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Abstract
Background—Palmitoylation is emerging as one of the most important posttranslational
modifications of excitatory synaptic proteins in mammalian brain cells. As a reversible and
regulatable modification sensitive to changing synaptic inputs, palmitoylation of ionotropic
glutamate receptors contributes to not only the modulation of normal receptor and synaptic
activities, but also the pathogenesis of various neuropsychiatric disorders. Here, we report that
palmitoylation of the AMPA receptor is regulated by the psychostimulant, cocaine, and such
regulation is involved in cocaine action.

Methods—We tested palmitoylation and surface expression of AMPA receptors in striatal
neurons and psychomotor behavior in responses to cocaine in rats.

Results—All four AMPA receptor subunits (GluA1-4 or GluR1-4) are palmitoylated in the
nucleus accumbens (NAc) of adult rats. Among them, GluA1 and GluA3 are preferentially
upregulated in their palmitoylation levels by a systemic injection of cocaine. The upregulated
GluA1 and 3 palmitoylation is a transient and reversible event. Consequently, it increases the
susceptibility of surface-expressed GluA1 and 3 to internalization trafficking, leading to a
temporal loss of surface receptor expression. Blockade of the regulated GluA1/3 palmitoylation
with a palmitoylation inhibitor in the local NAc reverses the loss of surface GluA1/3. The
inhibition of palmitoylation also concurrently sustains behavioral responsivity to cocaine.

Conclusions—Our data identify a novel drug-palmitoylation coupling in the center of limbic
reward circuits. Through palmitoylating selective AMPA receptor subunits, cocaine activity-
dependently regulates trafficking and subcellular localization of the receptor in NAc neurons and
dynamically controls psychomotor sensitivity to the psychoactive drug in vivo.
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Glutamate is the major excitatory neurotransmitter in the mammalian brain. Its functions are
mediated through the interaction with glutamate receptors. Ionotropic glutamate receptors
are ligand-gated ion channels that process the fast excitatory synaptic transmission. These
receptors are classified into several subtypes: AMPA, kainate, δ, and NMDA receptors.
AMPA receptors (AMPARs) are composed of four subunits, GluA1-4 or GluR1-4 (1). Most
AMPARs become fully functional upon heterotetrameric assembly of these subunits (2).
Since AMPARs are the most commonly found receptor in many parts of the brain, they play
critical roles in normal cellular and synaptic activities and in the pathogenesis of various
neuropsychiatric and neurodegenerative diseases (3).

Early studies have demonstrated that posttranslational modifications, such as
phosphorylation of AMPARs, actively regulate AMPARs and synaptic plasticity (4,5).
Recent work identifies fatty acylation, such as palmitoylation, as another important type of
posttranslational modification of the receptor (6). Thio-palmitoylation is the covalent
attachment of a 16 carbon saturated fatty acid, palmitate (palmitic acid), to a cysteine
residue most commonly via a thioester bond (7,8). This type of lipidation increases the
lipophilicity or hydrophobicity of modified proteins, which often results in an altered
affinity for the plasma membrane, leading to protein trafficking from one membrane system
to another. Palmitoylation can also alter interactions of modified proteins with their binding
partners, thereby regulating their subcellular distribution and function. Like phosphorylation
and unlike other forms of lipidation, palmitoylation (the thioester bond) is labile and
reversible. In the case of AMPARs, all four subunits (GluA1-4) are palmitoylated
constitutively in transfected HEK 293T cells or cultured cortical neurons (9). Such
palmitoylation is subject to the dynamic regulation by changing synaptic inputs. Given the
fact that palmitate is the most abundant fatty acid in the brain, palmitoylation could be a
common mechanism for regulating distribution and function of AMPARs.

Psychostimulants increase the synaptic availability of dopamine in the striatum (10,11).
Similarly, stimulants modify glutamatergic transmission. The impact on glutamatergic
transmission is deemed to mediate drug’s effects (12). AMPARs are densely expressed in
medium spiny neurons of the striatum (13–15). These receptors are likely to be sensitive
targets of psychostimulants in terms of their labile palmitoylation. Thus, in this study, we
investigated whether AMPARs in the ventral striatum/nucleus accumbens (NAc) undergo
basal palmitoylation and whether their palmitoylation is subject to the regulation by the
psychostimulant cocaine and is involved in the drug action in vivo.

