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Phosphoinositide 3-Kinase Cascade Facilitates �-Opioid
Desensitization in Sensory Neurons by Altering
G-Protein–Effector Interactions
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Signaling via G-protein-coupled receptors undergoes desensitization after prolonged agonist exposure. Here we investigated the role of
phosphoinositide 3-kinase (PI3K) and its downstream pathways in desensitization of �-opioid inhibition of neuronal Ca 2� channels. In
cultured mouse dorsal root ganglion neurons, two mechanistically different forms of desensitization were observed after acute or chronic
treatment with the � agonist [D-Ala 2,N-MePhe 4,Gly-ol 5]-enkephalin (DAMGO). Chronic DAMGO desensitization was heterologous in
nature and significantly attenuated by blocking the activity of PI3K or mitogen-activated protein kinase (MAPK). A combined application
of PI3K and MAPK inhibitors showed no additive effect, suggesting that these two kinases act in a common pathway to facilitate chronic
desensitization. Acute DAMGO desensitization, however, was not affected by the inhibitors. Furthermore, upregulation of the PI3K–Akt
pathway in mutant mice lacking phosphatase and tensin homolog, a lipid phosphatase counteracting PI3K, selectively enhanced chronic
desensitization in a PI3K- and MAPK-dependent manner. Using the prepulse facilitation (PPF) test, we further examined changes in the
voltage-dependent component of DAMGO action that requires direct interactions between �� subunits of G-proteins and Ca 2� channels.
DAMGO-induced PPF was diminished after chronic treatment, suggesting disruption of G-protein– channel interactions. Such disrup-
tion could occur at the postreceptor level, because chronic DAMGO also reduced GTP�S-induced PPF that was independent of receptor
activation. Again, inhibition of PI3K or MAPK reduced desensitization of PPF. Our data suggest that the PI3Kcascade involving MAPK
and Akt enhances �-opioid desensitization via postreceptor modifications that interfere with G-protein– effector interactions.
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Introduction
A common feature of signaling through G-protein-coupled re-
ceptors (GPCRs) is the development of desensitization after ex-
cessive stimulation of the receptor. In non-neuronal cells, GPCR
desensitization is often associated with receptor phosphoryla-
tion, which uncouples the receptor from G-proteins and initiates
receptor internalization and recycling (Law et al., 2000; Claing et
al., 2002). In neurons, the exact role of these events in functional
desensitization remains unclear. Adding on another layer of
complexity, desensitization of GPCR signaling can also result
from changes at postreceptor components such as G-proteins,
effectors, or their regulators. One example is opioid modulation
of ion channels. Activation of �-opioid receptors coupled to Gi

and Go leads to inhibition of voltage-gated Ca 2� channels
(VGCCs) and activation of G-protein-coupled inwardly rectify-

ing potassium channels (GIRKs). Both actions involve direct in-
teractions between G-protein �� subunits (G��) and ion chan-
nels in a membrane delimited manner (Bourinet et al., 1996;
Dascal, 2001). Modulation of opioid receptors leads to homolo-
gous desensitization, whereas factors interfering with G-protein–
channel interactions confer the heterologous nature of desensiti-
zation (Murthy et al., 2000; Blanchet and Luscher, 2002). Both
homologous and heterologous desensitization have been ob-
served with regard to opioid modulation of GIRK (Kovoor et al.,
1995; Alvarez et al., 2002) or VGCC (Samoriski and Gross, 2000;
Borgland et al., 2003), indicating that opioid desensitization may
occur at different levels or sites of the receptor-G-protein– chan-
nel pathway. Specific signaling mechanisms underlying these dif-
ferent forms of opioid desensitization, however, have not been
fully understood in neurons.

Recent studies show that GPCRs modulate neuronal Ca 2�

channels through assembly of the receptor, channel, and
G-protein signal complex. The second messenger-generating en-
zyme, protein kinase, and counteracting phosphatase are tightly
linked with the complex to enable specific and rapid regulation of
the channels (Davare et al., 2001). It is intriguing to examine how
interactions between the GPCR, G-protein, and Ca 2� channel
are evolved through cross talk with associated signaling systems
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during a regulatory process such as desensitization. The present
study explored this issue by investigating the role of phosphoino-
sitide 3-kinase (PI3K) cascade in desensitization of �-opioid
modulation of VGCC in mouse dorsal root ganglion (DRG) neu-
rons. PI3K comprises a family of lipid kinases. Their inositol lipid
products are key mediators of intracellular signaling. The p110
catalytic subunit of PI3K can be directly activated by G�� dimers
liberated after activation of GPCRs (Hawes et al., 1998; Lopez-
Ilasaca, 1998; Garcia-Caballero et al., 2001). Subsequent genera-
tion of phosphatidylinositol (PtdIns)-3,4-P2 and PtdIns-3,4,5-P3

