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Glutamate transporters play a crucial role inphysiological gluta-
mate homeostasis, neurotoxicity, and glutamatergic regulation of
opioid tolerance. However, how the glutamate transporter turn-
over is regulated remains poorly understood. Here we show that
chronic morphine exposure induced posttranscriptional down-
regulation of the glutamate transporter EAAC1 in C6 glioma cells
with a concurrent decrease in glutamate uptake and increase in
proteasome activity, which were blocked by the selective protea-
some inhibitorMG-132 or lactacystin but not the lysosomal inhib-
itorchloroquin.Atthecellular level, chronicmorphine inducedthe
PTEN (phosphatase and tensin homolog deleted on chromosome
Ten)-mediated up-regulation of the ubiquitin E3 ligase Nedd4 via
cAMP/protein kinase A signaling, leading to EAAC1 ubiquitina-
tion and proteasomal degradation. Either Nedd4 or PTEN knock-
down with small interfering RNA prevented the morphine-in-
ducedEAAC1degradationanddecreasedglutamateuptake.These
data indicate that cAMP/protein kinase A signaling serves as an
intracellular regulator upstream to the activation of the PTEN/
Nedd4-mediatedubiquitin-proteasome systemactivity that is crit-
ical forglutamate transporter turnover.Underan invivocondition,
chronic morphine exposure also induced posttranscriptional
down-regulation of the glutamate transporter EAAC1, which was
prevented byMG-132, and transcriptional up-regulation of PTEN
and Nedd4 within the spinal cord dorsal horn. Thus, inhibition of
the ubiquitin-proteasome-mediated glutamate transporter degra-
dation may be an important mechanism for preventing glutamate
overexcitation and may offer a new strategy for treating certain
neurological disorders and improving opioid therapy in chronic
painmanagement.

Glutamate transporters play a crucial role in physiological
glutamate homeostasis, neurotoxicity, and glutamatergic regu-
lation of opioid tolerance (1–5). However, how the glutamate
transporter degradation is regulated remains unclear (6–8).
The ubiquitin-proteasome system (UPS)2 is a major non-lyso-

somal proteolytic pathway that degrades cellular proteins
including those with important roles in the regulation of cell
growth and function (9–11). In addition, activation of UPS has
been shown to regulate the PSD-95 degradation and �-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor sur-
face expression (12), suggesting a possible relationship between
UPS and glutamatergic activities.
Ubiquitination is a process involving three enzymes: E1 (ubiq-

uitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and
E3 (ubiquitin ligase) (13, 14). Interactions between an E3 ligase
and its targetmolecule are considered a key step in determining
the selectivity of UPS for a target molecule and its subsequent
proteasomal degradation, a process that is subject to intracel-
lular modulation by various upstream regulators (14). PTEN
(phosphatase and tensin homolog deleted on chromosome
Ten) is a tumor suppressor and lipid phosphatase, which has
been shown to regulate cell survival (15, 16), stem cell prolifer-
ation (17, 18), and neuronal function (19, 20). Recently, PTEN
was shown to regulate E3 ligases (21), suggesting a potential
regulatory role for PTEN in the UPS activity.
Antinociceptive tolerance induced by chronic morphine has

been shown to be mediated, at least in part, through a central
glutamatergic mechanism including an altered glutamate
transporter expression (5, 22–25). Inhibition of glutamate
transporter activity directly contributes to a heightened activity
ofN-methyl-D-aspartate receptors and the development of opi-
oid tolerance (26). These data suggest that opioidsmay regulate
the glutamate transporter turnover. Utilizing a C6 glioma cell
line that endogenously expresses glutamate transporter
EAAC1 (27, 28) and opioid receptors (29), we examined the
hypothesis that chronic morphine exposure would induce the
PTEN-mediated UPS activation resulting in an enhanced glu-
tamate transporter degradation.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—Rat glioma C6 cells, human gli-
oma U87MG cells, and human embryonic kidney 293T cells
were grown in Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum and 100 units/ml each of penicillin and
streptomycin (Invitrogen) in a humidified atmosphere of 5%
CO2 and 95% air at 37 °C. The C6 glioma cell line was used as a
model system because it endogenously expresses EAAC1 (27,
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28) and opioid receptors (29). This cell line has been extensively
used to examine the biosynthesis, metabolism, and regulatory
mechanisms of the EAAC1 glutamate transporter (30–32).
Because C6 glioma cells co-express both opioid receptors and
EAAC1, this cell line was chosen to examine the hypothesis of
the current study. U87MG cells with the PTEN-deficient gene
were extensively used to investigate PTEN functions in cell
cycle regulation and tumorgenesis (33–36). We used PTEN-
deficient U87MG cells to demonstrate that PTEN would be
necessary for Nedd4 expression after chronic morphine expo-
sure, although U87 cells do not express the same transporter of
EAAC1 asC6 cells. Cells were passaged fewer than 30 times and
used between 75 and 85% confluence. There was no evidence
for passage-dependent changes inmorphology or effects meas-
ured in the present study.
Immunoprecipitation (IP)—Antibodies used in the IP exper-

iments included EAAC1 (Alpha Diagnostics International
(ADI), San Antonio, TX, rabbit polyclonal, 1:100); PTEN (Cell
Signaling Technology, Inc., Beverly, MA, rabbit polyclonal,
1:100);Nedd4, Parkin, andCbl (Abcam,Cambridge,MA, rabbit
polyclonal, 1:200); Mdm2 (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, rabbit polyclonal, 1:200), and normal rabbit
IgG (Upstate, Lake Placid, NY, 1:200). Whole lysates of either
control or drug-treated C6, 293T, and U87 cells were prepared
in a lysis buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyro-
phosphate, 1mM �-glycerophosphate, 1mMNa3VO4, 10�g/ml
of each leupeptin, aprotinin, pepstatin, and 1 mM phenylmeth-
ylsulfonyl fluoride) pre-cleared with 50 �l of anti-rabbit IgG
beads (eBioscience, San Diego, CA) at 4 °C for 2 h, incubated
with primary antibodies at 4 °C overnight, and then followed by
anti-rabbit IgG bead pulldown at 4 °C for 2 h. After four washes
with the lysis buffer, immune complexeswere released in 100�l
of 2� reducing sample buffer by boiling at 90–95 °C for 5 min,
resolved by SDS-PAGE, transferred to nitrocellulose mem-
branes (Amersham Biosciences), and then subjected to the
Western blot analysis.
Western Blotting—Western blotting was carried out using

