml/kg i.p.) and decapitated. In Experiment
2, rats (n = 6 / group) received an i.p. injection of either SAL or 2.5 mg/kg of AMPH and were
decapitated 1, 3, 6 or 24 h after the injection. Additional rats (n = 6 / group) were injected with
SAL or 1, 2.5, 5 or 7.5 mg/kg, i.p. of AMPH and decapitated 3 h after injection. In Experiment
3, rats (n = 8 / group) were injected with SAL or AMPH (5 mg/kg i.p.) daily for five days.
After three weeks of abstinence (in their home cages) SAL- and AMPH-treated rats were
challenged with SAL or AMPH (1 mg/kg i.p.) and their behavior recorded. Three hours after
the injection, all groups of rats were anesthetized and decapitated. In Experiment 4, rats (n =
6 / group) were pretreated with SAL, the D1 receptor antagonist, SCH23390 (Tocris
Bioscience, Ellisville, MI, USA; 0.1 mg/kg, i.p.), or the D2 receptor antagonist eticlopride
(Sigma-Aldrich, St. Louis, MO, USA; 0.5 mg/kg, i.p.). The doses of the dopamine receptor
antagonists were based on previous studies (Wang and McGinty, 1995a, Wang and McGinty,
1996, Schwendt et al., 2006). Ten min after the first injection, AMPH (2.5 mg/kg i.p.) or SAL
was administered. One or 3 h after the second injection, all groups of rats were anesthetized
with equithesin and decapitated. Additional rats (n = 4 / group) were injected with SAL, AMPH
(2.5 mg/kg i.p.) or quinpirole (1 mg/kg i.p.) and decapitated three hours later. In Experiment
5, rats (n = 5 - 7 / group) were pretreated with the glucocorticoid receptor antagonist, RU486
(Tocris Bioscience, Ellisville, MI, USA; 25 mg/kg s.c.) or vehicle (20% DMSO/sesame oil;
0.5 ml/kg, s.c.). The dose of RU486 used was based on the previously published data (De Vries
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et al., 1996, Morsink et al., 2007) as well as on a pilot dose-response study. Forty-five minutes
later, rats were injected either with SAL or AMPH (2.5 mg/kg i.p.). Three hours later, all rats
were anesthetized and decapitated.

At the end of each experiment, one hemisphere was frozen in isopentane on dry ice and stored
at -80°C until processed to hemisections used for in situ hybridization analysis. Brain regions
for immunoblotting analysis were dissected from chilled 1 mm (PFC) or 2 mm (striatum) -
thick coronal slices obtained from the contralateral hemisphere using a Precision Brain Slicer
(Braintree Scientific, MA, USA). Tissue samples containing the PFC were obtained from brain
slices ∼ 3.7-2.7 mm anterior to bregma (Paxinos and Watson, 2007) using a 2 mm tissue
puncher. Tissue samples containing the dorsal striatum (dSTR) and NAc were dissected from
brain slices ∼ 2.7-0.7 mm anterior to bregma (Paxinos and Watson, 2007) using 2 and 3 mm
tissue punchers, respectively. All samples were quickly frozen on dry ice and stored at 80°C
until processed.

Behavioral activity
To measure behavioral activity, rats were placed in automated photocell beam activity
chambers (Accuscan Instruments, Columbus, OH, USA) and horizontal (total distance
traveled) as well as vertical activity (rearing) was recorded as described previously (Schwendt
et al., 2006). All rats were adapted to the environment for 3 days before the start of the
experiment.

In Situ Hybridization Histochemistry
Quantitative in situ hybridization histochemistry was performed as previously described
(Gonzalez-Nicolini and McGinty, 2002, Schwendt et al., 2006). Briefly, 12 μm brain sections
obtained by cryostat sectioning were mounted onto silane-coated SuperFrost slides (VWR
International, West Chester, PA, USA) and pretreated in a series of steps that fixed and defatted
the tissue and blocked nonspecific hybridization. A synthetic cDNA oligodeoxynucleotide
probes (48-mers) complementary to the rat sequences of AGS1 (bases 322 - 369; AF239157),
AGS3 (bases 416 – 463; AF107723) and Rhes (1209 – 1256; AF134409) were end-labeled
with [α35S]-dATP (1250 Ci/mmol; GE Healthcare, Piscataway, NJ, USA) using terminal
deoxynucleotidyl transferase (Roche Diagnostics Corporation Indianapolis, IN, USA). Slides
were incubated with 5×105 cpm/25 μl hybridization buffer/section overnight at 37°C. After
incubation, slides were washed and air-dried before being placed into a film cassette, along
with 14C standards (ARC, St Louis, MO, USA) and Kodak Biomax film for 18-21 days.
Quantitation of each mRNA hybridization signal in selected brain areas was performed using
NIH Image 1.62 software (http://rsb.info.nih.gov/nih-image).

