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Amphetamine-induced ERM Proteins Phosphorylation Is through

PKCB Activation in PC12 Cells
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Amphetamine, a synthetic psychostimulant, is transported by the dopamine transporter (DAT) to
the cytosol and increases the exchange of extracellular amphetamine by intracellular dopamine. Re-
cently, we reported that the phosphorylation levels of ezrin-radixin-moesin (ERM) proteins are
regulated by psychostimulant drugs in the nucleus accumbens, a brain area important for drug
addiction. However, the significance of ERM proteins phosphorylation in response to drugs of abuse
has not been fully investigated. In this study, using PC12 cells as an in vitro cell model, we showed
that amphetamine increases ERM proteins phosphorylation and protein kinase C (PKC) B inhibitor,
but not extracellular signal-regulated kinase (ERK) or phosphatidylinositol 3-kinases (PI3K) inhibitors,
abolished this effect. Further, we observed that DAT inhibitor suppressed amphetamine-induced ERM
proteins phosphorylation in PC12 cells. These results suggest that PKCB-induced DAT regulation may
be involved in amphetmaine-induced ERM proteins phosphorylation.
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INTRODUCTION

Drug addiction is a chronic disease, triggered by repeated
exposure to substances such as opioids and psychostimu-
lants, and it is generally defined as compulsive drug use
and loss of control over drug intake. Exposure to drugs of
abuse affects the function of several brain areas including
the mesoaccumbens dopamine pathways, originating from
the ventral tegmental area (VTA) and projecting to the nu-
cleus accumbens (NAc) and some other forebrain regions,
which play an essential role in the development of addictive
behaviors [1-3].

At the cellular level, the drugs of abuse interfere with
several neurotransmitter systems. However, among those,
dopaminergic neurotransmission is known to be most im-
portantly involved in mediating drug addiction [4]. For ex-
ample, psychostimulants such as amphetamine (AMPH)
contribute to the development of addiction by increasing the
synaptic availability of dopamine (DA) either by inhibiting
their reuptake or by enhancing their release from pre-
synaptic nerve terminals [4,5]. In this process, AMPH is
transported through the dopamine transporter (DAT) into
the cytosol and increases the intracellular binding sites of
the DAT for dopamine, resulting in the exchange of ex-
tracellular AMPH by intracellular dopamine, and even-
tually leading to an increase in extracellular dopamine lev-

Received July 18, 2011, Revised August 8, 2011,
Accepted August 23, 2011

Corresponding to: Songhee Jeon, Dongguk University Research
Institute of Biotechnology, 27-3, Pil-dong 3-ga, Joong-gu, Seoul
100-715, Korea. (Tel) 82-2-2260-8535, (Fax) 82-2-2271-3489, (E-mail)
jsong0304@dongguk.edu

245

els and concomitantly enhance downstream dopamine sig-
naling [6].

Although PC12 cells are not neurons, they contain DA
which can be released in response to AMPH analogous to
those found in the DA-containing brain structures such as
the striatum and the NAc [7] and so they can be a useful
single-cell model allowing investigation for the molecular
mechanisms of AMPH-induced DA release and its related
signaling pathway. For example, it has been reported that
acute AMPH transiently and modestly increases either
ERK or Akt phosphorylation levels in these cells [8].

The ezrin-radixin-moesin (ERM) proteins are a family of
membrane-associated proteins that share a high degree of
homology among themselves [9]. They have been implicated
in playing important roles in cell-shape determination as
well as in signaling pathways [10,11]. Recently it has been
shown that the phosphorylation levels of ERM proteins in
the NAc can be regulated by acute cocaine suggesting its
possible contribution to the process of drug addiction [12].

However, the molecular mechanism for ERM proteins
regulation by other signaling pathways in response to drugs
of abuse has not been fully investigated. Thus, in this study,
we examined whether ERM proteins phosphorylation level
is regulated by acute AMPH treatment and which signaling
pathway might be involved in this process in PC12 cells.