the following antibodies: monoclonal ubiquitin and polyclonal
PTEN (Cell Signaling, 1:1,000); monoclonal PTEN (Pharmin-
gen, 1:1,000); polyclonal�-opioid receptor (Chemicon Interna-
tional, Inc., Temecula, CA, 1:1,000); EAAC1 (ADI, 1:100);�-ac-
tin (Santa Cruz, 1:25,000); polyclonal Nedd4 (Abcam Inc.,
1:2,500); and monoclonal �-tubulin (Sigma, 1:1,000). Cell and
tissue lysates (30 �g of protein) were subjected to standard
SDS-PAGE and then transferred to a nitrocellulose membrane.
After being blocked at room temperature for 1 h in a blocking
buffer (PBS(�), 5% skimmilk, 0.1% Tween 20), the membranes
were incubated with antibodies diluted (as described above) in
blocking buffer at room temperature for 2 h or at 4 °C over-
night. This was followed by three washes in washing buffer
(PBS(�), 0.1% Tween 20) and incubation with horseradish per-
oxidase-linked anti-mouse IgG (1:5,000), horseradish peroxi-
dase-linked anti-rabbit IgG (1:10,000) (Amersham Bio-
sciences), or horseradish peroxidase-linked anti-guinea pig IgG
(1:3000) (Sigma) at room temperature for 1 h. Horseradish per-
oxidase-linked anti-rabbit IgG TrueBlot (eBioscience, San
Diego, CA) was used in the IP experiments. After three washes,

the bands were visualized by the ECL Plus Western blotting
Detection System (Amersham Biosciences). The intensity of
each protein level was analyzed using ImageJ 1.34s software
(National Institutes of Health).
In Vitro Glutamate Uptake Assay—An in vitro preparation

was used to assess glutamate uptake activity according to a pre-
viously published method (5, 22, 37). In brief, C6 cell lysates
were homogenized in 500 �l of ice-cold homogenization buffer
(0.32 M sucrose, 2 mM EDTA, 2 mM EGTA, and 20 mM HEPES,
pH 7.2, plus 1 mM phenylmethylsulfonyl fluoride and protease
inhibitor mixture tablet (Roche Diagnostics GmbH, Mann-
heim, Germany)) and centrifuged at 1,500 � g for 10 min at
4 °C, and the supernatant was collected. Pellets were re-sus-
pended in the same homogenization buffer, re-centrifuged as
above. Both supernatantswere combined and again centrifuged
at 13,000 � g for 10 min at 4 °C. The so-obtained pellets were
suspended in 1ml of Locke’s buffer (154mMNaCl, 5.6 mMKCl,
2.3 mM CaCl2, 1.0 mM MgCl2, 3.6 mM NaHCO3, 5 mM glucose,
5 mM HEPES, pH 7.2, and saturated with 95% O2, 5% CO2).
Glutamate uptake activity was determined by incubating the
preparation (100 �g of protein content) with 0.4 �Ci of
L-[3H]glutamic acid (PerkinElmer Life Sciences) in a total vol-
ume of 1 ml of Locke’s buffer for 5 min at 37 °C. The reaction
was terminated by filtering the pellets through a Whatman
(Maidstone, UK) GF/C 2.4-cm filter presoaked in Locke’s
buffer. The filter was then washed with 2 ml of ice-cold
Locke’s buffer three times, air-dried, and transferred into
vials containing 10 ml of scintillation mixture (Fisher Scien-
tific). The radioactivity was measured by Liquid Scintilla-
tion Analyzer Tri-Carb 2900TR (PerkinElmer). The basal
uptake activity in counts per minute (cpm) was measured in
the absence of any treatment. -Fold change in glutamate
uptake activity was calculated with the following equation:
(basal cpm without treatment � cpm with treatment)/(basal
cpm without treatment).
26 S Proteasome Activity Assay—26 S proteasome activity

was measured as described previously (38). Briefly, cells were
washed with PBS followed with buffer I (50 mM Tris, pH 7.4, 2
mM dithiothreitol, 5 mM MgCl2, 2 mM ATP), and pelleted by
centrifugation. Glass beads and homogenization buffer (50 mM
Tris, pH 7.4, 1 mM dithiothreitol, 5 mM MgCl2, 2 mM ATP, 250
mM sucrose) were added and vortexed for 1min. Beads and cell
debris were removed by centrifugation at 1,000 � g for 5 min
and 10,000 � g for 20 min. Protein concentration was deter-
mined by the BCA protocol (Pierce). One hundred �g of pro-
tein of each sample was dilutedwith buffer I to a final volume of
1,000 �l and the fluorogenic proteasome substrate SucLLVY-
7-amido-4-methylcoumarin was added in a final concentration
of 50 �M in 1% dimethyl sulfoxide. Cleavage activity was mon-
itored continuously by the detection of free 7-amido-4-meth-
ylcoumarin using a Synergy HT Multi-detection Microplate
Reader (Bio-Tek Instruments, Inc., Winooski, VT) at 380/460
nm and 37 °C. As controls, 7-amido-4-methylcoumarin (2 �M)
was incubated with each agent in buffer I without cell extracts
andmeasurements of proteasome activity were correctedwhen
necessary.
Vector-based Short Hairpin RNAOligomers—The DNA vec-

tors for small interfering RNA (siRNA) constructs, pRNAT-
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H1.1/Neo/GFP (SD1216), were obtained fromGenScript Corp.
(Piscataway, NJ). Three short hairpin RNA insert sequences for
the rat PTEN (GeneBankTM accession number NM_031606)
and one scramble sequence for negative control were selected
as follows by using the software siRNAConstruct Builder (Gen-
Script Corp.): GGATCCCGTTTATCTCTGGTCCTTACTT-
CTTCAAGAGAGAAGTAAGGACCAGAGATAAATTTTT-
TCCAAAAGCTT (75 bp, siPTEN construct 1), GGATCCCG-
TATACACCTTCAAGTCTTTCTTTCAAGAGAAGAAAG-
ACTTGAAGGTGTATATTTTTTCCAAAAGCTT (75 bp,
siPTEN construct 2), GGATCCCGTAATCCAGGTGATTC-
TTTAACTTCAAGAGAGTTAAAGAATCACCTGGATTA-
TTTTTTCCAAAAGCTT (75 bp, siPTEN construct 3), GGA-
TCCCGTCGCTTACCGATTCAGAATGGTTCAAGAGACC-
ATTCTGAATCGGTAAGCGATTTTTTCCAAAAGCTT (75
bp, scrambled siPTEN construct 4). The four siRNA constructs
were transfected into C6 cells using Lipofectamine 2000
(Invitrogen) transfection reagents according to the manufac-
turer’s protocol. Stable cell clones were obtained with neomy-
cin selection, based on GFP expression. PTEN expression fol-
lowing the transfection was assessed by Western blot and
fluorescence microscopy.
RNA Interference—Custom SMARTpool siRNA to target