(PIP3) initiates multiple signaling pathways. One of the key
downstream targets of PI3K signaling is the serine–threonine ki-
nase Akt, the activity of which is negatively regulated by phospha-
tase and tensin homolog (PTEN), a lipid phosphatase that re-
duces the cellular level of PIP3 (Toker, 2000; Cantrell, 2001). The
PI3K–Akt pathway and PTEN have been studied extensively as
regulators of cell growth, differentiation, and survival, but their
roles in cell functionremain unknown. We demonstrate here that
persistent activation of the PI3K–Akt pathway and its cross talk
with mitogen-activated protein kinase (MAPK) are essential for the
development of chronic opioid desensitization in sensory neurons.

Materials and Methods
DRG cultures. Dorsal root ganglia were excised from postnatal day 0
(P0)–P3 C57 black 6 mice. The ganglia were enzymatically dissociated for
30 min with S-MEM medium containing 0.25% trypsin at 37°C. Neurons
were then dissociated mechanically by trituration using fire-polished
Pasteur pipettes. Dissociated cells were plated at a density of 1 � 10 5

cells/cm 2 onto glass coverslips coated with poly-L-ornithine (Sigma, St.
Louis, MO) and laminin (Invitrogen, Grand Island, NY) and mounted to
the bottom of 35 mm culture dishes. The cultures were maintained at
37°C in 5% CO2 and fed with serum-free Neurobasal-A media supple-
mented with B-27, L-glutamine, 2.5s nerve growth factor (NGF) (0.1
�g/ml; Invitrogen) and 5-fluoxy-D-uridine (0.1 mg/ml; Sigma), which
inhibits proliferation of non-neuronal cells. To avoid MAPK activation
by NGF before experiments, DRG cultures were washed and kept in
NGF-free medium for 2 hr before electrophysiological recordings and
other assays were started.

Electrophysiology. Whole-cell Ca 2� currents were recorded from DRG
neurons of 20 –30 �m diameter maintained in cultures for 2–7 d. Exper-
iments were conducted under voltage-clamp conditions at room temper-
ature with an Axopatch 1-D patch-clamp amplifier. During recording,
cells were perfused continuously with an external solution containing 10
mM CaCl2, 130 mM tetraethylammonium chloride, 5 mM HEPES, 25 mM

D-glucose, and 0.25 �M tetrodotoxin, pH 7.35. The patch electrode of 1–2
M� resistance was filled with an internal solution composed of the fol-
lowing (in mM): 105 CsCl, 40 HEPES, 5 D-glucose, 2.5 MgCl2, 10 EGTA,
2 Mg-ATP, and 0.5 GTP, pH 7.2. High voltage-activated Ca 2� currents
were evoked every 10 sec by 100 msec voltage steps to �10 mV from a
holding potential of �80 mV. Capacitance and series resistance were
corrected with the compensation circuitry on the amplifier. Series resis-
tance was compensated by 80 –90%. Leak currents were subtracted using
a P/6 protocol. Currents were filtered at 2 kHz, digitized at 5 kHz, and
saved onto the hard disk of a computer for off-line analysis.

Recorded signals were acquired and analyzed using Axon Instruments
(Foster City, CA) pCLAMP v8.0 software. The amplitude and time of
peak Ca 2� currents were determined using the peak detect feature of the
software. Under control conditions, the whole-cell Ca 2� current typi-
cally reached its peak amplitude 15–25 msec after the start of voltage
steps, with an average time-to-peak of 19.5 � 0.8 msec (n � 45). To avoid
influence by potential changes in the time-to-peak, the amplitude of
inward current was measured at the time of its peak during each voltage
step. After breaking into the whole-cell mode, currents were allowed to
stabilize for up to 2 min. The baseline value of peak current amplitude
was then determined by averaging 6 –10 repeated measurements before
drug applications. [D-Ala 2, N-MePhe 4,Gly-ol 5]-enkephalin (DAMGO)-
and other drug-induced current inhibition was measured as the maximal

reduction in peak current amplitudes during drug perfusion and ex-
pressed as percentage changes from baseline. Cells were excluded if they
exhibited continuous current rundown (�2% per min) during baseline
collection or if the amplitude of peak currents failed to recover from
DAMGO-induced reduction after removal of the agonist. Less than 5%
of cells recorded were excluded according to the above criteria. Prepulse
facilitation (PPF) was expressed as a ratio of peak current amplitudes
induced by two test pulses, P2 versus P1; both pulses were identical
except that P2 was preceded at a 10 msec interval by a 40 msec depolar-
izing prepulse from �80 to �80 mV. All data are presented as mean �
SE. One-way ANOVA and Student’s t tests were used for statistical anal-
ysis. Statistical significance was defined as p � 0.05.