ABBREVIATIONS: AMPH, amphetamine; DA, dopamine; DAT,
dopamine transporter; ERM, Ezrin/radixin/moesin; NAc, nucleus
accumbens; VTA, ventral tegmental area; ERK, extracellular signal-
regulated kinase; Akt, protein kinase B.
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METHODS
PC12 cells culture

PC12 cells were obtained from the American Type
Culture Collection (Rockville, MD, USA). Cells were main-
tained in a 75-cm” tissue culture flask in growth medium
composed of RPMI1640 medium supplemented with 10%
(v/v) heat-inactivated horse serum, 5% heat-inactivated fe-
tal bovine serum, 100 ug/ml of streptomycin and 100 U/ml
of penicillin and incubated at 5% CQO2. For amphetamine
(Dextroamphetamine sulfate, U.S. Pharmacopeia, Rock-
ville, MD, USA) treatment, the cells were cultured in RPMI
1640 containing 0.5% horse serum for 16 h, and then treat-
ed with 5#M of AMPH. For the inhibition experiments,
PC12 cells were incubated in resum reduced RPMI contain-
ing 30 #M of LY294002, 10 «M of PD098059, 10 «M of
GBR12909, or 0.5 #M of Enzastaurin (Calbiochem, EMD
Chemicals Inc., Darmstadt, Germany) for 30 min before
AMPH treatment.

Protein extraction and immunoblotting

Cells were treated without or with 5 #M of AMPH and
extracted with sampling buffer (50 mM Tris-pH 6.5, 10%
glycerol, 10% SDS, 1 mM 2-mercaptoethanol, 0.1% bromo-
phenol blue) at various times and boiled 5 min at 100°C.
Protein concentration was determined by BCA (Thermo Fis-
her Scientific, USA) method before adding 1 mM 2-mer-
captoethanol. Thirty micrograms of cell lysates were electro-
phoresed in SDS-polyacrylamide gels (SDS-PAGE) and
transferred to nitrocellulose membranes, which were then
incubated with anti-phospho ERM, anti-ERM, anti-phospho
Akt, (Ser 473), Akt, anti-Akt, anti-phospho ERK, anti-ERK
(Cell Signaling Technology, Beverly, MA, USA), anti-phos-
pho PKC 3 anti-PKC £ (Santa Cruz Biotech. Inc., CA, USA),
anti-actin (Sigma, St. Louis, MO, USA) antibody for 16 h
at 4°C. After washing with TBS-T (0.05%), blots were in-
cubated with horseradish peroxidase-conjugated anti-rabbit
or anti-mouse IgG and the bands were visualized using the
ECL system (Thermo Fisher Scientific, USA). Band images
were obtained by using a Molecular Imager ChemiDoc XRS*
(Bio-Rad, Hercules, CA, USA) and band intensity was ana-
lyzed using Image Lab™ software version 2.0.1 (Bio-Rad).

Statistical analysis

Results were given as mean+S.E.M. Data were analyzed
using simple unpaired t-test. A p-value of 0.05 or less was
considered as indicative of a significant difference.

RESULTS

Amphetamine induces ERM proteins phosphorylation
in PC12 cells

To find out proper concentration of AMPH, various con-
centration of AMPH (2, 5, 10, 50, or 100 1« M) was treated
in PC12 cells for 30 min and Akt and ERK phosphorylation
was examined. Akt phosphorylation increased by two-fold
at 2 to 50«M of AMPH, but ERK phosphorylation in-
creased at 5 and 10 «M in PC12 cells (data not shown).
Thus, we selected 5 «M of AMPH to examine whether acute
AMPH stimulation induces phosphorylation of ERM pro-

teins in PC12 cells. After treatment, immunoblotting was
performed at various times. As shown in Fig. 1, the ratio
of the phosphorylated to total ERM protein was increased
at 60 min (p<.05) after drug treatment and continued to
increase up to 240 min, by 2.5 fold compared to basal level
(p<.05). During this period, the total amount of ERM pro-
teins was unchanged, which was confirmed by reprobing
the membrane with an anti-ERM antibody (Fig. 1).

Amphetamine-induced ERM proteins phosphorylation
is not mediated by PI3K/ Akt or MEK/ ERK signal
pathway

In order to find the upstream signaling molecule of ERM
proteins, we first examined AMPH-induced Akt and ERK
phosphorylation which is known to be activated by AMPH
[13,14]. Results showed that phosphorylation of Akt or ERK
was increased at 15 min (p<.05) and peaked at 60 min
(p<.05) compared to basal level in PC12 cells, which pre-
cedes ERM proteins phosphorylation (Fig. 2A, B).