the rat Nedd4 and negative control siCONTROL Non-tar-
geting siRNA pool were designed and synthesized by Dhar-
macon (Lafayette, CO). Each siRNA (100 nM) was trans-
fected into C6 cells using Lipofectamine 2000 (Invitrogen)
transfection reagents according to the manufacturer’s pro-
tocol. At 24 h after transfection, cells were treated with vehi-
cle, morphine (10 �M, 48 h), morphine plus MG-132 (20 �M

added during the last 12 h of the 48-h morphine exposure),
or MG-132 alone for the indicated times, followed by rele-
vant assays as described.
Immunohistochemistry and Fluorescence Microscopy—Sta-

bly transfected siPTEN or scramble siRNA glioma C6 cells
(plated on glass cover-slips) were fixed with 4% paraformalde-
hyde at room temperature for 10 min and permeabilized with
acetone at �20 °C for 3 min. After being blocked in a blocking
solution (10% normal goat serum/PBS) at room temperature
for 2 h, cell-plated coverslips were incubated with polyclonal
anti-EAAC1 (ADI, 1:100) at 4 °C overnight, followed by incu-
bation with Cy3-conjugated AffiniPure goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, Inc., 1:500) in block-
ing solution at room temperature for 2 h, nuclei were counter-
stained with Hoechst (0.5 �g/ml in PBS) for 10 min. Coverslips
were washed with PBS between steps. Stained cells were
mounted in Vectorshield (Vector Laboratories, Burlingame,
CA) and observed under the OLYMPUS 1X71 fluorescence
microscope.
RT-PCR—Total RNA was extracted from drug-treated C6

cells and spinal cord dorsal horns. Isolations were performed
using the RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s protocol. RT-PCR were carried out using Titan One
Tube RT-PCR System (Roche Diagnostics) according to the
manufacturer’s manual. All primers for rat glutamate trans-
porters, PTEN, Nedd4, and a housekeeping gene were
designed by Invitrogen OligoPerfect based on GenBank se-

quences (EAAC1, NM_013032; PTEN, NM_031606; Nedd4,
XM_343427, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), XO 02231) and synthesized by Invitrogen: for
EAAC1, forward, 5�-TGGTTCGAGGACACAGTGAG-3� and
reverse, 5�-GATCAGTGGCAGCACTACGA-3�, amplifying
800-base pair products; for PTEN, forward, 5�-ACACCGCCA-
AATTTAACTGC-3� and reverse, 5�-AGGTTTCCTCTGGT-
CCTGGT-3�, amplifying 630-base pair products; for Nedd4,
forward, 5�-GATCCTCGGATGCAGAATGT-3� and reverse,
5�-ATCGCCACTGGATTACAAGG-3�, amplifying 715-base
pair products; for GAPDH, forward, 5�-GGTGATGCTGGTG-
CTGAGTA-3� and reverse, 5�-GGATGCAGGGATGATGT-
TCT-3�, amplifying 369-base pair products.
RT-PCR was started with incubating the sample (20 ng of

total RNA) at 50 °C for 30 min for reverse transcription, fol-
lowed by one cycle of denaturation at 94 °C for 2 min, 10
cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for
30 s, and elongation at 68 °C for 1 min and 25 cycles of
denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, and
elongation at 68 °C for 1 min with cycle elongation of 5 s for
each cycle. A 7-min extension at 68 °C was carried out at the
end of the final cycle. The sampleswere then cooled to 4 °C. Ten
�l of theRT-PCRproductwas loadedonto one lane and subjected
to electrophoresis at 50V through 1.8% (w/v) agarose gel contain-
ing 0.4�g/ml ethidiumbromide. TheRT-PCRproduct bands and
a 100-bp laddermolecular weightmarker (New England BioLabs,
Ipswich, MA) were visualized under UV light and imaged using
theAlphaEaseFC system (Alpha InnotechCorporation, SanLean-
dro, CA). The intensity of each transporter mRNA level was ana-
lyzed using ImageJ 1.34s software (NIH, Bethesda, MD). The
GAPDH level was used for sample normalization.
Reagents—Morphine, naloxone, ddA, H89, RP-8-PCPT-

CGMPS, SucLLVY-7-amido-4-methylcoumarin (chymotryp-
sin-like), and 7-amido-4-methylcoumarin were purchased
from Sigma; Go6976, MG-132, lactacystin, and chloroquin
were from Calbiochem (La Jolla, CA); LY294002 from Cell Sig-
naling Technology, Inc. (Beverly, MA).
ExperimentalAnimals and IntrathecalDrugDelivery—Adult

male Sprague-Dawley rats (Charles River Laboratories, Wilm-
ington, MA) weighing 300–350 g were housed in individual
cages with water and food pellets available ad libitum. The ani-
mal roomwas artificially illuminated from7:00 a.m. to 7:00 p.m.
The protocol was approved through our Institutional Animal
Care and Use Committee. A polyethylene-10 intrathecal cath-
eter was implanted in each rat according to a previously
described method (39). Rats exhibiting neurological deficits
after the implantation were excluded. The experiment began at
24 h after the intrathecal catheter implantation. Morphine (15
nmol) plus vehicle,MG-132 (5 nmol in 10�l of saline with 0.4%
dimethyl sulfoxide) alone, morphine plus MG-132 (5 nmol), or
vehicle (saline with 0.4% dimethyl sulfoxide) alone was admin-
istrated (n � 6 rats/group) twice daily for 7 days through the
intrathecal catheter in a total volume of 20 �l followed by 10 �l
of saline flush to purge the residual from the catheter dead
space. Spinal cord tissue samples were taken at the end of the
7-day treatment.
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RESULTS