Immunoblotting
Samples of total tissue protein were obtained as previously described (Schwendt et al., 2006).
Twenty-five micrograms of total protein were resolved using SDS-PAGE and transferred to a
PVDF membrane (BioRad, Hercules, CA, USA). The membrane was blocked with 5% milk/
TBS/0.1% Tween-20 and probed with rabbit antiserum against AGS1 (obtained from Stephen
Lanier, Ph.D.) characterized by Vaidyanathan and colleagues (2004). After the incubation with
anti-rabbit HRP-conjugated secondary antibody at 1:5000 (Jackson Immuno Research, West
Grove, PA, USA), immunoreactive bands on the membranes were detected by ECL+
chemiluminescence reagents on an X-ray film (GE Healthcare, Piscataway, NJ, USA).
Integrated density of the bands was measured with Gel-Pro 3.1 software (Media Cybernetics,
Silver Spring, MD, USA). Equal loading and transfer of proteins were confirmed by re-probing
of the same membranes for calnexin, an independent protein that was not altered by any
experimental treatment, using a rabbit anti-calnexin antiserum (Stressgen, Victoria, BC,
Canada).
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Statistical Analysis
Behavioral data (total distance traveled and rearing) were recorded over a given period of time
and analyzed by a one-way or two-way ANOVA. AGS1 mRNA levels, assessed by in situ
hybridization, were measured as the mean integrated density from three adjacent brain sections.
Since these values are strongly correlated and cannot be treated independently, a nested
repeated measures ANOVA was applied to analyze the data (mixed model SAS 9.1; SAS
Institute Inc., Cary, NC, USA). Changes in mRNA levels were expressed as the percentage of
the SAL-treated animals. Immunoblotting data, represented by band density values, were
normalized for the density of calnexin immunoreactivity within the same sample, analyzed by
a one-way or two-way ANOVA and expressed as the percentage of the SAL-treated animals
within the same time point or treatment. Sigma Stat (SPSS, Chicago, IL, USA) software was
used for statistical analysis unless otherwise noted.

Results
Experiment 1: Acute amphetamine upregulates AGS1 gene expression in the rat frontal
cortex

In the initial experiment, basal gene expression of AGS proteins and the effects of AMPH were
analyzed using in situ hybridization histochemistry. Analysis of AGS1, Rhes and AGS3 mRNA
signals in control (SAL-treated) rats using a set of rat forebrain coronal sections (+3.7/+1.2
mm relative to bregma; Paxinos and Watson, 2007) revealed diverse, non-overlapping
distribution of each mRNA (Fig. 1 A and B). AGS1 mRNA is highly expressed throughout the
frontal cortex (Fig.1A and B, lower left panels). Areas with the highest AGS1 mRNA
concentrations included piriform cortex, insular cortex, medial PFC and anterior cingulate
cortex (Fig.1A), while striatal sub-regions displayed very little AGS1 mRNA signal (Fig.1B).
Detailed analysis of AGS1 expression within the cortex revealed higher expression in more
superficial cortical layers, when compared to deeper layers (data not shown). In contrast to
AGS1, Rhes mRNA is specifically enriched in the striatum and olfactory tubercle, with lower
concentration found in the superficial layers of the frontal cortex (Fig. 1 A and B, top left
panels; also see Vargiu et al. 2001). As described previously by Taymans and colleagues
(2006), AGS3 mRNA is present in low to moderate levels across the frontal cortex and striatum,
specifically enriched in the subventricular zone. In addition, our hybridization experiment
reveals that relatively high AGS3 mRNA signal can be found in the medial PFC, anterior
cingulate cortex, pirifiorm cortex, NAc and olfactory tubercle (Fig.1A and B, top right panels).

