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Abstract

Increasing evidence supports the critical role of AMPA glutamate receptors in psychostimulant
action. These receptors are regulated via a phosphorylation-dependent mechanism in their
trafficking, distribution and function. The hippocampus is a brain structure important for learning
and memory and is emerging as a critical site for processing psychostimulant effects. To
determine whether the hippocampal pool of AMPA receptors is regulated by stimulants, we
investigated and characterized the impact of amphetamine (AMPH) on phosphorylation of AMPA
receptors in the adult rat hippocampus in vivo. We found that AMPH markedly increased
phosphorylation of AMPA receptor GIuA1l subunits at serine 845 (S845) in the hippocampus. The
effect of AMPH was dose-dependent. A single dose of AMPH induced a rapid and transient
increase in S845 phosphorylation. Among different hippocampal subfields, AMPH primarily
elevated S845 phosphorylation in the Cornu Ammonis area 1 and dentate gyrus. In contrast to
S845, serine 831 phosphorylation of GIuA1 and serine 880 phosphorylation of GIUA2 were not
altered by AMPH. In addition, surface expression of hippocampal GIuA1 was upregulated, while
the amount of intracellular GluA1 fraction was concurrently reduced in response to AMPH.
GIuAZ2 protein levels in either the surface or intracellular pool were insensitive to AMPH. These
data demonstrate that the AMPA receptor in the hippocampus is sensitive to dopamine
stimulation. Acute AMPH administration induces dose-, time-, site-, and subunit-dependent
phosphorylation of AMPA receptors and facilitates surface trafficking of GluA1 AMPA receptors
in hippocampal neurons in vivo.
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The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor is expressed
throughout the mammalian brain and is essential for excitatory synaptic transmission. This
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receptor functions as a homo- or heterotetrameric complex composed from multiple subunits
(GluA1-4 or formerly GluR1-4) (Hollmann and Heinemann, 1994). Typical transmembrane
topology of an AMPA receptor subunit contains an intracellular C-terminal (CT) tail, which
provides a key region for protein-protein interactions and posttranslational modifications.
An important posttranslational modification is phosphorylation (Wang et al., 2006; Mao et
al., 2011; Lu and Roche, 2012; Huganir and Nicoll, 2013). By altering phosphorylation
levels at a specific amino acid in the CT domain, various protein kinases regulate
trafficking, distribution and function of modified receptors. Early studies identified two
major phosphorylation sites in GIuA1 CT, i.e., serine 831 (S831) and serine 845 (S845)
(Roche et al., 1996; Barria et al., 1997; Mammen et al., 1997; Serulle et al., 2007). While
S831 is phosphorylated by protein kinase C (PKC) and Ca2*/calmodulin-dependent protein
kinase 11, S845 is phosphorylated by protein kinase A (PKA) and cyclic guanosine
monophosphate-dependent protein kinase Il. Another phosphorylation site is serine 880
(S880) in GluA2 CT which is phosphorylated by PKC (Matsuda et al., 1999; Chung et al.,
2000; McDonald et al., 2001). It is clear that phosphorylation at these sites modifies the
number of AMPA receptors at a distinct subcellular site and determines the efficacy of
AMPA receptors and excitatory synapses (Chung et al., 2000; Xia et al., 2000; Kim et al.,
2001).

Phosphorylation of AMPA receptors is subject to the modulation by psychostimulants (Wolf
and Ferrario, 2010; Mao et al., 2011). Early studies focused on the striatum, a key target of
stimulants and an area enriched with GIuUA1/GIuA2 AMPA receptors (Bernard et al., 1997;
Kondo et al., 2000; Hu et al., 2004; Reimers et al., 2011). Dopamine D1 receptor agonists
elevated GIuA1 S845 phosphorylation in the striatum (Price et al., 1999; Snyder et al., 2000;
Chao et al., 2002b; Swayze et al., 2004). Dopamine stimulants, such as cocaine and
amphetamine (AMPH), were also effective in stimulating striatal S845 phosphorylation
(Snyder et al., 2000; Li et al., 2011; Mao et al., 2013; Xue et al., 2014). Thus, AMPA
receptors in the striatum are sensitive to stimulants and may play a role in the remodeling of
synaptic plasticity related to addictive properties of drugs of abuse. In addition to the
striatum, the hippocampus draws increasing attention as a responsive brain region in drug
action. This area shows high levels of dopamine D1 and D2 receptors (Fremeau et al., 1991;
Gangarossa et al., 2012) and AMPA receptors (Wenthold et al., 1996). As a major structure
underlying learning and memory, the hippocampal formation is believed to play a critical
role in the experience-based and learning-dependent drug addiction (Fuchs et al., 2005;
Robbins et al., 2008; Koob and VVolkow, 2010). However, the hippocampal importance has
been less studied and the responsivity of the AMPA receptor population in the hippocampus
to stimulants has not been fully investigated.