Chronic Morphine Exposure Induces EAAC1 Down-regulation
in C6 Glioma Cells

Expression of glutamate transporter EAAC1 was examined
at 12-, 24-, 48-, and 96-h exposure of C6 glioma cells. Although
the EAAC1 expression (Western blot) was not changed within
the first 24 h of morphine exposure, the EAAC1 level was dra-
matically decreased by nearly 90% when examined at 48 h of
morphine exposure (Fig. 1A), which lasted up to at least 96 h
after morphine exposure. In contrast, no changes of opioid
receptor levels were detected at these time points in C6 glioma
cells under the same condition (data not shown), indicating that
chronic morphine exposure induced a selective down-regula-
tion of glutamate transporter EAAC1.
Consistent with the down-regulation of EAAC1 expression,

glutamate uptake activity in C6 glioma cells was decreased by
nearly 70% at 48 h of morphine exposure (Fig. 1B, p � 0.01), as
assessed using an in vitro glutamate uptake assay (5, 37). Co-
treatment ofmorphinewith the opioid receptor antagonist nal-
oxone (1 �M) completely prevented the down-regulation of
EAAC1 and the decrease in glutamate uptake activity, whereas
naloxone alone did not alter the baseline EAAC1 expression or
glutamate uptake activity (Fig. 1, A and B). To determine
whether EAAC1 down-regulation occurred at the mRNA level,
we examined the EAAC1 mRNA expression (RT-PCR) in C6
glioma cells under the same condition of morphine exposure.

The EAAC1 mRNA level did not differ from the baseline when
examined at 12, 24, or 48 h of morphine exposure (Fig. 1C).
These results indicate that chronicmorphine exposure induced
the opioid receptor-mediated EAAC1 down-regulation, which
occurred at the posttranscriptional level and critically regulated
glutamate uptake activity.

EAAC1 Down-regulation Is Mediated through
Ubiquitin-proteasomal Degradation

It has been shown that proteasome-mediated degradation of
cellular proteins including oncoproteins and cell cycle proteins
is a critical mechanism for the posttranscriptional regulation of
protein turnover (40). Given that the EAAC1 down-regulation
after chronicmorphine exposure occurred at the posttranscrip-
tional level, we examined whether proteasomal degradation
would play a major role in this process. To our surprise, this
chronic morphine-induced EAAC1 down-regulation in C6 gli-
oma cells was completely blocked by co-treatment ofmorphine
with the selective proteasome inhibitor MG-132 (20 �M) or
lactacystin (10 �M), when MG-132 or lactacystin was added
into the incubation for 12 h beginning at 36 h after the initiation
of morphine exposure. In contrast, co-treatment of morphine
with chloroquin (50 �M), a lysosome inhibitor, did not prevent
morphine-induced EAAC1 down-regulation (Fig. 2A). The
MG-132 or lactacystin treatment alone had no effect on the
expression of EAAC1or opioid receptors, nor did the treatment
with 50 �M chloroquine alone have detectable cytotoxic effects
on C6 cells (data not shown). These results indicate that mor-
phine induced the proteasome-mediated EAAC1 degradation.
Prevention of EAAC1 down-regulation by either MG-132 or

lactacystin also reversed the decreased glutamate uptake activ-
ity following chronic morphine exposure, whereas the lysoso-
mal inhibitor chloroquin had no effect (Fig. 2B). Because
changes in EAAC1 expression and glutamate uptake are shown
as a ratio between control and experimental groups, the exact
difference in themagnitude of change between these two assays
were unable to be determined. Nonetheless, changes in both
EAAC1 and glutamate uptake after either MG-132 or lactacys-
tin indicate a functional relationship between the proteasome-
mediated EAAC1 degradation and glutamate uptake activity in
C6 glioma cells. Interestingly, the basal level of EAAC1 turn-
over and glutamate uptake activity must also be regulated by
the proteasomal system, because both the EAAC1 protein level
and glutamate uptake activity were elevated above their basal
level (before morphine exposure) after C6 glioma cells were
co-exposed to morphine and MG-132 or lactacystin (Fig. 2, A
and B, p � 0.05). Moreover, chronic morphine exposure
resulted in an increase in proteasome activity in C6 glioma cells
with a time course parallel to that of the EAAC1 degradation
(Fig. 2C). This concurrent increase in proteasome activity was
reversed by treatment of either naloxone or MG-132 (Fig. 2C,
p� 0.05), indicating that chronicmorphine exposure enhanced
proteasome activity through activation of opioid receptors.
A necessary step in the proteasomal degradation pathway is

the formation of an ubiquitin-protein conjugate (11). Subse-
quently, the covalent binding of ubiquitin ligase and its target
molecule leads to the recognition and degradation of a target
molecule by the 26 S proteasome (41). To further confirm the

FIGURE 1. Chronic morphine exposure down-regulates EAAC1 expres-
sion. C6 cells were exposed to morphine (MS, 10 �M) or morphine plus nal-
oxone (Nal., 1 �M) for 0, 12, 24, 48, and 96 h. A, Western blotting of whole cell
lysates. B, in vitro glutamate uptake activity. C, RT-PCR analysis. Results are
representative of three independent experiments or the mean � S.E. for at
least three independent extract preparations. **, p � 0.01, compared with
vehicle control using Student’s t test. Tubulin, loading control.
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findings indicating a role for the proteasomal pathway in mor-
phine-induced EAAC1 degradation, we examined whether
morphine exposure would lead to ubiquitination of EAAC1
proteins in C6 glioma cells by using an IP assay. If morphine-
induced EAAC1 ubiquitination and subsequent proteasomal
degradation, the state of EAAC1 ubiquitination should be dis-
played after inhibition of the proteasomal activity. Indeed, a
smear of ubiquitin-conjugated EAAC1 protein bands, which
migrated slowly in gels, was clearly shown in C6 glioma cells
co-treated with morphine and either MG-132 or lactacystin,
but not the lysosomal inhibitor chloroquin, vehicle, morphine,
MG-132, or lactacystin alone (Fig. 2D).

Collectively, the preventive effect of proteasome inhibitors
on EAAC1 degradation, increased proteasome activity, and a
functional relationship between EAAC1 degradation and glu-
tamate uptake activity indicate that chronic morphine expo-
sure induced polyubiquitination of EAAC1 proteins with their
subsequent proteasomal degradation in C6 glioma cells.