Materials and Methods
Animals

Adult male Wistar rats weighing 225–275 g (Charles River) were individually housed in a
controlled environment at a constant temperature of 23ºC 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.
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Systemic drug injection
Rats received an intraperitoneal (i.p.) injection of saline or cocaine hydrochloride (Sigma-
Aldrich, St. Louis, MO). The dose of cocaine was calculated as the salt. Doses of cocaine
were chosen based on their effects on motor activity and posttranslational modification
(phosphorylation) of GluA1 in the mouse striatum (16,17). Age-matched rats received an
acute injection of saline (1 ml/kg) and served as controls.

Analysis of palmitoylation with acyl-biotin exchange (ABE) method
Protein palmitoylation was analyzed using an ABE method (18–20). The detailed protocol
was modified from Wan et al. (21) and Hayashi et al. (22) and was carried out on the
affinity-purified palmitoyl proteins en masse from adult rat brain tissue. Main steps of a
series of biochemical procedures are illustrated in Fig. S1. They include 1) extraction and
denaturation of proteins from the NAc, followed by in vitro blockade of unmodified free
cysteine thiols (-SH) with N-ethylmaleimide (NEM); 2) cleavage of palmitoylation thioester
linkage with hydroxylamine (HA, NH2OH); 3) labeling newly-exposed cysteinyl thiols with
a thiol-specific biotinylation reagent; 4) affinity purification of resulting biotinylated
proteins with neutravidin-agarose; 5) elution of affinity-purified proteins with β-
mercaptoethanol (β-ME); and 6) identification of palmitoylated proteins using Western blot
with a panel of antibodies specific to individual proteins. Specifically, rats were anesthetized
with Equithesin (9 ml/kg, i.p.) and decapitated at time points indicated. Brains were quickly
removed and cut into coronal sections. The NAc was removed into a 1.5 ml microtube
containing ice-cold RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 1% sodium deoxycholate, 2% SDS for denaturing proteins, and a protease
inhibitor cocktail-Completetm, Roche) with 10 mM NEM (Pierce) for blocking free thiols,.
The sample was homogenized by sonication. The homogenate was centrifuged at 760 g for
10 min at 4° C. Supernatant was subject to three sequential acetone precipitations to remove
unbound free NEM. For each precipitation, 4 volumes of cold acetone were added and
incubated for 60 min at −20ºC. Samples were centrifuged for 10 min at 14,000 g. Pellets
were resuspended in RIPA buffer. After the final precipitation, pellets were dissolved in
RIPA buffer and divided into two equal portions. One portion was incubated for 1 h at room
temperature with 4 volumes of RIPA buffer containing 0.7 M HA (Sigma) for cleaving
thioester bonds and 1 mM sulfhydryl-reactive HPDP-biotin (Pierce) for linking biotin to
newly-exposed cysteinyl thiols. Another portion was incubated with RIPA buffer containing
only HPDP-biotin to serve as controls. Three acetone precipitations were performed to
remove HA and unreacted HPDP-biotin. After first precipitation, pellets were dissolved in
RIPA buffer plus 0.2 mM HPDP-biotin and incubated for 1 h at room temperature. After last
two precipitations, pellets were dissolved in RIPA buffer. Biotinylated proteins in samples
were affinity-purified using neutravidin-conjugated beads (Thermo Fisher Scientific) for 1 h
at 4ºC. To cleave the protein-biotin disulfide linkages and elute bound proteins from the
beads, 1% (v/v) β-ME (Fisher) was added and incubated for 30 min at 37°C. Eluted proteins
in the supernatant were resolved in Western blotting and analyzed with specific antibodies
(23).

Surface receptor crosslinking assays
Surface expression of GluA1-4 was assayed using the membrane-impermeable crosslinking
reagent bis(sulfosuccinimidyl)suberate (BS3) as described previously (24,25). Briefly, brains
were removed following anesthesia and were cut into coronal sections (400 μm). The NAc
was dissected and added to Eppendorf tubes containing ice-cold artificial cerebrospinal fluid
(ACSF). BS3 (Pierce) was added to 2 mM and incubated for 30 min at 4°C. The reaction
was terminated by quenching with 20 mM glycine (10 min, 4°C). The tissue was then
washed four times in cold ACSF (10 min each), homogenized to obtain total protein
homogenate, and analyzed directly by SDS-PAGE (4–12% Tris-glycine gels, Invitrogen).
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Other procedures, including behavioral assessments, Western blot, primary striatal neuronal
culture preparation, analysis of palmitoylation by metabolic labeling, surgeries for intra-
NAc injection, assessments of cellular damage in striatal sections and statistics, are
described in supplementary methods (see Supplement).