A single administration of AMPH (2.5 mg/kg i.p.) markedly increased AGS1 mRNA levels
throughout the frontal cortex as detected 3h later (Fig.1A and B, lower left panels). AMPH
treatment did not alter levels of Rhes or AGS3 in any forebrain region studied (Fig.1A and B,
top panels). In case of AGS1, quantitative analysis of mRNA density revealed that the most
prominent increase (relative to control SAL levels) occurred in the subregions of medial PFC,
specifically in the prelimbic and cingulate 1 cortices (Fig.1A and B, bar graphs). Considering
the role of medial PFC in mediating the effects of psychostimulants, the following experiments
focused on characterizing the regulation of AGS1 expression in the PFC.

Experiment 2: Upregulation of AGS1 mRNA in the PFC by acute AMPH is transient and dose-
dependent

The dose of AMPH used in the preceding studies produced a robust increase in cortical AGS1
mRNA density. However, it was possible that this dose (2.5 mg/kg of AMPH) was insufficient
to stimulate AGS1 mRNA levels in the striatum. Therefore, a dose-dependent profile of AGS1
gene expression in both forebrain areas was characterized. In the cortex, we focused on the
medial PFC region corresponding to the combined areas of prelimbic and cingulate 1 cortices
measured in the previous experiment.
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As depicted in Figure 2A, AMPH doses equal to and higher than 2.5-mg/kg i.p. induced AGS1
mRNA levels in the PFC as measured 3h later. However, there was no significant difference
in AGS1 induction between AMPH doses of 2.5, 5 and 7.5 mg/kg, which indicates a possible
‘ceiling’ effect. In contrast to the PFC, none of the doses used induced AGS1 mRNA in the
striatum (data not shown). In a follow up study, the temporal profile of AMPH-induced AGS1
mRNA levels was investigated in the PFC using 2.5 mg/kg dose of AMPH. At this dose, AGS1
mRNA density was already increased at 1h; reached maximal levels at 3h, and returned back
to basal levels between 6h and 24h after AMPH injection (Fig. 2B).

Experiment 3: Repeated treatment with AMPH results in lasting sensitization of AMPH-
induced behavioral responses and AGS1 expression in the PFC

Repeated treatment with AMPH (5 mg/kg i.p.) for 5 consecutive days resulted in the
development of behavioral sensitization as evidenced by a typical augmentation of initial
stereotyped behaviors and increased post-stereotypy locomotion (data not shown), as described
previously by (Wolf and Jeziorski, 1993). Further, a challenge AMPH injection (1 mg/kg, i.p.)
administered 21 days after the cessation of repeated AMPH treatment, elicited significantly
greater behavioral activity (horizontal activity and rearing) in AMPH-pretreated rats than in
SAL-pretreated rats (Table 1; AMPH-AMPH vs. SAL-AMPH groups, p<0.05). AGS1 mRNA
and protein levels in the PFC were analyzed 3h after SAL or AMPH challenge. Quantitative
analysis of hybridization signals revealed that a low dose of AMPH (administered as a
challenge) produced a significant augmentation in AGS1 mRNA (Fig.3A) and protein (Fig.
3B) levels in the PFC of rats previously treated with repeated AMPH when compared to rats
with no AMPH pretreatment history (AMPH-AMPH vs. SAL-AMPH groups, p<0.05).
Furthermore, 1 mg/kg AMPH challenge given to rats previously treated with SAL was not
sufficient to increase AGS1 mRNA and protein at all (Fig. 3A and 3B; SAL-AMPH vs. SAL-
SAL groups). This finding corresponds with the dose-dependent regulation of AGS1
expression after acute AMPH exposure (Fig 2A). Repeated AMPH or SAL treatment followed
by SAL challenge did not alter AGS1 mRNA and protein levels in the PFC.

Experiment 4: Inhibition of D2, but not D1, dopamine receptors blocks AMPH-induced
increase in AGS1 mRNA and protein levels in the PFC