Nedd4 Is the E3 Ligase Associated with EAAC1

The specificity of ubiquitination is determined by E3 ligases,
which interact with their selective protein substrates. In the
next step, we sought to identify the E3 ligase partner of EAAC1
responsible for the EAAC1 ubiquitination and its proteasomal

degradation. We first used the IP
assay to examine possible EAAC1
conjugation with several candidate
E3 ligases, including Cb1, Parkin,
Mdm2, and Nedd4, in C6 glioma
cells and each of these immune
complexes was screened for copuri-
fication of EAAC1 by immunoblot.
EAAC1 was detected only in Nedd4
immunoprecipitates (Fig. 3A, lane
6) but not in the control IgG, Cb1,
Parkin, or Mdm2 complex (Fig. 3A,
lanes 2–5). Morphine or morphine
plus MG-132 did not disturb
EAAC1-Nedd4 association (Fig. 3A,
lanes 7 and 8) and we did not detect
associations between EAAC1 and
other tested ligases. Additional con-
trol experiments confirmed that
each antibody did indeed immuno-
precipitate its appropriate antigen
(data not shown). In another exper-
iment using a reciprocal approach,
Nedd4 copurified with EAAC1 (Fig.
3B, lane 3) but not with a control
IgG (Fig. 3B, lane 2). Similarly, nei-
ther Cb1 nor Parkin and Mdm2
copurified with EAAC1 in the same
experiment (data not shown). These
data provide strong evidence that
EAAC1 and Nedd4 interact in C6
glioma cells, which is consistent
with previous reports suggesting a
possible role of a Nedd4 family
member (Nedd4-2) in the regula-

tion of EAAC1 function (42, 43) and dopamine transporter
ubiquitination (44).
To determine a causal relationship between the roles of

Nedd4 E3 ligase and EAAC1 degradation, we examined
whether knockdown of the Nedd4 E3 ligase using siRNAwould
prevent the UPS-mediated EAAC1 degradation after chronic
morphine exposure. Of C6 glioma cells transfected with a vehi-
cle, negative control (siCONTROL) non-targeting siRNA pool,
or the Nedd4 siRNA pool, the Nedd4 expression level was
reduced by nearly 90% only in those cells transfected with
the Nedd4 siRNA pool when examined at 48 h after the
transfection (Fig. 3C). The siRNA knockdown of Nedd4 suc-
cessfully abolished chronicmorphine-induced EAAC1down-
regulation as compared with the Nedd4 siCONTROL transfec-
tants (Fig. 3D, lanes 1 and 2 versus lanes 5 and 6). The effect of
Nedd4 siRNA knockdown on the prevention of EAAC1 down-
regulation was quantitatively similar to that after co-treatment
of morphine with the proteasome inhibitor MG-132. Of signif-
icance is that Nedd4 knockdown with siRNA prevented the
appearance of the high molecular weight bands as detected in
Fig. 3E. Taken together, these results indicate that Nedd4
played a critical role as an E3 ligase in this UPS-mediated
EAAC1 degradation.

FIGURE 2. Chronic morphine induces ubiquitin-proteasome-mediated degradation of EAAC1. C6 cells
were treated with morphine (MS, 48h) or morphine plus the selective proteasome inhibitor MG-132 (20 �M for
12 h) or lactacystin (Lac., 10 �M for 12 h) or the lysosome inhibitor chloroquin (Chl., 50 �M for 12 h). A, Western
blotting (WB) of whole cell lysates. B, in vitro glutamate uptake activity. C, 26 S proteasome activity assay. D, C6
cell lysates were co-immunoprecipitated with an anti-EAAC1 antibody (IP), followed by Western blotting with
an anti-ubiquitin antibody and anti-EAAC1 antibody (WB). Ubn, the migration position of polyubiquitin con-
jugates; �, the EAAC1 position. Results are representative of three independent experiments or the mean �
S.E. for at least three independent extract preparations. *, p � 0.05 and **, p � 0.01, compared with vehicle
control using Student’s t test.
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PTEN Regulates the E3 Ligase Nedd4 via the cAMP/PKA
Signaling

Because the Nedd4 E3 ligase is critically involved in UPS-
mediated EAAC1 degradation, how does chronic morphine
exposure regulate this process? PTEN is a tumor suppressor
and lipid phosphatase. Recently, there has been increasing
interest in the role of PTEN for the normal development of
neuronal tissues and potential regulation of E3 ligases (21).
Accordingly, we asked whether PTEN would have a role in the
regulation of Nedd4 expression after chronic morphine expo-
sure in the following experiments.
PTEN Is Up-regulated after Chronic Morphine—Chronic

morphine exposure induced a time-dependent up-regulation of
PTEN in C6 glioma cells starting at 12 h, which was followed by
the up-regulation of Nedd4 beginning at 24 h after morphine
exposure and the up-regulation of both PTEN and Nedd4 after

morphine exposurewere blocked by
naloxone (Fig. 4A). These findings
are consistent with morphine-in-
duced EAAC1 down-regulation,
which occurred at 48 h after mor-
phine exposure (Fig. 1A), indicating
a temporal correlation among these
cellular changes. Morphine treat-
ment did not induce Nedd4 up-reg-
ulation in the PTEN-null U87 cell
line (Fig. 4B), indicating that Nedd4
regulation is PTEN-dependent. In
addition, the RT-PCR method
showed that this up-regulation
occurred at the transcriptional
level. mRNA levels of PTEN
started increasing significantly
after 8 h of morphine exposure
and reached 13-fold at 24 h as
compared with the level at 0 h;
mRNA levels of Nedd4 started
increasing significantly after 12 h
of morphine exposure and reached
3.5-fold at 48 h as compared with
the level at 0 h; the up-regulation
of both PTEN and Nedd4 after
morphine exposure was blocked
by naloxone (Fig. 4, E and F).
Taken together, these data suggest
that morphine-induced EAAC1
down-regulation may be mediated
through inducing PTEN and
Nedd4 to initiate the ubiquitin-pro-
teasomeal degradation pathway.
PTEN Interacted with the Nedd4

E3 Ligase—To examine the rela-
tionship between PTEN and the
Nedd4 E3 ligase, we first used two
PTEN-expressing cell lines (C6 and
293T) and a PTEN-null cell line
(U87) to examine whether PTEN
would physically interact with

Nedd4 using the IP assay. Specific interactions between PTEN
and Nedd4 were detected in the IP experiments: 1) PTEN con-
jugated with Nedd4 (Fig. 4C, lane 1 in 293T and C6 cells) but
not with a control IgG (Fig. 4C, lane 2 in all three cell lines); 2)
Nedd4 also conjugated with PTEN (Fig. 4D, lane 1 in 293T and
C6 cells) but not with a control IgG in the reciprocal IP exper-
iment (Fig. 4D, lane 2 in all three cell lines); 3) �-opioid recep-
tor, as a control, did not copurify with either PTEN or Nedd4
(Fig. 4,C andD); and 4) copurification of PTEN andNedd4 was
present only in PTEN-expressing cell lines (C6 and 293T) but
not in the PTEN-null cell line U87 (Fig. 4, C and D).
cAMP/PKA Signaling Regulated the PTEN and Nedd4

Expression—Up-regulation of the cAMP/PKA signal pathway
has long been associatedwith themolecular adaptation to long-
term opioid administration, which is thought to play a key role
in the development of opioid tolerance and dependence (45).