Results
Palmitoylation of AMPARs in the NAc

All four AMPAR subunits (GluA1-4) showed basal palmitoylation in transfected HEK 293T
cells and cultured cortical neurons as detected by either [3H]palmitate metabolic labeling or
the ABE method (9,20). It is however unclear whether GluA1-4 subunits undergo similar
palmitoylation in the NAc of adult brains in vivo. To determine this, we performed ABE
assays to assess the palmitoylation status of these subunits in normal rat NAc tissue. We
found that all four endogenous subunits consistently displayed detectable palmitoylation
(Fig. 1A). In contrast, the NMDA receptor GluN1 subunit did not (Fig. 1B), a result similar
to previous observations in cultured cortical neurons (9,22). This result therefore served as a
negative control. For a positive control, a well-known palmitoylated protein, H-Ras (26),
was tested. It showed strong palmitoylation in our assays (Fig. 1C). These data demonstrate
that AMPAR subunits (GluA1-4) are constitutively palmitoylated in NAc neurons of adult
rats.

To confirm the palmitoylation of AMPAR subunits in NAc neurons, we performed
metabolic labeling with [3H]palmitate in cultured rat NAc neurons. Because of the
conserved amino acid sequence surrounding the palmitoylation sites of all four AMPAR
subunits (9), we selected GluA1 palmitoylation as a representative of these subunits in this
study. As shown in Fig. 1D, GluA1 was metabolically labeled with [3H]palmitate,
establishing an existence of GluA1 palmitoylation. To determine if [3H]palmitate was linked
to GluA1 via HA-sensitive thioester bonds (27), we treated GluA1 samples
immunoprecipitated from [3H]palmitate-labeled cultures with HA or a control buffer (Tris-
HCl). We found that HA eliminated the [3H]palmitate labeling of GluA1, while Tris-HCl
did not (Fig. 1E). Thus, the labeling was due to palmitoylation at cysteine residues via
thioester bonds.