In this study, we investigated the impact of AMPH on AMPA receptor phosphorylation in
the hippocampus of adult rat brains in vivo. Specifically, we monitored changes in GIuAl
phosphorylation at S831 and S845 and GluA2 phosphorylation at S880 in the hippocampus
after AMPH administration. We first conducted two studies to characterize dose- and time-
dependent effects of AMPH on AMPA receptor phosphorylation. We then mapped the
phosphorylation response of AMPA receptors in hippocampal subfields. Finally, we
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monitored correlated changes in surface GIuAl and GluA2 expression in hippocampal
neurons in response to AMPH.

Materials and methods

Animals

Adult male Wistar rats weighing 220-275 g (Charles River, New York, NY) were used in
this study. Animals were individually housed in a controlled environment at a constant
temperature of 23°C and humidity of 50 £ 10% with food and water available ad libitum.
The animal room was on a 12-h/12-h light/dark cycle. Rats were allowed 6-7 days of
habituation to the animal colony. All animal use and procedures were in strict accordance
with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use Committee. The Animal
Research: Reporting In Vivo Experiments (ARRIVE) guidelines have been followed.

AMPH administration

The stimulant d-amphetamine sulfate (Sigma-Aldrich, St. Louis, MO) was dissolved in
saline. A single intraperitoneal (i.p.) injection of saline or AMPH was given to individual
rats. In a dose-response study, rats were treated with saline or AMPH at one of three
different doses (0.2, 1, or 5 mg/kg) and were sacrificed 15 min after drug injection. The dose
of the drug was calculated as the salt. In a time-course study, rats were treated with saline or
AMPH (5 mg/kg, i.p.). Rats were then sacrificed at different time points (15 min, 1 h, or6 h
after drug injection) for brain tissue harvest for Western blot analysis.

Synaptosomal preparation

After drug administration, rats were anesthetized with equithesin (5 ml/kg, i.p.) and were
decapitated. Rat brains were removed and cut into coronal slices (600-800 um). The entire
striatum containing the caudate putamen and nucleus accumbens and hippocampus were
removed at 4°C. To isolate hippocampal subfields, Cornu Ammonis area 1 (CA1), the bend
region of CAS3, and the dentate gyrus (DG) region centered by the dentate hilus were
separated from the slices by microdissection (Zhao et al., 2001). The dissected hippocampal
and striatal tissues were homogenized in isotonic sucrose homogenization buffer (0.32 M
sucrose, 10 mM HEPES, pH 7.4, and 2 mM EDTA) containing a protease inhibitor cocktail
and a phosphatase inhibitor cocktail (Thermo Scientific, Rochester, NY). The homogenate
was centrifuged at 800 g (10 min). The supernatant was centrifuged at 10,000 g (30 min).
The pellet 2 (P2) containing crude synaptosomal plasma membranes was washed and
centrifuged again at 10,000 g (30 min). The supernatant was removed and the pellet
(synaptosomal membranes) was resuspended and solubilized in the sucrose homogenization
buffer with 0.5% Triton X-100, 1% sodium dodecyl sulfate (SDS), a protease inhibitor
cocktail (Thermo Scientific), and a phosphatase inhibitor cocktail (Thermo Scientific).
Protein concentrations were determined. Samples were stored at —80°C until use.