FIGURE 3. The ubiquitin E3 ligase Nedd4 interacts with EAAC1. A, EAAC1 copurified with Nedd4. Extracts of
C6 cells were subjected to immunoprecipitation using antibodies against several ubiquitin E3 ligases (lanes
2–6). EAAC1 co-purified with Nedd4 (lane 6) but not with a control IgG, Cbl, Parkin, or Mdm2. Morphine or
morphine plus MG-132 did not disturb the interaction between EAAC1 and Nedd4 (lane 7 and 8). EAAC1 extract
(lane 1) represents 4% of the amount used in the immunoprecipitation. B, Nedd4 co-purified with EAAC1.
Extracts of C6 cells were immunoprecipitated with antibodies against EAAC1. Nedd4 was specifically copuri-
fied in EAAC1 precipitates (lane 3) but not in control IgG precipitates (lane 2). Extract (lane 1) represents 1% of
the amount used in the immunoprecipitation. C, Nedd4 was markedly knocked down with siRNA. C6 cells were
transfected with negative control siCONTROL non-targeting siRNA pool, Nedd4 siRNA pool, or vehicle, the Nedd4
expression level was examined at 48 h after each transfection. D, Nedd4 knockdown abolished the morphine-
induced EAAC1 down-regulation. C6 cells transiently transfected with siCONTROL or siNedd4 were treated
with vehicle, morphine (10 �M for 48 h), morphine plus MG-132, or MG-132 (MG-132 was added during the final
12 h of the 48-h morphine exposure), the EAAC1 expression level was examined in each group. E, C6 cells
transiently transfected with siCONTROL or siNedd4 were treated with vehicle, morphine (10 �M for 48 h),
morphine plus MG-132, or MG-132 (MG-132 was added during the final 12 h of the 48-h morphine exposure),
cell lysates were co-immunoprecipitated with an anti-EAAC1 antibody (IP), followed by Western blotting with
an anti-ubiquitin antibody (WB, Western blot). Ubn, the migration position of polyubiquitin conjugates; �, the
EAAC1 position. Results are representative of three independent experiments. Actin, a loading control.
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Thus, it is likely that cAMP/PKA signaling may be an initial
cellular step after chronic morphine exposure that leads to the
up-regulation and functional recruitment of both PTEN and
Nedd4. To test this hypothesis, we again used two PTEN-ex-
pressing cell lines (C6 and 293T) and a PTEN-null cell line
(U87). Each of these cell lineswas pretreated for 30minwith the
adenylyl cyclase inhibitor ddA, the PKA inhibitor H89, the
phosphatidylinositol 3-kinase inhibitor LY294002, the cGMP-
dependent protein kinase inhibitor RP-8-PCPT, the PKC inhib-
itor Go6976, or a vehicle (see Fig. 5 legend for doses), followed
by co-treatment of each of these agents withmorphine for 48 h.
The up-regulation of both PTEN andNedd4 after chronicmor-
phine exposure was blocked only by ddA or H89 but not by
other agents (Fig. 5A), and ddA and H89 alone had no effect on
the expression of PTEN and Nedd4 (data not shown). More-

over, chronic morphine-induced
Nedd4 up-regulation in two PTEN-
expressing cell lines (C6 and 293T)
was absent in the PTEN-null U87
cell line (Fig. 5A), indicating that
PTEN is necessary for Nedd4
expression after chronic morphine
exposure.
Collectively, these findings indi-

cate that cAMP/PKA signaling is
upstream to the morphine-induced
up-regulation of PTEN and Nedd4.
Of interest to note is that this mor-
phine-induced PTEN up-regulation
through the cAMP/PKA signaling
also regulated proteasome activity,
because the adenylyl cyclase inhibi-
tor ddA or the PKA inhibitor H89
blocked the morphine-induced
increase in proteasome activity only
in the PTEN-expressing 293T and
C6 cells (Fig. 5B, p � 0.05) even
below the baseline and ddA or H89
alone had no effect on protea-
some activity (data not shown).
Thus, chronic morphine exposure
induced a cAMP/PKA-mediated
up-regulation of PTEN, which in
turn regulated the up-regulation of
theNedd4 E3 ligase and proteasome
activity.

PTEN Negatively Regulated the
EAAC1 Expression

To determine the functional role
of PTEN in the EAAC1 regulation in
C6 glioma cells, we first generated,
using siRNA, a series of stable
clones with the PTEN knockdown
(C1–C3) ofmore than 85%as shown
by fluorescence microscopy and
Western blotting (Fig. 6A).We then
examined the effect of PTEN on

EAAC1 expression using these stable PTEN knockdown cells.
In a stable PTENknock-out cell line (Fig. 6B, bottom), therewas
a marked increase in intracellular labeling of EAAC1 with large
vesicle-like structures and clusters accumulated in the perinu-
clear area. By visual examination, about 90% of the PTEN
knocked down C6 cells showed enhanced EAAC1 immunore-
activity. Among these cells, about 80% exhibited the pattern
shown in the figure. In contrast, the scramble siPTEN cell
exhibited dispersed, punctuating, and weak intracellular label-
ing of EAAC1 (Fig. 6B, top). Consistently, PTEN knockdown
increased the basal glutamate uptake activity and completely
reversed the morphine-induced decrease in glutamate uptake
as comparedwith wild type and scramble siPTEN controls (Fig.
6C, p � 0.05). These findings indicate that PTEN serves as a
negative intracellular regulator of the EAAC1 expression and