AMPH is an indirect dopamine agonist exerting its effects on gene and protein expression in
the brain through the activation of D1 and D2 dopamine receptors. Therefore in this study, the
effect of D1 or D2 receptor blockade on AMPH-induced AGS1 mRNA and protein expression
in the PFC was assessed. Doses of the D1 and D2 receptor antagonists used in this study have
been previously shown to inhibit AMPH-induced behavioral activity, as well as gene
expression of several activity-regulated genes in the striatum and frontal cortex induced by
acute AMPH or cocaine (Wang and McGinty, 1995a, Wang and McGinty, 1996, Alonso et al.
1998, Schwendt et al. 2006). In accordance, pretreatment with either D1 (SCH23390 - 0.1 mg/
kg i.p.), or D2 (eticlopride - 0.5 mg/kg i.p.) receptor antagonists completely blocked AMPH-
induced horizontal and vertical activity (Table 2). In contrast, blockade of D1 receptors had
no effect on the increase of AGS1 mRNA or protein levels elicited by acute AMPH (Fig.4A
and 4B respectively). On the other hand, systemic administration of the D2 receptor antagonist
eticlopride (0.5 mg/kg i.p.) blocked the induction of AGS1 mRNA and protein levels in AMPH-
treated rats when compared to their SAL-treated counterparts (Fig.4; ETI-SAL vs. ETI-AMPH
groups). There was no effect of either receptor antagonist on basal levels of AGS1 mRNA and
protein in the PFC. In contrast to AGS1, there was no change in Rhes or AGS3 mRNA levels
observed in any of the treatment groups (data not shown).

To further characterize the role of D2 receptors in regulating AGS1 expression in the PFC,
direct and indirect stimulation of D2 receptors was compared. Systemic administration of the
D2 receptor agonist, quinpirole (1 mg/kg), elevated AGS1 mRNA levels in the PFC (138% of
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SAL, p<0.01). Interestingly, direct D2 receptor activation resulted in significantly less
induction of AGS1 mRNA levels when compared to the AMPH-induced AGS1 increase (Fig.
5; QUIN vs. AMPH groups, p<0.05).

Experiment 5: Glucocorticoid receptors co-regulate the AMPH-induced increase in AGS1
mRNA levels in the PFC

AGS1 gene expression in several cell lines is known to be regulated by glucocorticoids
(Kemppainen and Behrend, 1998, Brogan et al., 2001). One of the consequences of acute
AMPH exposure is activation of the hypothalamo-pituitary-adrenocortical (HPA) axis and
elevation of glucocorticoids in the bloodstream and in the brain (Knych and Eisenberg, 1979,
Swerdlow et al., 1993). The following study was designed to determine whether
glucocorticoids (in addition to D2 receptors) regulate AMPH-induced AGS1 expression in the
PFC. Pretreatment with the glucocorticoid receptor antagonist, RU486 (25 mg/kg s.c.)
attenuated horizontal activity of AMPH-treated rats when compared to their vehicle-pretreated
counterparts (Table 3; RU-AMPH vs. VEH-AMPH groups, p<0.05). However, RU486
pretreatment did not completely block AMPH-induced horizontal activity (Table 3; RU-
AMPH vs. RU-SAL groups, p<0.01). Further, blockade of glucocorticoid receptors did not
alter AMPH-induced vertical activity (rearing; Table 3). In agreement with the behavioral data,
RU486 attenuated (but did not completely suppress) AMPH-induced AGS1 gene expression
(Fig. 6; RU-AMPH vs. VEH-AMPH groups, p<0.05). Interestingly, there was a trend towards
a decrease in baseline AGS1 mRNA levels in the PFC after RU-486 treatment (Fig. 6; RU486-
SAL vs. VEH-SAL groups, p=0.55). Surprisingly, a higher dose of RU486 (50 mg/kg s.c.)
produced augmentation rather than inhibition of AMPH-induced behaviors (data not shown),
probably engaging non-glucocorticoid mechanisms of action; therefore, this dose was not used
in the current study

Discussion
This study demonstrates for the first time that AGS1 expression in the brain is induced by
psychostimulants. The effects of acute AMPH exposure on gene expression were selective for
AGS1 when compared to other brain-enriched AGS-like proteins. Further, we demonstrated
that a history of repeated AMPH treatment augments AGS1 expression in the PFC in response
to AMPH challenge. Finally, induction of AGS1 expression in the PFC by AMPH is regulated
by D2 dopamine receptors, and less so, by glucocorticoid receptors. Collectively, these data
suggest that AGS1 is a cortical regulator of G-protein signaling that is rapidly induced by
psychostimulants and is co-regulated by D2 and glucocorticoid receptors.