To investigate the involvement of PI3K/Akt or MEK/ERK
in the AMPH-induced ERM proteins phosphorylation, we
examined the effects of LLY294002 or PD98059, inhibitors
for PI3K or MEK, respectively, on the AMPH-induced ERM
proteins phosphorylation in PC12 cells. Each inhibitor was
added to the medium 30 min before the treatment of
AMPH, and the ERM proteins phosphorylation was exam-
ined at 4 h. AMPH-induced ERM proteins phosphorylation
was not suppressed by both inhibitors (Fig. 2C), indicating
that this effect is not dependent on PISK/Akt or MEK/ERK
pathway in PC12 cells.

Amphetamine-induced ERM proteins phosphorylation
is dependent on the PKC /8 activation

AMPH also activates PKC in PC12 cells [8] and PKC &
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Fig. 1. Amphetamine induces ERM proteins phosphorylation in
PC12 cells. Serum reduced PC12 cells were treated with 5 M of
AMPH for the indicated time, and whole cell lysates were
immunoblotted with anti-p-ERM or ERM antibody. The intensity
of the phosphorylated ERM band was normalized to that of total
ERM. The data represent the means+SE of three independent
experiments. *p<0.05 vs. C.
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Fig. 2. Amphetamine-induced ERM proteins phosphorylation is not mediated by Akt or ERK activation in PC12 cells. (A) Serum reduced
PC12 cells were treated with 5« M of AMPH for the indicated time, and whole cell lysates were immunoblotted with anti-p-Akt or Akt
antibody and (B) anti-p-ERK or ERK antibody. (C) Serum reduced PC12 cells were pre-incubated with 30 M of LY294002 or 10 #M of
PD098059 for 30 min, and then treated with AMPH for 4 h. The whole cell lysates were immunoblotted with anti-p-ERM or ERM antibody.
The intensity of the phosphorylated ERM, Akt and ERK band was normalized to that of total ERM, Akt, and ERK, respectively. The
data represent the means+SE of three independent experiments. *p<0.05 vs. C.C, unstimulated PC12 cells; A, AMPH-stimulated cells.
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Fig. 3. Amphetamine-induced ERM proteins phosphorylation is related with PKC 2 and DAT activation in PC12 cells. (A) Serum reduced
PC12 cells were treated with 5+M of AMPH for the indicated time, and whole cell lysates were immunoblotted with anti-p-PKC /S or
PKC 3 antibody. (B) PC12 cells were pre-incubated with 10 «M of GBR12909 (DAT I) or 0.5 #M of Enzastaurin (PKC /A I) for 30 min,
and then treated with 5 M of AMPH for 4 h, and whole cell lysates were immunoblotted with indicated antibodies. The intensity of
the phosphorylated PKC 8 and ERM band was normalized to that of total ERM and PKC 8. The data represent the means+SE of three
independent experiments. *p<0.05 vs. C, C, unstimulated PC12 cells; A, AMPH-stimulated cells.
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is a critical regulator of DAT trafficking and regulates the
behavioral response to AMPH in mice [15]. Thus, we exam-
ined AMPH-induced PKC /# activation by using anti-phos-
pho PKC 8 antbody. As shown in Fig. 3A, AMPH-induced
PKC 8 phosphorylation increased at 15 min and lasted to
120 min (p<.05). Next, we examined whether AMPH-in-
duced PKC £ activation is related with ERM proteins phos-
phorylation by using PKC £ inhibitor (PKC/ I), Enzas-
taurin. As shown in Fig. 3B, in the presence of PKC 8 in-
hibitor, AMPH-induced ERM proteins phosphorylation was
completely suppressed.

Next, we examined the involvement of DAT trafficking
using DAT inhibitor, GBR12909, which known to be regu-
lated by PKC, in the AMPH-induced ERM proteins pho-
sphorylation. Interestingly, DAT inhibitor suppressed basal
phosphorylation level of ERM proteins and which was not
increased by AMPH treatment in PC12 cells (Fig. 3A).
These results suggest that AMPH-induced ERM proteins
phosphorylation is mediated by PKC 8 activation, which
leads to regulation of DAT activity.