Western blot analysis

The equal amount of proteins was loaded and separated on SDS NUPAGE Novex 4-12%
gels (Invitrogen, Carlsbad, CA). Proteins on gels were transferred to the polyvinylidene
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fluoride membrane (Millipore, Bedford, MA). The membrane was blocked in a blocking
buffer (5% nonfat dry milk in phosphate-buffered saline and 0.1% Tween 20) for 1 h. The
membrane was washed and incubated in the blocking buffer containing a primary antibody
usually at 1:1000 overnight at 4°C. This was followed by 1 h incubation in a horseradish
peroxidase-linked secondary antibody against rabbit or mouse IgG (Jackson
Immunoresearch Laboratory, West Grove, PA) at 1:5000. Immunoblots were developed
with the enhanced chemiluminescence reagents (ECL; Amersham Pharmacia Biotech,
Piscataway, NJ). MagicMark XP Western protein standards (Invitrogen) were used for
protein size determination. Optical density of immunoblots was measured using NIH ImageJ
gel analysis software. Values of optical density were normalized to actin. Primary antibodies
used in this study include rabbit polyclonal antibodies against GluA1 with phosphorylated
S831 (pS831) (PhosphoSolutions, Aurora, CO), GluAl with phosphorylated S845 (pS845)
(PhosphoSolutions), GIuA2 with phosphorylated S880 (pS880) (PhosphoSolutions), GIUAL
(Millipore, Billerica, MA), GIuA2 (PhosphoSolutions), or actin (Sigma), and mouse
antibodies against a-actinin (Millipore).

Surface receptor cross-linking assays

Statistics

Results

To detect surface versus intracellular receptor expression in hippocampal neurons of adult
rat brains, we performed surface receptor cross-linking assays as described previously
(Boudreau and Wolf, 2005; LacKamp et al., 2009; Mao et al., 2009). Briefly, after rats were
anesthetized and decapitated, brains were removed and cut into coronal sections (300-400
um) with a vibratome (Leica VT1200 S). The hippocampi were rapidly dissected and added
into Eppendorf tubes containing ice-cold artificial cerebrospinal fluid (ACSF) containing (in
mM) 10 glucose, 124 NaCl, 3 KCl, 1.25 KH,PO4, 26 NaHCO3, 2 MgSQy, and 2 CaCly,
bubbled with 95% O,-5% CO», pH 7.4. To cross-link surface receptors, we added a
bis(sulfosuccinimidyl)suberate (BS®) reagent (Pierce, Rockford, IL) to a final concentration
of 2 mM. Slices were incubated for 45 min with gentle agitation at 4°C. The cross-linking
reaction was terminated by quenching with 20 mM of glycine (10 min, 4°C). The sections
were then washed four times (5 min each) and sonicated in ice cold
radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 1 mM EDTA, 0.25% deoxycholic acid, and 1% NP-40. Protein concentrations
were measured and proteins were analyzed by SDS-PAGE with 4-12% Trisglycine gels
(Invitrogen).

The results are presented as means + SEM. These results were statistically analyzed using a
one-way analysis of variance followed by a Bonferroni (Dunn) comparison of groups using
least squares-adjusted means or two-tailed unpaired Student's t-test. Probability levels of <
0.05 were considered statistically significant.

Effects of AMPH on AMPA receptor phosphorylation: a dose-response study

We first investigated the effect of AMPH in a dose-response study. In this experiment, we
subjected rats to a single i.p. injection of saline or AMPH at different doses (0.2, 1, or 5 mg/
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kg). We then sacrificed rats 15 min after drug administration to analyze the impact of
AMPH on AMPA receptor phosphorylation. We focused on the hippocampus. The striatum,
an area in which the effect of AMPH on AMPA receptor phosphorylation has been well
documented (Mao et al., 2013), served as a regional control. In immunoblot analysis of
GluA1 S831 phosphorylation, we found that AMPH did not alter pS831 protein levels in the
hippocampus at all three doses surveyed (Fig. 1A). In the striatum, the stimulant induced an
insignificant change in pS831 expression (Fig. 1B), similar to early observations in this
region (Mao et al., 2013). Total cellular levels of GIuAL proteins in both regions remained
stable following AMPH administration. These data indicate that GluA1 S831
phosphorylation in the hippocampus is insensitive to AMPH.

We next assayed GIuA1 phosphorylation at S845 in the same samples. Unlike S831, S845
phosphorylation in the hippocampus was significantly altered by AMPH. As shown in Fig.
1A, pS845 protein levels were dose-dependently elevated following AMPH administration.
At two lower doses (0.2 and 1 mg/kg), AMPH did not significantly alter pS845 expression.
At a higher dose (5 mg/kg), AMPH induced a marked increase in pS845 proteins. AMPH
also dose-dependently increased S845 phosphorylation in the striatum (Fig. 1B) as expected
based on our previous study (Mao et al., 2013). These data suggest that S845 in
hippocampal neurons is sensitive to AMPH. Since total GIuA1 proteins remained
unchanged, a higher level of pS845 signals reflects an increase in the portion of
phosphorylated proteins.