Cocaine increases palmitoylation of GluA1 and GluA3 in NAc neurons
Palmitoylation of many receptor, signaling, and scaffold proteins at excitatory synapses is
regulated by changing synaptic inputs (9,22,28,29). To determine whether cocaine alters
palmitoylation of GluA1-4 in the NAc, we subjected rats to a single dose of cocaine (5, 20
or 30 mg/kg, i.p.). We sacrificed animals 30 min after drug injection to assess changes in
GluA1-4 palmitoylation in the NAc. Cocaine at the two higher doses significantly increased
palmitoylation of GluA1, while cocaine at a lower dose did not (Fig. 2A). Palmitoylation of
GluA3 was also elevated in cocaine-treated rats relative to saline-treated rats (Fig. 2C).
Noticeably, in contrast to GluA1 and GluA3, GluA2 and GluA4 showed insignificant
changes in their palmitoylation levels (GluA2, Fig. 2B; GluA4, Fig. 2D). These results
identify the AMPAR as a sensitive target of cocaine in the in vivo NAc. Their basal levels of
palmitoylation are subject to the upregulation by cocaine. Since total amounts of proteins of
all four subunits remained unchanged in cocaine-treated rats compared to saline-treated rats
(Fig. S2), the increase in GluA1 and 3 palmitoylation should result from an increased
portion of palmitoylated GluA1 and 3 proteins in their total abundance, but not from an
overall addition of proteins. Similar results were observed in the dorsal striatum (Fig. S3).
Behavioral stimulation by cocaine was confirmed by enhanced locomotion (Fig. 2E) and
stereotypy (Fig. 2F).
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Time course of cocaine-regulated palmitoylation of AMPARs
To determine the temporal property of the cocaine-regulated AMPAR palmitoylation, we
subjected rats to acute cocaine (20 mg/kg). We then sacrificed animals at different time
points (15, 30, and 90 min after drug injection) for assessments of changes in palmitoylation
of GluA1-4 in the NAc. Cocaine showed no significant effect on GluA1 palmitoylation in
the NAc at 15 min after injection (84.4 ± 7.6% of saline, P > 0.05) (Fig. 3A). The drug
increased GluA1 palmitoylation at 30 min (138.3 ± 5.7% of saline, P < 0.01). This effect
dissipated at 90 min as GluA1 palmitoylation returned to a level insignificantly different
from saline (112.6 ± 9.4% of saline, P > 0.05). GluA2 was not significantly modified in
palmitoylation at 15 min (88.1 ± 8.7% of saline, P > 0.05) (Fig. 3B). Similar results were
observed at 30 min (103.3 ± 12.1% of saline, P > 0.05) and 90 min (92.8 ± 1.8% of saline, P
> 0.05) (Fig. 3B). GluA3, like GluA1, was sensitive to cocaine in a time-dependent fashion
(Fig. 3C). Its palmitoylation was unaffected at 15 min (86.4 ± 10.3% of saline, P < 0.05). An
increase was observed at 30 min (129.8 ± 3.9% of saline, P < 0.01), which returned to the
normal level at 90 min (110.3 ± 14.1% of saline, P > 0.05). Finally, GluA4 palmitoylation
was resistant to cocaine as its palmitoylation was not altered throughout the time points
tested (15 min: 107.9 ± 8.1% of saline, P > 0.05; 30 min: 101.4 ± 4.7% of saline, P > 0.05;
and 90 min: 103.1 ± 7.2% of saline, P > 0.05) (Fig. 3D). There was no change in total
GluA1-4 expression at all time points (Fig. S4). These data establish the selectivity of
GluA1/3 and the insensitivity of GluA2/4 to cocaine in their palmitoylation status at all three
time points surveyed. They further characterize the cocaine-regulated GluA1/3
palmitoylation as a transient and reversible event. As compared to the motor stimulation,
this time-dependent modification of palmitoylation was developed after the occurrence of
typical behavioral responses to cocaine (Fig. 3E and 3F).

Cocaine causes redistribution of GluA1 and GluA3 in NAc neurons in vivo
Palmitoylation increases the lipophilicity of modified proteins, which often alters the affinity
of proteins for plasma membranes. Palmitoylation can also alter the interaction rate of
surface membrane-bound proteins with their submembranous scaffold proteins. These
alterations alone or together can regulate protein trafficking from one membrane system to
another and redefine subcellular distribution of synaptic proteins in response to altered
synaptic activity (6). To this end, we examined whether cocaine-stimulated palmitoylation
of AMPAR subunits occurs in parallel with redistribution of these subunits. We used a
recently developed biochemical crosslinking method to isolate native receptors from specific
surface and intracellular pools in intact neurons in vivo (24,25). In this crosslinking assay,
we treated viable rat NAc slices with BS3. As a membrane-impermeable reagent, BS3

selectively crosslinks surface membrane-bound receptors to form high-molecular weight
aggregates. On gel electrophoresis, these aggregates can be readily separated from unlinked
intracellular receptors bound on light membranes of the intracellular endoplasmic reticulum,
Golgi, and vesicular structures. In BS3-treated normal rat NAc slices, we observed a high
molecular weight band (BS3-linked surface proteins) for each subunit tested (Fig. 4A). We
also observed a low monomeric molecular weight band (BS3-unlinked intracellular proteins)
for each subunit. This band was proportionally less in optical density as compared to a
single monomeric molecular weight band seen in non-BS3-treated control slices, which
contains both surface and intracellular subunits (Fig. 4A). The surface selectivity of BS3 was
confirmed by the lack of crosslinking effect of BS3 on α-actinin, an intracellular protein
(Fig. 4B). In addition, adding BS3 into NAc homogenates completely eliminated the
monomeric band of GluA1 (Fig. 4C), GluA2, GluA3 or GluA4. In normal NAc neurons,
BS3 assays revealed similar estimates of the percentages of four subunits in surface and
intracellular pools. Typically, a larger portion of AMPAR subunits is expressed in the
surface pool. A smaller portion is expressed in the intracellular pool as indicated by much
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lower levels of intracellular monomer subunits in BS3-treated slices relative to control slices
(Fig. 4D).