Drug application and desensitization protocols. DAMGO and kinase
inhibitors (Sigma) were prepared as 1 mM stock solutions in water or
D-methyl-sulfoxide and diluted with external solution to desired final
concentrations before application. During recording, the external solu-
tion was applied continuously at 2 ml/min through a 1 ml recording
chamber carrying the culture coverslip. The perfusion pipette was posi-
tioned near the cell under recording for fast washing on and off of the
drug. When testing the acute DAMGO effect, cells were first perfused
with drug-free solution to establish the baseline and then with 1 �M

DAMGO for 1–2 min to observe the maximal reduction of Ca 2� cur-
rents. To avoid desensitization caused by repeated or prolonged expo-
sure to the � agonist, only one or two cells per culture dish were tested,
and each cell received a single application of DAMGO for no longer than
2 min, followed by extensive washing.

In acute desensitization experiments, DAMGO perfusion was contin-
ued for up to 7 min to allow gradual recovery of Ca 2� currents from the
initial reduction. The extent of acute desensitization was expressed by
the percentage reduction of opioid responses from the initial level
in the same cells. To determine the effect of kinase inhibitors on acute
desensitization, cultures were pretreated with the inhibitor alone for 1 hr
before recording and then perfused with both DAMGO and the inhibitor
during the recording. In chronic desensitization experiments, DRG cul-
tures were pretreated for 1, 4, or 24 hr with 1 �M DAMGO added into
NGF-free culture medium with or without kinase inhibitors. The drug-
containing medium was then removed, and cells were thoroughly
washed three times with the external solution. Ca 2� current recordings
were conducted immediately after washing to determine the effect of an
acute test dose of DAMGO (1 �M, 1 min). The extent of chronic desen-
sitization was assessed by comparing acute DAMGO responses of pre-
treated neurons with untreated neurons.

Phospho-Akt immunohistochemistry. DRG cultures were fixed in ice-
cold 4% paraformaldehyde for 15 min, washed three times with PBS,
blocked, and permeabilized with a blocking buffer containing 10% goat
serum and 0.3% Triton X-100 for 30 min. The primary antibody,
phospho-Akt (Ser-473) polyclonal antibody (1:100; Cell Signaling Tech-
nology, Beverly, MA), was applied for 1 hr at room temperature, followed
by washes with PBS and additional incubation with a Cy2-conjugated
goat anti-rabbit second antibody (1:250; The Jackson Laboratory, Bar
Harbor, ME) for 1 hr. After washing, the cultures were mounted with
Vector Shield mounting medium containing nuclear 4	,6	-diamidino-2-
phenylindole (DAPI) counterstain and imaged with an inverted fluores-
cence microscope (Olympus Optical, Tokyo, Japan). Images were cap-
tured with a digital camera (Hamamatsu Photonic, Bridgewater, NJ) and
saved with Image-Pro plus software.

Immunoblotting analysis. Dorsal root ganglia were sonicated and lysed
in buffer containing 1� PBS, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 100 �g/ml PMSF, 1 mg/ml aprotinin, 500 �g/ml
leupeptide, and 1 mM sodium orthovanadate. The lysates were centri-
fuged at 10,000 � g for 15 min at 4°C. Supernatants were separated, and
protein concentrations were determined by Bradford assay using BSA as
a standard. Proteins (30 �g per lane) were separated on 10% SDS-PAGE,
transferred to nitrocellulose membranes, blocked with 5% milk protein,
and incubated with primary antibodies overnight at 4°C. Antibodies for
PTEN, phospho-Akt (Ser-473), and total Akt were purchased from New
England Biolabs (Beverly, MA) and used at 1:1000.