In addition to GIuA1l, GIuA2 is phosphorylated at S880 (Matsuda et al., 1999; Chung et al.,
2000; McDonald et al., 2001). We then assessed changes in this site phosphorylation. In the
hippocampus, pS880 protein levels were not altered by AMPH at three doses (Fig. 2A).
Similarly, pS880 protein levels in the striatum of AMPH-treated rats did not differ from
those in saline-treated rats (Fig. 2B). Total GIuA2 protein levels in both regions were not
altered after AMPH administration. These results indicate that GIuA2 S880 phosphorylation
is not regulated by AMPH in both hippocampal and striatal neurons.

Effects of AMPH on AMPA receptor phosphorylation: a time course study

To determine temporal properties of the AMPH effect, we carried out a separate time course
study. In this experiment, we administered AMPH to rats at a single effective dose (5 mg/
kg). We then sacrificed rats at different time points (15 min, 1 h, or 6 h after drug injection)
to monitor changes in AMPA receptor phosphorylation in the hippocampus. At each time
point, saline injection served as a control. We first assayed S831 phosphorylation. We found
that AMPH was still ineffective in affecting S831 phosphorylation. At 15 min, pS831 levels
in the hippocampus were not changed in AMPH-treated rats relative to saline-treated rats
(Fig. 3A and 3B), consistent with the above finding. At the two later time points (1 and 6 h),
pS831 levels in AMPH-treated rats were not different from those in saline-treated rats. At all
three time points, total GIuA1 showed a minimal change (Fig. 3A and 3D). These data
support that S831 is an insensitive site to AMPH.

Unlike S831, S845 phosphorylation was clearly regulated in a time-dependent fashion. A
robust increase in pS845 protein abundance was seen in the hippocampus at 15 min after
AMPH administration (Fig. 3A and 3C). A significant increase persisted at 1 h. At 6 h, the
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amount of pS845 proteins measured in AMPH-treated rats returned to a level insignificantly
different from that detected in the saline group. These results reveal a dynamic and
reversible phosphorylation of S845 in hippocampal neurons following AMPH stimulation.

Finally, GluA2 S880 phosphorylation was analyzed in the time course study. No significant
difference in hippocampal pS880 levels was found between AMPH- and saline-treated rats
at 15 min (Fig. 4). Similar results were observed at 1 and 6 h. Throughout the time course
surveyed, total GIuA2 levels did not show a significant change. Thus, GluA2 S880
phosphorylation in hippocampal neurons is resistant to AMPH.

Effects of AMPH on AMPA receptor phosphorylation in hippocampal subfields

To determine the effect of AMPH in hippocampal subfields, we microdissected CAl, CA3
and DG structures from rats treated with saline or AMPH. Following AMPH administration
(5 mg/kg, i.p.; 15 min prior to tissue collection), changes in AMPA receptor phosphorylation
in all three types of principal hippocampal neurons (i.e., the giant pyramidal neurons in the
CAZ3, the smaller pyramidal neurons in the CA1, and the granule neurons in the DG) were
measured by immunoblots. AMPH had no significant effect on pS831 protein levels in CAL,
CA3, and DG subregions (Fig. 5A and 5B). AMPH however induced a significant increase
in pS845 levels in the CA1 and DG, while the stimulant did not alter pS845 levels in the
CAZ3 (Fig. 5A and 5C). Changes in GIuA2 phosphorylation were also measured in the same
samples. No significant change in GIuA2 S880 phosphorylation was observed in AMPH-
treated rats compared to saline-treated rats (Fig. 5E). AMPH did not alter total amounts of
GluAl and GIuAZ2 in the three subregions (Fig. 5D and 5F). These data demonstrate that the
AMPH effect was subfield-specific as manifested by induction of S845 phosphorylation
primarily in CAl and DG neurons.