DISCUSSION

The dopamine transporter (DAT) is a key mediator of
dopaminergic neurotransmission and a major target for
AMPH, but to date, very little is known about the regu-
latory components involved in trafficking of the DAT. In
the present study, we first demonstrated that the ERM pro-
teins can be phosphorylated by AMPH treatment through
PKC 8 activation and may be one of key regulators of DAT
trafficking in PC12 cells.

The activity and trafficking of DAT are regulated by a
complicated protein network involving multiple protein kin-
ases and DAT-interacting proteins [16]. Among them, PKC
is the most characterized. Long-term activation of PKC
leads to increased DAT endocytosis and reduced DAT re-
cycling, resulting in reduced surface DAT expression and
activity, as shown in rat synaptosomes and cultured cells
[17]. Here, we first demonstrated that ERM proteins are
involved in the AMPH-induced PKC A activation, which
leads to DAT internalization. Previously, Johnson and col-
leagues provided evidence that a protein complex formed
by PKC and the DAT is important for maintaining amphet-
amine-stimulated outward transport of DA in the brain
[18]. These authors showed that PKC- A1 and PKC- A1I, but
not PKC-a or PKC- x, co-immunoprecipitated with DAT
from rat striatal membranes. Thus, it appears that an in-
teraction of ERM proteins with PKC or DAT is responsible
for the amphetamine-induced internalization of the DAT.
Further studies are required to address this possibility.

In contrast to PKC activation, constitutive ERK and PI
3-kinase (PI3K) activations are known to serve to either
inhibit translocation of DAT from the plasma membrane,
speed the return of internalized DAT to the membrane, or
both [19,20]. However, in the present study, although we
examined that AMPH activates Akt and ERK in PC12 cells,
AMPH-induced ERM protein phosphorylation was not al-
tered in the presence of Akt or ERK inhibitor (Fig. 2). These
discrepancies may be explained by duration of activity.
Others used constitutively active mutant ERK or PI3K to
examine the DAT regulation but, in the present study,
AMPH-induced Akt and ERK activation was very transient.
These imply that AMPH-induced Akt and ERK activation
may not be involved in DAT regulation in PC12 cells.

Acute exposure of AMPH reduces DAT membrane ex-
pression, while brief treatment with transporter blockers
increases DAT cell surface expression [21], suggesting that
the mechanisms of action of AMPH or cocaine may be
through the opposite way. These are confirmed by our ob-
servation that acute AMPH treatment induced ERM pro-
teins phosphorylation, but cocaine decreased it [12].

Alterations of dendritic spine density in NAc by drugs
of abuse are functionally significant in the development of
synaptic plasticity mediating addictive behaviors [22]. ERM
proteins link actin filaments to the membrane either di-
rectly via binding to cytoplasmic tail of transmembrane pro-
teins or indirectly via scaffolding proteins attached to trans-
membrane proteins, which is essential for maintenance of
cell shape, cell adhesion, migration and division [23]. Re-
cently, it has been reported that glutamate-induced phos-
phorylation of ERM proteins in primary cultured differ-
entiated hippocampal neurons is necessary for the for-
mation of filopodial protrusion [24], and that the expression
of constitutively active ezrin induces dendritic filopodia for-
mation, which leads to subsequent synaptogenesis and es-
tablishment of functional neural circuitry in the developing
brain [25]. Further, we also reported that nerve growth fac-
tor (NGF) induces moesin phosphorylation by PI3K and this
process is required for neurite formation in PC12 cells [26],
while others also showed that repeated and intermittent
AMPH treatment induces neurite outgrowth [8]. These re-
sults suggest that ERM proteins might be involved in the
drugs of abuse-induced synaptic plasticity including DAT
regulation.

In conclusion, ERM proteins phosphorylation is regulated
by AMPH and these effects are mediated through PKC 3
and DAT activation in PC12 cells. These results suggest
that phosphorylation of ERM proteins may play function-
ally important roles in regulating DAT activity in PC12
cells.
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