PTEN knock-out mice. Generation of PTEN �/� mice (Nestin Cre�/�

Ptenloxp/
5) has been reported previously (Groszer et al., 2001). Briefly,
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exon 5 of the Pten gene was flanked with loxp sequences (Ptenloxp).
Pten loxp/loxp females were crossed with males carrying a nestin promoter-
driven Cre transgene (Cre �/�) that was activated in neural stem–
progenitor cells at embryonic day 9 or 10, resulting in almost complete
gene deletion in neural tissues by midgestation. To ensure complete de-
letion of PTEN, we generated Ptenloxp/
5 Cre �/� mice carrying a conven-
tional exon 5-deleted allele (Pten
 5) and a Ptenloxp allele. In DRG tissue
from P0 pups, no PTEN protein could be detected by immunoblotting,
indicating a nearly complete deletion of PTEN (see Fig. 6 A). DRG cul-
tures derived from P0 PTEN�/� mice and their wild-type littermates
were maintained in separate culture dishes. Electrophysiological and
immunohistochemical studies were performed using cells of both
genotypes in a blind manner.

Results
DAMGO inhibition of voltage-gated Ca 2� currents and
development of desensitization
Previous studies in rat DRG neurons showed that �-opioids in-
hibited high voltage-activated Ca 2� currents composed of pri-
marily N-type currents (Rusin and Moises, 1995; Womack and
McCleskey, 1995). We observed similar opioid action in mouse
DRG neurons. Depolarizing voltage steps from �80 to �10 mV
elicited rapid inward currents in these neurons, and the ampli-
tude of peak inward current was reversibly reduced by brief ex-
posure to the � agonist DAMGO (Fig. 1A). The average current
reduction by acute application of DAMGO (1 �M, 1 min) was
55 � 3% in 62 neurons tested. In cells pretreated with a specific �
receptor antagonist, Cys2, Tyr3, Arg5, Pen7-Amide (CTAP) (1
�M, 30 min), DAMGO application in the presence of CTAP pro-
duced negligible current inhibition (4 � 1%; n � 7), confirming
the receptor specificity of DAMGO action (Fig. 1C). Blocking
N-type channels with �-conotoxin GVIA (5 �M, 2 min) attenu-
ated total Ca 2� currents by 51 � 6% and dramatically reduced
current inhibition by subsequent DAMGO application (16 � 3%
with the toxin vs 66 � 4% without the toxin; n � 9; p � 0.01) (Fig.
1C). This suggests that N-type currents constitute the major
component (�76%) of DAMGO-sensitive currents in mouse
DRG neurons.

DRG cultures consist of a mixed population of neurons of
various sizes. Studies on rat DRG neurons show that expression
of � receptors is at the highest level across the entire cell diameter
range during the first postnatal week and then declines in larger
cells and is confined mainly to small and medium cells by P21
(Beland and Fitzgerald, 2001). Correspondingly, only a subset of
DRG neurons is sensitive to DAMGO in cultures derived from
adult rats (Schroeder and McCleskey, 1993). Consistent with this
developmental pattern, our cultures derived from P0 –P3 neona-
tal mice yielded a high percentage of DAMGO-sensitive cells at all
cell sizes. Of 62 control cells with diameters of 20 –30 �m, 93%
responded to a test dose of DAMGO (1 �M, 1 min) with rapid,
�10% reduction in the amplitude of peak Ca 2� currents. Such a
high frequency of agonist responses thus allowed reliable detec-
tion of opioid desensitization in our preparations.

Acute DAMGO desensitization was observed while recording
with continuous perfusion of 1 �M DAMGO. Inhibition of Ca 2�

current usually reached the maximum within the first minute of
DAMGO exposure and then decreased gradually over a course of
3–7 min (Fig. 1A,B). The average current inhibition was 37 � 6%
at the end of DAMGO perfusion, significantly smaller than the
initial current inhibition in the same cells (58 � 6%; n � 12; p �
0.01) (Fig. 1C).

Chronic desensitization was induced by prolonged incuba-
tion with DAMGO (Fig. 2A,B). After 1, 4, or 24 hr pretreatment,
an acute test dose of DAMGO (1 �M, 1 min) reduced peak Ca 2�

currents by 23 � 4, 18 � 2, or 7 � 2% (n � 10 –17), respectively,
all being significantly smaller than responses of untreated neu-
rons (0 hr; 55 � 3%; n � 62; p � 0.01). After a 24 hr pretreatment,
the acute test dose induced �10% current reduction in 82% of
treated cells. Despite the nearly complete loss of DAMGO re-
sponsiveness in these cells, chronic desensitization appeared to be
reversible, with acute DAMGO responses recovered to 38 � 3%
at 4 hr after removal of DAMGO (Fig. 2A,B).