Induction of AGS1 gene and protein expression by AMPH in the frontal cortex
Previously, several factors have been identified to modulate the levels of AGS1 mRNA in the
rodent brain. Administration of the synthetic glucocorticoid analogue, dexamethasone, up-
regulated AGS1 gene expression in pituitary cells and in the mouse brain (Kemppainen and
Behrend, 1998, Brogan et al., 2001). Further, circadian rhythms regulated AGS1 expression
in some (suprachiasmatic nucleus of the hypothalamus), but not in other (frontal cortex) parts
of the mouse brain (Takahashi et al., 2003). And finally, repeated morphine treatment followed
by acute (naloxone-precipitated) withdrawal increased AGS1 gene expression in the mouse
frontal cortex (Ammon-Treiber et al., 2004). The present data demonstrate that
psychostimulants such as AMPH can upregulate AGS1 mRNA and protein levels in the rodent
brain as well. Acute exposure to AMPH elevated AGS1 mRNA levels across the frontal cortex
with the most robust response detected in the PFC. Induction of AGS1 mRNA in the PFC by
acute AMPH was a rapid, but relatively transient event as elevated levels of AGS1 mRNA
returned back to baseline between 6-24 h after treatment. Even repeated AMPH treatment did
not produce lasting changes in AGS1 expression in the PFC as measured 21 days later.
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However, a low dose AMPH challenge administered after a 21-day abstinence period rapidly
increased AGS1 mRNA and protein levels in the PFC, but only in animals previously exposed
to AMPH. Thus, changes in AGS1 expression in the PFC parallel transient behavioral
activation following acute AMPH in drug-naïve animals, as well as enduring behavioral
hypersensitivity to AMPH challenge in animals with an AMPH history. In general, these gene
expression patterns are typical for a number of activity-regulated genes including transcription
factors (like c-fos and zif/268) and effector genes (like arc, bdnf and homer1a) induced by
psychostimulants in the forebrain (Graybiel et al., 1990, Daunais and McGinty, 1994, Tan et
al., 2000, Le Foll et al., 2005, Ghesamzadeh et al. 2009). Interestingly, several members of the
RGS protein family of G-protein regulators in the striatum and PFC are regulated by
psychostimulants in an analogous manner (Burchett et al., 1999, Geurts et al. 2002, Taymans
et al. 2003 and 2004, Schwendt et al., 2006, Schwendt and McGinty 2006). Despite similarities,
the present study revealed several distinctive characteristics of psychostimulant-regulated
AGS1 expression. First, AMPH upregulates AGS1 gene expression in the PFC, but not in the
striatum. Typically, a robust induction of activity-regulated genes by psychostimulants occurs
in forebrain regions receiving dense dopaminergic input; that is both in the PFC and striatum.
Second, pre-exposure to AMPH sensitized responses of AGS1 mRNA in the PFC to a
subsequent AMPH challenge. On the other hand, gene and protein expression of several activity
regulated-genes in the PFC did not become sensitized following repeated psychostimulant
treatment (Fujiyama et al. 2003, Nordquist et al 2008). These differences could stem from a
specific modulation of psychostimulant-induced AGS1 expression in the PFC by dopamine
and glucocorticoid receptors described in the present study.

The role of dopamine receptors in AMPH-regulated AGS1 expression in the PFC
In general, D1 dopamine receptor antagonists suppress psychostimulant-induced mRNA
expression of activity-regulated genes in the PFC and striatum whereas the effects of D2
dopamine receptor blockade are less consistent and depend on the experimental conditions and
the particular gene studied (Cole et al., 1992, Ruskin and Marshall, 1994, Wang and McGinty,
1995a, Fumagalli et al., 2006, Ghasemzadeh et al., 2009). Surprisingly, we found that a D1
receptor antagonist (SCH23390) failed to suppress AGS1 expression in the PFC induced by
AMPH, even though the dose antagonist used (0.1mg/kg i.p.) was sufficient to completely
block AMPH-induced behaviors. In contrast to D1 receptor inhibition, pretreatment with a D2
receptor antagonist (eticlopride) inhibited both AMPH-induced behaviors, as well as AMPH-
induced AGS1 mRNA and protein expression in the PFC. In support of D2-dependent
regulation of AGS1 expression, direct stimulation of D2 receptors by quinpirole increased the
expression of AGS1 mRNA in the PFC. Although not typical, D2-dependent regulation of
basal and stimulated gene expression in the PFC has been recently reported for several activity-
regulated genes (Wang and McGinty, 1995a, Fumagalli et al., 2003, Ghasemzadeh et al.,
2009). Even though these studies suggested the role of D2 receptors in mediating the effects
of AMPH on AGS1 gene and protein expression, it remains to be established whether this
regulation involves direct (cellular) and/or indirect (circuitry, systemic) mechanisms.