FIGURE 4. PTEN regulates the Nedd4 expression. A, C6 cells were treated with morphine (MS, 10 �M) or
morphine plus naloxone (Nal, 1 �M) for 0, 8, 12, 24, and 48 h. Western blotting of PTEN or Nedd4 was performed
using whole cell lysates. B, time course effect of morphine on the level of Nedd4 protein in PTEN-null U87 cells.
C, PTEN copurified with Nedd4. Lysates from the PTEN-expressing 293T and C6 cell lines and the PTEN-null U87
cell line were IP with Nedd4 (lane 1) or normal rabbit IgG (lane 2) and were Western blotted (WB) with PTEN,
�-opioid receptor (MOR), or Nedd4. PTEN, but not �-opioid receptor, copurified with Nedd4 (lane 1), but not
control IgG (lane 2) in 293T and C6 cells. D, Nedd4 copurified with PTEN. Extracts of 293T, C6, and U87 cells were
immunoprecipitated with antibodies against PTEN (lane 1) or normal rabbit IgG (lane 2) and Western blotted
(WB) with Nedd4, �-opioid receptor, and PTEN. Nedd4 but not �-opioid receptor specifically copurified in PTEN
precipitates (lane 1) but not in control IgG precipitates (lane 2) in 293T and C6 cells. PTEN-null U87 cells were
used as control. E, time course PTEN and Need4 mRNA level (RT-PCR) after each treatment in C6 cells.
F, intensity (-fold) quantification and statistical analysis of the RT-PCR results in E. Results are the mean � S.E. for
at least three independent extract preparations. *, p � 0.05, as compared with the vehicle group using Stu-
dent’s t test.
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glutamate uptake activity with and without chronic morphine
exposure. Taken together with the data presented in Figs. 4 and
5, these findings indicate that PTEN plays a critical role in two
key steps of theUPS-mediatedEAAC1degradation through the
regulation of the Nedd4 E3 ligase and proteasomal activity.

MG-132 Blocked Morphine-induced EAAC1 Down-regulation
in the Spinal Cord Dorsal Horn of the Rat

To further examine the role of UPS activity in morphine-
induced EAAC1 degradation under an in vivo condition, we
analyzed the protein andmRNA expressions of EAAC1, PTEN,
and Nedd4 in the spinal cord dorsal horn of the rats exposed to
vehicle, morphine (15 nmol), morphine plusMG-132 (5 nmol),
or MG132 alone (5 nmol) for seven consecutive days. Consist-
ent with the findings observed in C6 glioma cells (Figs. 1A, 2A,
and 4A), chronic morphine exposure induced down-regulation
of EAAC1 and up-regulation of PTEN and Nedd4 within the
spinal cord dorsal horn (Fig. 7A). Co-administration of mor-
phine with MG-132 effectively prevented the down-regulation
of EAAC1 and the up-regulation of PTEN and Nedd4 at the
protein level, whereas MG-132 itself had no effect on the
expression of EAAC1, PTEN, or Nedd4 (Fig. 7A). Moreover,
morphine did not alter the baseline mRNA level of EAAC1 but
increased themRNA level of PTEN andNedd4 (Fig. 7, B andC)
by �9- and 3-fold, respectively, which are consistent with the
results in C6 cells (Fig. 4E). MG-132 itself did not have effects

on the mRNA levels of EAAC1,
PTEN, or Nedd4. These in vivo
results further demonstrate that
chronic morphine exposure
induced the UPS-mediated down-
regulation of spinal glutamate
transporter EAAC1 possibly
through a PTEN andNedd4-medi-
ated cellular pathway.

DISCUSSION

The present results demonstrate
a UPS-mediated cellular mecha-
nism critical for the posttranscrip-
tional regulation of the glutamate
transporter turnover. Our data sug-
gest that the UPS-mediated mecha-
nism of glutamate transporter turn-
over has a significant functional role
in the regulation of glutamate
homeostasis and glutamatergic
activities. In C6 glioma cells, the
UPS-mediated glutamate trans-
porter degradation contributed to
the physiological glutamate trans-
porter turnover because inhibition
of the proteasome activity improved
the basal level of endogenous glu-
tamate transporter content. The
UPS-mediated glutamate trans-
porter turnover also was substan-
tially enhanced following chronic
morphine exposure resulting in an

altered glutamate uptake activity in C6 glioma cells as well as
the spinal cord dorsal horn.3 Because the glutamatergic system
plays an important role in a variety of cellular events such as
morphine tolerance and neurotoxicity (5, 23–25, 46, 47), pre-
venting an excessive glutamate transporter turnover under
such circumstances may be an important mechanism to main-
tain glutamate uptake activity and regional glutamate
homeostasis.
In the current in vitro experiments, we used the C6 glioma

cell line that expresses both EAAC1 (27, 28), a neuronal gluta-
mate transporter, and opioid receptors (29). Although C6 gli-
oma cells have been extensively used for studying the biosyn-
thesis, metabolism, and regulatory mechanisms of EAAC1
glutamate transporter (30–32), C6 glioma cells are tumor-
based cell lines with mixed neuronal and astroglial properties.
Given that tumor cells may not possess the same cellular regu-
latory mechanisms as those of normal neuronal and glial cells,
we examined the role of UPS activity in the down-regulation of
EAAC1 (mainly a neuronal glutamate transporter) using spinal
cord tissues obtained from rats repeatedly exposed tomorphine
for seven consecutive days. Our data demonstrate thatMG-132
prevented the down-regulation of spinal cord EAAC1 at the

3 L. Yang, S. Wang, B. Sung, G. Lim, and J. Mao, unpublished data.

FIGURE 5. Morphine recruited PTEN through the cAMP/PKA signaling. A, 293T, C6, and U87 cells were
pretreated with the adenylyl cyclase inhibitor ddA (30 �M), PKA inhibitor H89 (30 �M), phosphatidylinositol
3-kinase inhibitor LY294002 (10 �M), cGMP-dependent protein kinase inhibitor RP-8-PCPT (5 �M), or PKC inhib-
itor Go6976 (1 �M) for 30 min and then co-treated with morphine (10 �M) for 48 h. Western blotting of whole
lysate was made. B, 26 S proteasome activity assay of these same samples from panel A. Results are represent-
ative of three independent experiments or the mean � S.E. for at least three independent extract preparations.
*, p � 0.05, as compared with the vehicle group using Student’s t test.
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protein but not mRNA level. Moreover, repeated morphine
exposure also induced the up-regulation of PTEN andNedd4 at
both and also protein levels, similar to that observed in C6 gli-
oma cells. These results indicate that the degradation of EAAC1
may be subject to the proteasomal regulation through a PTEN-
Nedd4-mediated cellular pathway under in vivo conditions as
well.
Although the present study does not differentiate the role of

various opioid receptor subtypes in the UPS-mediated gluta-
mate transporter degradation, the effectiveness of morphine, a
prototypic�-opioid receptor agonist with amuchweaker affin-
ity to other opioid receptors, in our experiments suggests a