We next examined whether cocaine regulates surface and/or intracellular AMPAR
expression. Cocaine (20 mg/kg, i.p., 30 min) induced a decrease in GluA1 protein
abundance in the surface pool of NAc (71.1 ± 1.7% of saline, P < 0.05; Fig. 5A). In contrast,
cocaine increased GluA1 proteins in the intracellular pool (157.4 ± 5.5% of saline, P < 0.05;
Fig. 5A). The total amount of GluA1 (surface + intracellular proteins) remained unchanged
(Fig. 5A). Due to concurrent changes in both surface and intracellular pools, the
surface:intracellular ratio of GluA1 expression was markedly reduced (Fig. 5B). No
significant change was found in GluA2 protein levels in either the surface or the intracellular
pool (Fig. 5C) or in the surface:intracellular ratio (Fig. 5D). Similar to GluA1, GluA3
expression in surface and intracellular pools was reduced (68.8 ± 2.8% of saline, P < 0.05)
and elevated (163.0 ± 6.2% of saline, P < 0.05), respectively (Fig. 5E). The
surface:intracellular ratio of GluA3 was therefore lower in cocaine-treated rats than saline-
treated rats (Fig. 5F). There was no significant change in GluA4 expression in the two pools
(Fig. 5G) and in the surface:intracellular ratio (Fig. 5H). Expression of α-actinin showed no
change (Fig. 5I). These data indicate that cocaine can trigger a rapid redistribution of GluA1
and GluA3 subunits, which is characterized by a loss of surface receptors and a
simultaneous accumulation of intracellular receptors, probably due to an accelerated
internalization trafficking.

Palmitoylation links to internalization trafficking of AMPARs
Palmitoylation is an enzymatically catalyzed event and is catalyzed by a family of
membrane-bound enzymes known as palmitoyl acyltransferases (PATs). All PATs contain
an Asp-His-His-Cys (DHHC) Cys-rich domain which is conserved in PATs from yeast to
mammals and is recognized as the molecular signature of PATs (8). At least 23 mammalian
DHHC-containing PATs (DHHC1-23) have been identified. These PATs noticeably have
the confined substrate selectivity (8). For glutamate receptors, a Golgi apparatus-specific
protein with a DHHC zinc finger domain (GODZ, also known as DHHC3) has the PAT
activity toward constitutive AMPAR palmitoylation in cultured cortical neurons and
heterologous cells (9,30). In addition to the Golgi-resident DHHC3, a dendritically localized
DHHC2 activity-dependently translocates to the postsynaptic density (PSD) to induce a
rapid palmitoylation of PSD-95 in cultured hippocampal neurons (29). To determine roles of
PATs in mediating cocaine-stimulated AMPAR palmitoylation and evaluate the causal
linkage between altered palmitoylation and redistribution of the receptor, we examined
whether 2-BP, a nonmetabolizable palmitate and a general inhibitor of protein
palmitoylation (31), affects cocaine-regulated palmitoylation and surface/intracellular
expression of GluA1/3. In chronically cannulated and freely-moving rats, microinjection of
2-BP into the NAc (0.3 nmol/0.5 μl, 1 h prior to cocaine) abolished the increase in GluA1
palmitoylation in the NAc induced by an i.p. injection of cocaine (20 mg/kg, 30 min) (Fig.
6A). This effect was accompanied by reversal of the cocaine-stimulated changes in surface
and intracellular expression of GluA1 (Fig. 6A). Similar results were observed from assays
for GluA3 (Fig. 6B). These results indicate that cocaine stimulates PATs to induce GluA1/3
palmitoylation. In addition, as compared to vehicle injection, 2-BP induced no difference in
the number of apoptotic cells as detected by fragment-end labeling and the number of
pyknotic cells in NAc slices, indicating that 2-BP caused no toxicity to NAc neurons.