The role of glucocorticoid receptors in AMPH-regulated AGS1 expression in the PFC
It is well established that dopamine receptor agonists and AMPH activate the hypothalamic-
pituitary-adrenal axis resulting in increased levels of glucocorticoids in the bloodstream and
in the brain (Knych and Eisenberg, 1979, Borowsky and Kuhn, 1992, Swerdlow et al., 1993).
Elevated levels of glucocorticoids upregulate AGS1 gene expression in the mouse brain
(Brogan et al., 2001). This effect is likely to be mediated via direct binding of activated
glucocorticoid receptors to the glucocorticoid-response element present in the promoter of the
AGS1 gene (Kemppainen et al., 2003). In support of the functional significance of this
interaction, we found that systemic administration of the glucocorticoid receptor antagonist
RU486 partially inhibited AGS1 gene expression in the PFC as well as AMPH-induced
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locomotor behavior. The contribution of glucocorticoids to AMPH-induced up-regulation of
AGS1 gene expression might also explain ‘hyperresponsivness’ of AGS1 expression in
sensitized animals. Indeed, hypersecretion of corticosterone occurs in response to a challenge
in rats sensitized to cocaine or AMPH (Schmidt et al., 1995, 1999) and administration of RU486
prevents the expression of AMPH-induced behavioral sensitization (De Vries et al., 1996).
Interestingly, hyperresponsivness of gene expression in rats sensitized to AMPH as well as
glucocorticoid-dependent regulation of gene expression have been previously described for
RGS4, another cortically-enriched G-protein regulator (Ni et al., 1999, Schwendt and McGinty,
2006).

Possible cellular consequences of altered AGS1 levels
Cellular and signaling consequences of increased levels of AGS1 (like those seen after AMPH
or quinpirole treatment) have been investigated in a number of studies. Overexpression of
AGS1 in several cell lines resulted in Gαi-dependent suppression of adenylyl cyclase activity
(Graham et al., 2004) and potentiation of ERK-signaling mediated by Gβγ (Graham et al.,
2002). These effects are due to AGS1 acting as a tonic, receptor-independent activator of G-
protein signaling. However, upon activation of Gαi-coupled GPCRs, AGS1 interferes with the
ability of receptor to trigger Gβγ-dependent signaling events (Takesono et al., 2002, Nguyen
and Watts, 2005, Thapliyal et al., 2008). In relation to the current study, Nguyen and Watts
(2005) demonstrated that overexpression of AGS1 (in various cell lines) suppresses Gβγ-
dependent cellular signaling activated by the D2 receptor agonist quinpirole. It remains unclear
whether AGS1 displays functional selectivity only for certain Gαi-coupled receptors.
Nevertheless, it is tempting to hypothesize that the D2 receptor-mediated increase in AGS1
levels in the PFC (as observed in the present study) represents a negative-feedback-response
diminishing excessive D2 receptor activity. Interestingly, while behavioral sensitization to
AMPH or cocaine wasn't accompanied by changes in a total number of D2 receptors in the
PFC (Bonhomme et al., 1995, Zhang et al., 2000, Moro et al., 2007), D2-dependent behavioral
responses and sensitivity of D2 receptors were found to be augmented in AMPH-sensitized
animals (Karler et al., 1998, Vanderschuren et al., 1999, Seeman et al., 2007). However, the
distribution of AGS1 and D2 receptor mRNAs in the PFC displays only partial overlap. While
AGS1 mRNA is predominately present in superficial cortical layers, D2 receptor mRNA is
enriched in the deeper layers of the PFC (Gaspar et al., 1995). This pattern suggests that AMPH-
induced changes in AGS1-dependent cellular signaling would affect horizontal intracortical
pathways (originating in more superficial PFC layers), rather than descending cortico-striatal
connections (involving projection neurons residing in the deeper cortical layers). It is well
established, that cellular adaptations within the cortico-striatal circuitry mediate persistent
behaviors like behavioral sensitization and drug-seeking (Pierce and Kalivas, 1997, Kalivas et
al., 2009). Nevertheless, recent evidence suggests that superficial layers of the primate PFC
exhibit more pronounced changes in dendritic morphology following AMPH-sensitization than
neurons in deeper layers (Selemon et al., 2007).