Effects of AMPH on surface and intracellular expression of GIuA1l and GIuA2

To determine possible subcellular redistribution of the receptors, we used a crosslinking
assay to isolate receptors from specific surface and intracellular pools in intact hippocampal
neurons in vivo. In these assays, a membrane-impermeable reagent BS3 was used to
selectively crosslinks surface membrane-bound receptors to form high-molecular weight
aggregates. These aggregates can be readily separated from unlinked intracellular receptors
bound on light membranes of the intracellular endoplasmic reticulum, Golgi, and vesicular
structures on gel electrophoresis. In experiments testing the effect of AMPH, we found that
AMPH (5 mg/kg, i.p., 1 h) induced a slight but significant increase in BS3-linked surface
GluA1 protein levels (Fig. 6A). The BS3-unlinked intracellular GluA1 was concurrently
reduced. As a result, the surface to intracellular ratio was markedly enhanced. There was no
significant change in GIuA2 levels in either the surface or the intracellular pool or in the
surface to intracellular ratio (Fig. 6B). Expression of a-actinin, an intracellular protein
which was inaccessible to BS and served as a control, remained unchanged in response to
AMPH (Fig. 6C). These results indicate that AMPH selectively modulates GIuA1 trafficking
in hippocampal neurons by redistributing GluA1 from the intracellular compartment to the
surface membrane.
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Discussion

Effects of AMPH on phosphorylation and surface expression of AMPA receptors were
investigated in adult rat brains in vivo with a focus on the hippocampus. A single dose of
AMPH increased GIuA1 S845 phosphorylation in this brain region. The effect of AMPH
was dose-dependent. The rapidly-induced S845 phosphorylation was reversible. In contrast
to S845, S831 phosphorylation was not altered by AMPH. S880 phosphorylation in
hippocampal GIuA2 was also resistant to AMPH. In surface receptor crosslinking assays, we
found that AMPH slightly elevated surface levels of GIuA1 although not GIuA2 proteins.
These results indicate that S845 phosphorylation of AMPA receptors is selectively regulated
by AMPH in hippocampal neurons. AMPH was able to induce a dose- and time-dependent
rise in S845 phosphorylation, accompanied by a parallel increase in surface-expressed
GluAl.

S845 phosphorylation and surface trafficking of receptors

The site selective nature of AMPH action is noteworthy. Early studies observed that AMPH
at 5 mg/kg increased S845 phosphorylation in the striatum and prefrontal cortex, while
AMPH did not alter S831 and S880 phosphorylation in these regions (Mao et al., 2013; Xue
etal., 2014). Similarly, in the hippocampus, we found that AMPH stimulated the
phosphorylation at S845, while sparing S831 and S880. Apparently, S845 is a preferred site
by AMPH in all brain regions surveyed so far. This reflects the ability of AMPH to enhance
dopamine levels and subsequently activate dopamine D1 receptors and associated PKA,
leading to changes in GIuA1 phosphorylation at the PKA site (S845). Regarding functional
outcome, the phosphorylation at S845 has been found to drive surface trafficking of GluA1-
containing receptors onto extrasynaptic sites (Chao et al., 2002a; Mangiavacchi et al., 2004;
Man et al., 2007), which facilitates their insertion into synapses (Esteban et al., 2003; Sun et
al., 2005; Oh et al., 2006; Gao et al., 2006; Sun et al., 2008) and potentiates the peak current
of AMPA receptor channels (Roche et al., 1996). It is likely that AMPH enhances S845
phosphorylation to accelerate surface delivery of GIuAL. This likelihood is supported by our
finding that AMPH induced a correlated increase in surface expression of GluA1. Of note,
the increase in surface expression primarily occurred to GluAl, indicating an increase in
surface expression of homomeric GIUAL receptors. In other studies, increased GIuUA1
surface expression in the nucleus accumbens was associated with an increase in pS845
protein levels in surface and extrasynaptic pools in rats self-administering cocaine (Ferrario
et al., 2011), although surface GIuA1 expression in the nucleus accumbens was not elevated
following behavioral sensitization to AMPH (Nelson et al., 2009). Parallel increases in both
GluAl and pS845 proteins occurred in the rat ventral tegmental area (VTA) following
cocaine self-administration (Choi et al., 2011).