We then examined whether chronic DAMGO desensitization
attenuated responses mediated by other Gi- and Go-coupled
receptors. Inhibition of Ca 2� currents by the GABAB agonist

Figure 1. Acute desensitization of �-opioid inhibition of voltage-gated Ca 2� currents. The
� agonist DAMGO was used at 1 �M in all experiments shown in this and the following figures.
A, Representative recordings from a DRG neuron while continuously perfused with DAMGO.
Whole-cell Ca 2� currents were evoked by 100 msec voltage steps from �80 to �10 mV. Note
the partial loss of current inhibition at 1 and 3 min compared with the initial response at 30 sec
and full recovery of Ca 2� currents after washout of DAMGO. B, A complete time course of acute
desensitization in this neuron. C, Group data showing significant reduction of DAMGO-induced
responses at the end of a 3–7 min perfusion (Late) compared with the maximal responses
during the first minute in the same cells (Initial). The initial DAMGO response could be mostly
eliminated by the N-type current blocker �-conotoxin GVIA (Conotoxin; 5 �M) or completely
blocked by a selective � antagonist, CTAP (1 �M). Cells were exposed to the toxin for 2 min or to
CTAP for 30 min before DAMGO was coapplied for 1 min. The number of cells in each group is
displayed at the bottom of the column. **p � 0.01 compared with the initial DAMGO response
in control cells.
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baclofen (50 �M, 1 min) was compared in cells pretreated with 1
�M DAMGO for 0, 4, or 24 hr. No significant difference was
observed among these groups (Fig. 2C). In contrast, DAMGO
pretreatment reduced norepinephrine (NE)-mediated current
inhibition in a time-dependent manner (Fig. 2D). In untreated
neurons, inhibition of Ca 2� currents by NE (10 �M, 1 min) was
mostly reversed by coapplication of the �2 adrenergic antagonist
yohimbine at 1 �M (12 � 2%; p � 0.05 compared with 27 � 5%
without yohimbine; n � 9 and 12), suggesting involvement of �2

receptors in NE action. We further tested the action of clonidine,

a selective �2 agonist. Acute application of clonidine (10 �M, 1
min) elicited a 19 � 5% current reduction (n � 10), which was
reversed by yohimbine (5 � 2%; n � 10; p � 0.05). The effect of
clonidine was also heterologously reduced by a 24 hr DAMGO
pretreatment (Fig. 2D). These results suggest that chronic
DAMGO desensitization is homologous to GABAB-mediated re-
sponses but heterologous to �2 adrenergic responses.

Blocking PI3K and MAPK activity attenuates chronic but not
acute DAMGO desensitization
To determine the signaling pathways mediating DAMGO desen-
sitization, we examined the effect of several kinase inhibitors on
acute and chronic desensitization (Fig. 3). LY294002 (Vlahos et
al., 1994) and wortmannin (Ui et al., 1995) were used to block
PI3K activity. The MAP kinase kinase (MEK) inhibitor PD98059
was used to prevent activation of MAPK (Alessi et al., 1995). At
the concentrations that we used, these drugs reportedly are highly
selective and potent inhibitors for the specified kinase, yet they
did not affect acute DAMGO desensitization. In the presence of
10 �M LY294002 or PD98059, DAMGO-induced responses de-
cayed to 67 � 5% (n � 10) or 69 � 5% (n � 13) of the initial level
within 3–7 min of perfusion, which is not significantly different
from that seen in the absence of inhibitors (63 � 9%; n � 12; p �
0.05). Chronic DAMGO desensitization, however, was signifi-
cantly reduced by PI3K or MAPK inhibitors. When LY294002 (10
�M) or wortmannin (1 �M) was added during DAMGO pretreat-
ment, acute DAMGO responses remained at 34 � 4 or 30 � 4%
after 4 hr, both significantly greater than that in cells pretreated
with DAMGO alone (18 � 2%; p � 0.01). Coapplication of 1, 10,
or 50 �M PD98059 with DAMGO reduced the desensitization in
a dose-dependent manner (Fig. 3A). Acute application of
LY294002 or PD98059 (10 �M, 2 min) caused no evident changes
in Ca 2� currents, and a 4 hr pretreatment with either inhibitor
alone did not alter cell responses to acute DAMGO perfusion
(Fig. 3C). The results indicate that PI3K and MAPK neither have
a tonic influence on baseline Ca 2� currents nor do they interfere
with acute opioid responses in DRG neurons. Attenuation of
chronic desensitization by their inhibitors thus may result from
blockade of mechanisms specifically required for the develop-
ment of chronic desensitization.