It should be noted, that AGS1 has been implicated in other cellular pathways not directly related
to GPCR signaling. AGS1 was also identified as a binding partner of the adaptor protein termed
‘Carboxyl-terminal PDZ ligand of neuronal nitric oxide synthase’ (CAPON), which is involved
in NMDA receptor-dependent activation of neuronal nitric oxide synthase (Fang et al., 2000).
It remains to be determined whether AMPH-induced changes in AGS1 protein levels affect
CAPON-dependent signaling in the postsynaptic density. However, in our experimental
conditions, AMPH treatment did not alter CAPON mRNA levels in the PFC (data not shown).

Conclusions
In conclusion, the data presented in this report demonstrate for the first time that AGS1
expression in the frontal cortex is rapidly increased in response to acute AMPH treatment.
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Moreover, this up-regulation is augmented in rats sensitized to AMPH. Since the regulation
of AGS1 expression depends on activity of D2 receptors and glucocorticoid receptors, AGS1
may be an important mediator of interactions between psychostimulant- and stress-induced
neuroadaptations. Although, it is currently not clear what are the cellular targets affected by
fluctuation of AGS1 levels in the PFC, likely candidates include D2-receptor- and ERK-
activated signaling pathways. Future studies will address the role of AGS1 overexpression in
the context of psychostimulant-induced neuroadaptations in the PFC related to persistence of
drug-seeking and relapse.
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Figure 1. Acute AMPH upregulates AGS1 (but not AGS3 or Rhes) mRNA expression in the rat
frontal cortex
Top panels: Representative pseudocolor images of coronal hemisections at the level of PFC
(A) and Str (B) illustrate Rhes, AGS3 and AGS1 mRNA hybridization signal in SAL- and
AMPH-treated rats. Outlines of the coronal sections at the level of PFC (A) and Str (B) obtained
from the rat brain atlas (Paxinos and Watson, 2007) depict brain areas analyzed in this study.
Bottom: Quantitative analysis of AGS1 mRNA hybridization signal (integrated density) at the
level of PFC (A) and Str (B) 3 hrs after single SAL or AMPH (2.5 mg/kg) treatment. Bars
represent mean integrated density (+/- SEM), n = 6, **p<0.01 vs. SAL. ACg, anterior cingulate
cortex; AgI, agranular insular cortex; Cg1, cingulate cortex area1; dStr, dorsal striatum; IL,
infralimbic cortex; M1/2, primary and secondary motor cortex; Ot, olfactory tubercle; Pir,
piriform cortex; PrL, dorsal prelimbic cortex; Svz, subventricular zone.
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Figure 2. Dose- and time-dependent upregulation of AGS1 mRNA levels by acute AMPH in the rat
frontal cortex
Quantitative analysis of AGS1 mRNA hybridization signal (integrated density) in the rat PFC
as measured 3 hrs after SAL or AMPH (1 - 7.5 mg/kg) treatment (A), or 1 – 24 hrs after
treatment with SAL or 2.5 mg/kg AMPH (B). Bars represent mean integrated density (+/- SEM)
expressed as per cent of SAL, n = 6, *p<0.05 and **p<0.01 vs. SAL.
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Figure 3. Pretreatment with repeated AMPH augments up-regulation of AGS1 mRNA and protein
in the PFC by acute AMPH challenge
Top: Representative pseudocolor images of coronal hemisections illustrate AGS1 mRNA
hybridization signal in each treatment group (A). Representative Western blot images depict
immunoreactivity of AGS1 protein and control protein calnexin in each treatment group (B).
Bottom: Quantitative analysis of AGS1 mRNA hybridization signal (integrated density) (A)
or AGS1 immunoreactivity (B) in the PFC 3 hrs after a challenge with SAL or AMPH (1 mg/
kg). Preceding the challenge, animals received repeated SAL or AMPH (5 mg/kg) injections
for 5 days followed by 21 days of abstinence. Bars represent mean integrated density of AGS1
mRNA or mean AGS1 immunoreactivity (+/- SEM) expressed as per cent of SAL, n = 8,
**p<0.01 vs. SAL-SAL, ˆp<0.05, ˆˆp<0.01 vs. SAL-AMPH, #p<0.05, ##p<0.01 vs. AMPH-
SAL.
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Figure 4. Inhibition of D2 but not D1 dopamine receptors blocks AMPH-induced AGS1 mRNA
and protein in the PFC
Top: Representative pseudocolor images of coronal hemisections illustrate AGS1 mRNA
hybridization signal in each treatment group (A). Representative Western blot images depict
immunoreactivity of AGS1 protein and control protein calnexin in each treatment group (B).
Bottom: Quantitative analysis of AGS1 mRNA hybridization signal (integrated density) (A)
or AGS1 immunoreactivity (B) in the PFC 1-3 hrs after single SAL or AMPH (2.5 mg/kg)
treatment. Animals received a single dose of D1 (SCH23390, 0.1 mg/kg) or D2 (eticlopride,
0.5 mg/kg) receptor antagonists 15 mins prior to SAL or AMPH treatment. Bars represent mean
integrated density of AGS1 mRNA or mean AGS1 immunoreactivity (+/- SEM), n = 6,
*p<0.05, **p<0.01 vs. SAL-SAL, ##p<0.01 vs. SCH-SAL.