Hippocampal roles in stimulant action

The hippocampal formation is another important region for stimulant action (Robbins et al.,
2008; Ricoy and Martinez, 2009; Koob and Volkow, 2010). Although not traditionally
considered part of the reward circuitry, the hippocampus is intimately connected to the
reward system with the primary dopaminergic input from the VTA and a major
glutamatergic output to the nucleus accumbens (Gasbarri et al., 1997; Luo et al., 2011; Britt
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etal., 2012). A growing appreciation is that the hippocampus as a major central site for
learning and memory is significantly implicated in experience-dependent drug seeking
behavior. This appreciation is supported by increasing evidence. For instance, AMPH
increased hippocampal glucose utilization (Engber et al., 1998). Acute AMPH or cocaine
increased dopamine levels in the hippocampus (Borgkvist et al., 2012). Since the
hippocampus expresses few, if any, dopamine transporters (Lorang et al., 1994), stimulants
are reasoned to block the norepinephrine transporter that is suggested to clear dopamine in
the hippocampus to enhance dopamine in the region (Borgkvist et al., 2012). Cocaine self-
administration also activated hippocampal neurons as detected by Fos expression
(Neisewander et al., 2000). Behaviorally, lidocaine inactivation of hippocampal neurons
blocked behavioral sensitization to AMPH (Degoulet et al., 2008) and attenuated drug
seeking behavior (Sun and Rebec, 2003). Electrical stimulation of the hippocampus or intra-
hippocampal injection of methamphetamine elicited drug seeking behavior (Vorel et al.,
2001; Taepavarapruk and Phillips, 2003; Ricoy and Martinez, 2009). A number of other
studies further support the role of the hippocampus in environmental context- or drug-
primed seeking behavior (Black et al., 2004; Fuchs et al., 2005; 2007; Rogers and See, 2007;
Lansink et al., 2009; Hearing et al., 2010; Lasseter et al., 2010; Xie et al., 2010; 2014) and in
AMPH or cocaine conditioned place preference (Meyers et al., 2003; 2005; Rademacher et
al., 2006). In electrophysiological experiments, cocaine and methamphetamine altered
synaptic plasticity in the form of long-term potentiation, a cellular substrate of learning,
recorded in the hippocampus (Swant et al., 2010; Keralapurath et al., 2014). These results
collectively support that the hippocampus is critical for learning and memory diseases such
as stimulant addiction (Kelley, 2004; Hyman et al., 2006).

Hippocampal AMPA receptors and drug effects

The AMPA receptor population in the hippocampus is believed to contribute to local
synaptic plasticity and drug-associated learning. In addition to dopamine D1 and D2
receptors expressed in hippocampal neurons (Bruinink et al., 1986; Fremeau et al., 1991;
Gangarossa et al., 2012), AMPA receptors are enriched in this area with two major
populations of GIUA1/GIuA2 and GluA2/GIuA3 heteromers and a smaller amount of GIuAl
homomers (Wenthold et al., 1996). The D1 agonist SKF81297 induced a sustained
enhancement of AMPA receptor-mediated currents in rat hippocampal CA1 neurons (Yang,
2000). Re-exposing mice to a cocaine-associated environment increased GluA1 S845
phosphorylation in the dorsal hippocampus (Tropea et al., 2008). Cocaine self-
administration also increased S831 and S845 phosphorylation in the CA1 hippocampus
(Edwards et al., 2007). Morphine administration enhanced hippocampal GIuA1l
phosphorylation and expression at synaptic and extrasynaptic sites (Billa et al., 2009; 2010).
Intra-hippocampal infusion of a cell permeable TAT-S845 peptide that selectively inhibited
S845 phosphorylation suppressed acute behavioral responses to AMPH (Du et al., 2008). In
this study, we found that AMPH enhanced S845 phosphorylation and surface GIuAl
expression in hippocampal neurons. This adds additional evidence for the critical role of
hippocampal AMPA receptors in stimulant action. Future studies need to elucidate accurate
underlying mechanisms linking phosphorylation changes to receptor plasticity in relation to
drug seeking behavior. In addition, it is unclear why AMPH did not alter S845
phosphorylation in the CA3 subregion. Given a set of anatomical and physiological
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differences among the hippocampal subfields (Gaarskjaer, 1986; Zhao et al., 2001), future
studies will also need to explore subfield-specific responses of AMPA receptors to
stimulants and contributions of the subfield receptor to drug action.
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Abbreviations used

ACSF artificial cerebrospinal fluid
AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMPH amphetamine
BS3 bis(sulfosuccinimidyl)suberate
CA Cornu Ammonis area
CT C-terminus
DG dentate gyrus
ECL enhanced chemiluminescence
EDTA ethylenediaminetetraacetic acid
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
PKA protein kinase A
PKC protein kinase C
RIPA radioimmunoprecipitation assay
SDS Sodium dodecyl sulfate
VTA ventral tegmental area.
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Figure 1. Effects of AMPH at different doses on GluA1 phosphorylation in the rat hippocampus
(A) Effects of AMPH on S831 and S845 phosphorylation in the hippocampus. (B) Effects of