2-BP increases behavioral sensitivity to cocaine
To determine whether inhibition of palmitoylation has any impact on behavioral
responsivity to the drug, we tested locomotor responses to cocaine in rats pretreated with a
local injection of 2-BP into the NAc, a drug treatment which was shown to block the
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cocaine-stimulated GluA1/3 palmitoylation and subsequent internalization (see above). We
subjected chronically-cannulated and freely moving rats to microinjections of 2-BP into
bilateral NAc (0.3 nmol/0.5 μl/side). We then injected cocaine to these rats (20 mg/kg, i.p., 1
h after 2-BP) and monitored their motor responses to the drug. We found that cocaine
induced a greater and more sustained motor response in rats pretreated with 2-BP relative to
rats pretreated with a vehicle control (Fig. 6C and 6D). Rats pretreated with 2-BP alone
exhibited a minimal change in spontaneous motor activity (Fig. 6). These data demonstrate
that the local inhibition of activity-dependent protein palmitoylation in the NAc with 2-BP
can augment and sustain behavioral responses to cocaine.

Discussion
PATs catalyze the site-specific palmitoylation. While all PATs clearly contain a DHHC
Cys-rich domain, it is unclear if there exists a consensus palmitoylation motif surrounding
palmitoyl cysteines (8). Nevertheless, as more palmitoylated proteins are discovered, a
pattern of palmitoylation motif seems to have emerged. In a preferred algorithm, basic and
hydrophobic residues and additional cysteines seem to appear as more favorable and
common residues around palmitoyl cysteines (32,33). In the case of AMPARs, four subunits
are palmitoylated on two conserved cysteine residues: one within C-terminal regions
(GluA1-Cys811; GluA2-Cys836; GluA3-Cys841; and GluA4-Cys817) and another within
the transmembrane domain (TMD) 2 (GluA1-Cys585; GluA2-Cys610; GluA3-Cys615; and
GluA4-Cys611) (9). These sites are surrounded by basic and hydrophobic residues. They are
adjacent to transmembrane domains, consistent with a pattern of palmitoylation for
transmembrane proteins, i.e., palmitoylation at intracellular cysteines near transmembrane
domains (7,34,35). The Golgi-resident PAT DHHC3 promotes the palmitoylation on the
TMD 2 site, while the exact subtype of PATs that palmitoylates the C-terminal site still
needs to be identified (9). In this study, we used the ABE method to detect overall, but not
site-specific, palmitoylation of AMPARs. A detection of palmitoyl- and site-specific
palmitoylation in the adult brain in vivo will have to rely on palmitoyl- and site-specific
antibodies to be developed.

Glutamate receptor palmitoylation is much less studied in vivo than in vitro. We thus
initiated this study to portray glutamate receptor palmitoylation in vivo. Several important in
vivo characteristics were established. First, among various types of posttranslational
modifications, palmitoylation like phosphorylation is unique because it is regulated activity-
dependently by extracellular signals and it is a reversible process. This is evidently the case
for AMPAR palmitoylation in NAc neurons in response to cocaine. Similar to this, Kang et
al. (20) found that kainic acid, a drug enhancing neuronal excitability leading to seizure-like
behavior (36), increased GluA1 palmitoylation in brains. Second, with regard to the
underlying mechanism, palmitoylation cycle is regulated by the balance of PATs and
palmitoyl thioesterases (PTEs) which depalmitoylate substrates. Thus, stimulating PATs
and/or inhibiting PTEs could increase GluA1 and GluA3 palmitoylation. Given that the
cocaine effect was sensitive to the PAT inhibitor 2-BP, elevated PAT activity is believed to
contribute to the increase in GluA1/3 palmitoylation. At the receptor level, dopamine and/or
glutamate receptors likely mediate cocaine action, a topic being investigated. Finally, the
selective effect of cocaine on GluA1/3 is noteworthy. This is consistent with the finding that
kainic acid increased GluA1, but not GluA2, palmitoylation (20). It appears that, in the
complex in vivo brain, cocaine selectively affects the distinct AMPAR subtypes, either
GluA1 homomers or GluA1/3 heteromers, likely in subsets of excitatory synapses via a
mechanism involving the integrated influence of the drug on multiple neurotransmitter
systems.
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Palmitoylation is one of protein modifications that can translocate modified proteins from
one membrane microdomain to another in an activity-sensitive fashion. Thus, it is
interesting to explore whether altered AMPAR palmitoylation leads to changes in their
subcellular localization. Our data indicate that inducible palmitoylation in response to
cocaine indeed regulates localization of the receptor. The cocaine-stimulated palmitoylation
of GluA1 and GluA3 was accompanied by a loss of surface GluA1/3 and an addition of
intracellular GluA1/3. This pattern of redistribution was reversed when the induced
palmitoylation was blocked by 2-BP. Precise mechanism(s) linking the palmitoylation to the
redistribution are unclear. However, induced palmitoylation is believed to increase protein
lipophilicity or regulate protein-protein interactions. Through either or both, palmitoylation
can rapidly redistribute proteins in a dramatic or subtle way. According to Hayashi et al. (9),
agonist-induced acute internalization of AMPARs is regulated by palmitoylation. By
disrupting the interaction of receptors with 4.1N, a synapse-enriched cytoskeletal protein
stabilizing surface AMPAR expression (37), palmitoylation on the C-terminal site reduced
the affinity of the receptor for 4.1N and accelerated the activity-dependent receptor
internalization in cultured cortical neurons. Thus, cocaine may reduce surface receptors via
palmitoylation- and activity-sensitive internalization.