Schwendt and McGinty Page 18

Neuroscience. Author manuscript; available in PMC 2011 June 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Direct stimulation of D2 receptors by quinpirole up-regulates AGS1 mRNA in the PFC
Quantitative analysis of AGS1 mRNA hybridization signal (integrated density) in the PFC 3
hrs after a single treatment with SAL, AMPH (2.5 mg/kg), or quinpirole (QUIN, 1 mg/kg).
Bars represent mean integrated density of AGS1 mRNA (+/- SEM), n = 4, **p<0.01 vs. SAL,
#p<0.01 QUIN vs. AMPH.
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Figure 6. Inhibition of glucocorticoid receptors with RU486 attenuates AMPH-induced AGS1
mRNA in the PFC
Quantitative analysis of AGS1 mRNA hybridization signal (integrated density) in the PFC 3
hrs after SAL or AMPH (2.5 mg/kg) treatment. Animals received a single dose of RU486 (25
mg/kg) or vehicle 45 mins prior to SAL or AMPH treatment. Bars represent mean integrated
density of AGS1 mRNA (+/- SEM), n = 5-7, *p<0.05, **p<0.01 vs. Veh-SAL, ˆˆp<0.01 vs.
RU-SAL, #p<0.01 RU-AMPH vs. VEH-AMPH.
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Table 1

Assessment of behavioral sensitization to AMPH (Experiment 3).

Behavior
Experimental Groups

SAL-SAL SAL-AMPH AMPH-SAL AMPH-AMPH

Total distance traveled (Horizontal activity) 4107 ± 765 16812 ± 4046* 3956 ± 499 26597 ± 3363** ˆ

Vertical activity (Rearing) 402 ± 125 1730 ± 569* 373 ± 94 3073 ± 594** ˆ

Behavioral data are expressed as total distance traveled (cm) or vertical activity (beam breaks) measured over 3h following the SAL or AMPH (1 mg/
kg i.p.) challenge administered to rats pretreated with repeated SAL or AMPH. Mean (± SEM), n = 6-8,

*
p<0.05,

**
p<0.01 vs. SAL-SAL,

ˆ
p<0.05 vs. SAL-AMPH. SAL, saline; AMPH, amphetamine
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Table 3

Regulation of AMPH-induced behaviors by systemic blockade of glucocorticoid receptors (Experiment 5).

Behavior
Experimental Groups

Veh-SAL Veh-AMPH RU486-SAL RU486-AMPH

Total distance traveled (Horizontal activity) 2207 ± 1017 23634 ± 3987** 3769 ± 402 13798 ± 2367* ˆ #

Rearing (Vertical activity) 160 ± 81 2190 ± 394** 246 ± 110 2957 ± 875** ˆˆ

Behavioral data are expressed as total distance traveled (cm) or rearing (beam breaks) measured over 1h following the SAL or AMPH challenge
administered to rats pretreated with RU486 (25 mg/kg s.c.) or vehicle. Mean (± SEM), n = 5-7,

*
p<0.05,

**
p<0.01 vs. Veh-SAL;

ˆ
p<0.05,

ˆˆ
p<0.01 vs. RU486-SAL;

#
p<0.05 vs. Veh-AMPH. SAL, saline; AMPH, amphetamine; Veh, vehicle.
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