AMPH on S831 and S845 phosphorylation in the striatum. Representative immunoblots are
shown to the left of the quantified data. Note that AMPH induced a site-specific and dose-
dependent increase in S845 phosphorylation in both regions. Rats were treated with a single
i.p. injection of saline (Sal) or AMPH at different doses (0.2, 1, or 5 mg/kg) and were
sacrificed 15 min after drug injection for preparing synaptosomal proteins for immunoblot
analysis. Data are presented as means = SEM (n = 5 per group). *P < 0.05 versus saline.
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Figure 2. Effects of AMPH at different doses on GIuA2 phosphorylation in the rat hippocampus
(A) Effects of AMPH on S880 phosphorylation in the hippocampus. (B) Effects of AMPH

on S880 phosphorylation in the striatum. Representative immunoblots are shown to the left
of the quantified data. Rats were treated with a single i.p. injection of saline (Sal) or AMPH
at different doses (0.2, 1, or 5 mg/kg) and were sacrificed 15 min after drug injection for
preparing synaptosomal proteins for immunaoblot analysis. Data are presented as means +

SEM (n =5 per group).
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Figure 3. Time course analysis of effects of AMPH on GluA1 phosphorylation in the rat

hippocampus

(A) Representative immunoblots illustrating effects of AMPH on S831 and S845
phosphorylation surveyed at different time points after drug injection. (B-D) The quantified
data showing effects of AMPH on S831 (B) and S845 (C) phosphorylation and GIuAl (D)
expression at different time points. Note that AMPH increased pS845 protein levels at 15
min and 1 h and did not alter pS845 levels at 6 h. Rats were treated with a single i.p.
injection of saline or AMPH (5 mg/kg) and were sacrificed at different time points (15 min,
1 h, or 6 h after drug injection) for preparing synaptosomal proteins for immunoblot
analysis. Data are presented as means = SEM (n = 4-6 per group). *P < 0.05 versus saline at

the same time point.
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Figure 4. Time course analysis of effects of AMPH on GIluA2 S880 phosphorylation in the rat
hippocampus

Representative immunoblots are shown above the quantified data. Rats were treated with a
single i.p. injection of saline or AMPH (5 mg/kg) and were sacrificed at different time points
(15 min, 1 h, or 6 h after drug injection) for preparing synaptosomal proteins for
immunoblot analysis. Data are presented as means + SEM (n = 4-6 per group).
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Figure 5. Effects of AMPH on AMPA receptor phosphorylation in the hippocampal subfields
(A) Representative immunoblots illustrating effects of AMPH on S831 and S845

phosphorylation in CA1, CA3, and DG subregions. (B-D) The quantified data showing
effects of AMPH on S831 (B) and S845 (C) phosphorylation and GIuAl (D) expression in
CAl, CA3, and DG subregions. Note that AMPH induced an increase in S845 protein levels
in CA1 and DG but not CA3 areas. (E and F) Effects of AMPH on S880 phosphorylation
(E) and GIuA2 expression (F) in CA1, CA3, and DG subregions. Representative
immunoblots are shown above the quantified data. Rats were treated with a single i.p.
injection of saline or AMPH (5 mg/kg) and were sacrificed 15 min after drug injection for
microdissection of hippocampal subfields. Synaptosomal proteins were prepared for
immunoblot analysis. Data are presented as means = SEM (n = 4 per group). *P < 0.05
versus saline.
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Figure 6. Effects of AMPH on surface and intracellular expression of AMPA receptor subunits
in the rat hippocampus

(A-B) Effects of AMPH on surface (S) and intracellular (1) expression of GIuAl (A) and
GluA2 (B) and on the S:I ratio of GluAl (A) and GIuA2 (B) in hippocampal neurons. (C)
Effects of AMPH on a-actinin expression in hippocampal neurons. Representative
immunoblots are shown to the left of the quantified data. Rats were treated with a single i.p.
injection of saline or AMPH (5 mg/kg) and were sacrificed 1 h after drug injection for BS3
crosslinking assays of changes in surface versus intracellular expression of GluAl and
GIuA2 in the hippocampus. Data are presented as means + SEM (n = 4 per group). *P <
0.05 versus saline.
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