major contribution of �-opioid
receptor activation to this process.
Of significance is that chronic opi-
oid exposure induced a PTEN-de-
pendent up-regulation of the ubiq-
uitin E3 ligase Nedd4 and enhanced
proteasome activity, leading to
EAAC1 ubiquitination and its sub-
sequent proteasomal degradation.
The role of proteasome activity in
this process is strongly supported by
the data showing that two structur-
ally distinct and selective protea-
some inhibitors (MG-132 and lacta-
cystin), but not the lysosome
inhibitor chloroquin, both blocked
EAAC1 degradation induced by
chronic morphine exposure. In
addition, the data suggest a cAMP/
PKA-dependent mechanism con-
tributing to the increased protea-
some activity after chronic
morphine exposure. In future stud-
ies, we will examine whether this
altered proteasome activity is due to
a cAMP/PKA-dependent increase
in proteasome subunit levels and/or
phosphorylation.
There are two important caveats

with regard to these findings. One
is that demonstration of 26 S pro-
teasome-mediated and ubiquitin-
dependent degradation of EAAC1
under our experimental condition
does not exclude the possibility
that ubiquitin-independent degra-
dation of EAAC1 may also play a
role. This may be particularly rel-
evant because the method used to
detect proteasomal activity in the
experiment may also detect cer-
tain ubiquitin-independent pro-
tein degradations, such as the Rb
family of tumor suppressor (48,
49). It remains to be seen whether
a ubiquitin-independent mecha-

nism would contribute to the turnover of EAAC1 following
chronic morphine exposure. Another caveat is that our data
do not exclusively rule out the possibility that the lysosome
activity may be involved in the regulation of glutamate trans-
porter turnover, although we did not detect any significant
effect of chloroquin on the EAAC1 degradation under our
experimental condition.
An interesting finding from this study is that PTEN played a

significant role in the regulation of Need4 E3 ligase and protea-
some activity. With regard to the relationship between PTEN
and Need4, our data indicate that 1) there was a temporal cor-
relation between the change in PTEN and Need4 expression

FIGURE 6. PTEN is a negative regulator in EAAC1 expression in C6 cells. C6 cells were stably transfected with
vector-based short hairpin RNA constructs: PTEN/pRNAT-H1.1/Neo/GFP or scramble pRNAT-H1.1/Neo/GFP.
A, fluorescence microscopy (top row) and Western blotting of the wild type (Con), scramble (Scr), and 3 siPTEN
clones (C1–3) with anti-PTEN (middle row) or tubulin (bottom row). B, immunocytochemistry of scramble siPTEN
(ssiPTEN) and siPTEN (C1) with anti-EAAC1 (red) and Hoechst (blue) nuclear staining. There was a marked
increase in intracellular labeling of EAAC1 with large vesicle-like structures and clusters accumulated in the
perinuclear area (bottom row). Ninety percent of the PTEN knocked down C6 cells represented enhanced
EAAC1 immunoreactivities. Among them, 80% exhibits this pattern. In contrast, the scramble siPTEN cell exhib-
ited dispersed, punctuating, and weak intracellular labeling of EAAC1 (top row). These images are representa-
tive of multiple fields examined for each treatment from two independent immunofluorescence experiments.
C, glutamate uptake activity assay in wild type, SsiPTEN, and siPTEN-transfected cells. *, p � 0.05 as compared
with the wide type (WT) control using Student’s t test.
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after chronic morphine exposure; 2) the increase in the Nedd4
protein level after morphine exposure was absent in the PTEN
null U87 cells; and 3) chronicmorphine exposure increased the
PTEN and Nedd4 mRNA levels in C6 cells as detected using
RT-PCR. These data indicate that chronic morphine exposure
induced the PTEN andNedd4 expression at the transcriptional
level and that the morphine-induced increase in the Nedd4
protein level was PTEN-dependent. Of note, our data do not
rule out the possibility that morphinemay have an effect on the
protein stability leading to the changed expression of PTENand
Nedd4. This issue can be addressed in future studies.
PTEN has been shown to play a role in cell survival (15, 16),

stem cell proliferation (17, 18), and neuronal function (19, 20).
Our findings indicate that PTEN also acted as an upstream
regulator for the expression and function of Nedd4 E3 ligase
and proteasome activity, two critical steps in theUPS-mediated
glutamate transporter turnover. Moreover, cAMP/PKA signal-
ing regulated the expression of PTEN after chronic morphine
exposure, supporting a link between a known cellular mecha-
nism of morphine tolerance and the UPS-mediated degrada-
tion of EAAC1. Thatmodulation of several critical steps of UPS
after chronic morphine exposure, including PTEN/Nedd4
knockdown and inhibition of proteasome activity, which each

prevented the UPS-mediated gluta-
mate transporter down-regulation
indicates that the PTEN/Nedd4-
mediated UPS activity plays a criti-
cal and sufficient role in the gluta-
mate transporter turnover in C6
glioma cells. At the molecular level,
PTEN may regulate the Nedd4
function by directly interacting with
Nedd4 through its phosphatase-de-
pendent and/or phosphatase-inde-
pendent mechanisms. PTEN may
also modulate protein expression at
the transcriptional level through its
lipid phosphatase function (50). The
exact cellular mechanisms of PTEN
in regulating Nedd4 E3 ligase
expression and function will be an
important step in our future stud-
ies. In addition, future studies may
also examine the role of additional
Nedd4 family members, such as
Nedd4-2, as well as other intracel-
lular regulators of UPS in the glu-
tamate transporter turnover with
and without chronic morphine
exposure.
Our findings may have a signifi-

cant functional implication in the
cellular mechanisms of morphine
tolerance. Recent studies have shed
light on the neurobiology of opioid
tolerance including those related to
�-arrestin (51–53), G-protein sig-
naling (54, 55), �-opioid receptor

oligomerization (53, 56, 57), and the central glutamatergic sys-
tem (5, 22–25). The present data suggest a possible link
between regulation of morphine-induced glutamate turnover
after chronic morphine exposure and the development of mor-
phine tolerance. Their exact relationship should be investigated
in an in vivo system. The present findings may also have poten-
tial clinical implications. For example, using proteasome inhib-
itor and/or targeting key elements of the UPS-mediated gluta-
mate transporter turnover (e.g. PTEN and Nedd4) could offer a
new strategy for treating certain neurological disorders (1–5,
22, 58) and improving clinical opioid therapy in chronic and
cancer pain treatment (59). These possibilities are supported by
a recent study showing that inhibition of proteasomal activity
attenuated neuropathic pain behaviors in rats (60), which is also
regulated by the glutamatergic system including glutamate
transporters (22).
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