A single dose of cocaine can increase extracellular glutamate in the NAc (see below). This
may reduce surface AMPAR expression to homeostatically control neuronal excitability and
motor responses to cocaine. As such, limiting the palmitoylation-dependent endocytosis of
AMPARs may have a behavioral consequence. In fact, the palmitoylation inhibitor that
inhibited the cocaine-stimulated GluA1/3 palmitoylation in the local NAc sustained
behavioral responses to cocaine. Thus, inducible and reversible palmitoylation seems to
serve as a dynamic regulator controlling surface AMPAR abundance and psychomotor
responsivity to cocaine.

A single high dose of cocaine increased extracellular glutamate in the NA (38,39). A lower
dose of cocaine challenge was sufficient to increase glutamate in the NA of cocaine-
sensitized rats (40–42). In addition to presynaptic glutamate release, surface expression of
postsynaptic AMPARs in the NAc was elevated after withdrawal from repeated or self
administration of cocaine (43,44). The elevated surface AMPAR expression returned to
normal levels (43) and synaptic depression was induced (45,46) in the NAc in response to a
single cocaine re-exposure (challenge) after extended withdrawal. The withdrawal-induced
elevation of surface AMPARs seems to mediate the incubation of cocaine craving (44),
although elevating AMPAR expression and function in the NAc via viral overexpression of
AMPARs was found to attenuate cocaine sensitization and seeking and facilitate cocaine
extinction (47,48). These data underscore the complexity of AMPARs in adaptations to
cocaine and in regulating drug effects. Our study adds a new layer of AMPAR regulation by
cocaine. Future studies will explore whether this palmitoylation-dependent regulation
undergoes plastic changes in response to chronic drug administration and contributes to
enduring AMPAR plasticity and cocaine addiction.
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Figure 1. Palmitoylation of native AMPAR subunits GluA1-4 in rat NAc neurons in vivo and in
vitro
(A) Palmitoylation of GluA1-4 subunits in the NAc. (B) Palmitoylation of NMDA receptor
GluN1 subunits in the NAc. (C) Palmitoylation of H-Ras in the NAc. Palmitoylation was
examined in homogenates from the normal rat NAc tissue using the ABE assay (see
Materials and Methods). Proteins that were purified through the ABE method, both in the
presence (+) and absence ( ) of HA, were analyzed by immunoblot (IB) using the indicated
antibodies. HA-dependent detection of a given protein indicates its palmitoylation. As a
control, total proteins from homogenates (before ABE purification) were also examined at
the same blot. (D) Palmitoylation of GluA1 as detected in cultured rat NAc neurons by
[3H]palmitate metabolic labeling. (E) HA-dependent palmitoylation of GluA1 in cultured
NAc neurons. GluA1 proteins were purified via immunoprecipitation (IP), followed by film
detection of incorporation of [3H]palmitate into GluA1 and immunoblot confirmation of
immunoprecipitated GluA1.
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Figure 2. Effects of cocaine on palmitoylation of AMPAR subunits GluA1-4 in the rat NAc
(A–D) Effects of cocaine at different doses on palmitoylation of GluA1 (A), GluA2 (B),
GluA3 (C), and GluA4 (D) in the NAc. Representative immunoblots from rats receiving 20
mg/kg of cocaine are shown left to the quantified data. Note that cocaine at the two higher
doses increased palmitoylation of GluA1 and GluA3, but not GluA2 and GluA4. (E and F)
Effects of cocaine on motor activities in terms of horizontal locomotor activity (E) and
stereotypy time (F). Rats were given a single dose of cocaine or saline and sacrificed 30 min
after injection (A–D). Motor responses to cocaine or saline were continuously measured for
30 min (E and F). Data are presented as means ± SEM (n = 4–8 per group). *P < .05 and
**P < .01 versus saline (Student t test).

Van Dolah et al. Page 13

Biol Psychiatry. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Time-dependent effects of cocaine on palmitoylation of AMPAR subunits GluA1-4 in
the rat NAc
(A–D) Time-dependent effects of cocaine on palmitoylation of GluA1 (A), GluA2 (B),
GluA3 (C), and GluA4 (D) in the NAc. Representative immunoblots are shown left to the
quantified data. Note that cocaine time-dependently increased palmitoylation of GluA1 and
GluA3, but not GluA2 and GluA4. (E and F) Temporal effects of cocaine on motor
activities in terms of horizontal locomotor activity (E) and stereotypy time (F). Rats were
given a single dose of cocaine (20 mg/kg, i.p.) or saline and sacrificed at different time
points (15, 30, or 90 min after drug injection) for ABE assays of changes in GluA1-4
palmitoylation (A–D). For rats sacrificed at 90 min, their motor responses to cocaine or
saline in terms of horizontal locomotor activity (E) and stereotypy time (F) were
continuously measured for 60 min. Data are presented as means ± SEM (n = 5–7 per group).
**P < .01 versus saline (Student t test).
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Figure 4. Surface and intracellular expression of AMPARs in the rat NAc
(A) Representative GluA1-4 immunoblots from rat viable NAc slices treated with BS3 or
vehicle control (Con). (B) A representative α-actinin immunoblot from rat viable NAc slices
treated with BS3 or vehicle control. (C) An immunoblot of GluA1 from NAc homogenates
treated with BS3 or vehicle control. (D) Quantification of monomer subunit protein
expression (BS3-unlinked intracellular subunits) in normal NAc neurons. Data are presented
as means ± SEM (n = 3–6 per group).
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Figure 5. Effects of cocaine on surface and intracellular expression of AMPAR subunits in rat
NAc neurons
(A–H) Effects of saline (Sal) or cocaine (Coc) on surface (S) and intracellular (I) expression
of GluA1 (A), GluA2 (C), GluA3 (E), and GluA4 (G) and on the S:I ratio of GluA1 (B),
GluA2 (D), GluA3 (F), and GluA4 (H) in NAc neurons. (I) Effects of saline and cocaine on
expression of α-actinin. Rats were given a single dose of cocaine (20 mg/kg, i.p.) or saline.
They were sacrificed 30 min after drug injection for BS3 crosslinking assays of changes in
surface versus intracellular expression of GluA1-4 in the NAc. Representative immunoblots
are shown to the left of the quantified date (A, C, E, G, and I). Data are presented as means
± SEM (n = 6 per group). *P < .05 versus saline (Student t test).
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Figure 6. Effects of 2-BP on cocaine-stimulated palmitoylation and redistribution of GluA1/3 in
rat NAc neurons and on behavioral responses to cocaine
(A and B) Effects of 2-BP on cocaine-stimulated palmitoylation and redistribution of GluA1
(A) and GluA3 (B) in the NAc. Data were analyzed with one-way ANOVA: palmitoylation,
surface and intracellular GluA1 for F(3,20) = 9.9, F(3,20) = 6.8 and F(3,20) = 15.2,
respectively; P < .05, and GluA3 for F(3,20) = 10.2, F(3,20) = 7.1 and F(3,20) = 29.1,
respectively; P < .05. (C) Intra-NAc injection of 2-BP augmented the cocaine-stimulated
horizontal activity. Data were analyzed with two-way ANOVA [drug F(3,28) = 31.7, P < .
05; time F(11,308) = 16.8, P < .05; interaction F(33,308) = 3.8, P < .05]. (D) A graph of the
data from (C) obtained during 60 min after i.p. injection of saline or cocaine. Vehicle or 2-
BP (0.3 nmol/0.5 μl) was injected into bilateral NAc 1 h prior to an i.p. injection of saline or
cocaine (20 mg/kg, i.p.). Data are presented as means ± SEM. *P < .05 versus vehicle +
saline. +P < .05 versus vehicle + cocaine.
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