The effect of kinase inhibitors was further assessed at different
time points of chronic desensitization (Fig. 3B). At all time points
tested, acute DAMGO perfusion induced significantly greater
current inhibition in cells co-pretreated with 10 �M LY294002 or
PD98059 compared with those with DAMGO alone. The reversal
of desensitization by either inhibitor was incomplete, and a com-
bined application of both inhibitors yielded no additive effect. At
4 hr, acute DAMGO responses in cells pretreated with both in-
hibitors was 31 � 6% (n � 9), which is not significantly different
from those pretreated with LY294002 (34 � 4%; n � 13) or
PD98058 alone (30 � 2%; n � 10). These results suggest that
both PI3K and MAPK are critically involved in mediating chronic
desensitization and likely to act in a serial rather than parallel
pathway.

Chronic DAMGO attenuates G��-mediated prepulse
facilitation in a PI3K- and MAPK-dependent manner
Inhibition of VGCC currents by GPCRs involves both voltage-
dependent and independent mechanisms (Luebke and Dunlap,
1994). The voltage-dependent action requires direct binding of
G�� to the Ca 2� channel. A strong depolarizing prepulse can
disrupt this interaction and relieve current inhibition during sub-
sequent test pulse, a phenomenon known as PPF (Herlitze et al.,

Figure 2. Chronic desensitization of �-opioid action. A, The time course of desensitization
and recovery. The effect of an acute test dose of DAMGO (1 �M, 1 min) was gradually diminished
after 1, 4, or 24 hr pretreatment with the agonist. Removal of DAMGO for 1 or 4 hr after the 24 hr
pretreatment resulted in partial recovery of DAMGO responses. Each time point used a different
group of cells. *p � 0.05 and **p � 0.01 compared with untreated neurons (0 hr). #p � 0.05
and ##p � 0.01 compared with the 24 hr DAMGO group. B, Representative current recordings
for each group, collected before (1), during (2), and after (3) the acute test dose of DAMGO.
Calibration: 0.5 nA, 50 msec. C, D, DAMGO pretreatment for 4 or 24 hr did not affect current
inhibition by the GABAB agonist baclofen but heterologously reduced the effect of NE or the �2

adrenergic agonist clonidine. Baclofen (50 �M), NE (10 �M), or clonidine (10 �M) was acutely
applied for 1 min after DAMGO pretreatment. **p � 0.01 compared with untreated neurons
(0 hr).
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1996). Using the PPF test, we assessed changes in G��–Ca 2�

channel interactions during acute and chronic DAMGO desensi-
tization (Fig. 4). Control cells showed little PPF in the absence of
DAMGO, suggesting lack of tonic inhibition of Ca 2� currents by
G�� in DRG neurons (baseline P2/P1 � 0.97 � 0.01; n � 16).
During acute DAMGO perfusion, cells displayed evident PPF
(1.41 � 0.09) because of partial reversal of current inhibition by
the prepulse (25 � 7% with prepulse vs 45 � 7% without pre-
pulse; p � 0.01). This facilitation was completely lost after a 4 hr
DAMGO pretreatment (0.97 � 0.02; n � 11) but could be par-
tially rescued in cells cotreated with 10 �M LY294002 or PD98058
(1.08 � 0.04 and 1.07 � 0.02 vs 0.97 � 0.01 in the DAMGO alone
group; n � 11–16; p � 0.05 for both comparisons). These data
suggest that chronic DAMGO causes desensitization of G��-
dependent, voltage-sensitive mechanisms underlying �-opioid
action and that PI3K and MAPK activity contributes to this
desensitization.

Chronic DAMGO-induced PI3K and MAPK activity could
attenuate PPF via postreceptor mechanisms that directly or indi-
rectly interfere with G��– channel interactions or act at the re-
ceptor level to reduce G-protein activation. These two possibili-
ties can be distinguished by directly activating G-proteins with a
nonhydrolyzable GTP analog (GTP�S). This compound induces
PPF without activation of receptors, thus allowing detection of
changes at the postreceptor level (Toth et al., 1996; Mark et al.,
2000). As shown in Figure 5, when GTP�S was applied intracel-
lularly via whole-cell recording electrodes, a pronounced PPF
was developed within a few minutes of recording in control cells
(P2/P1 � 1.68 � 0.23 at 8 min; n � 9). Subsequent DAMGO
application (1 �M, 1 min) did not increase PPF further in GTP�S-
loaded cells (1.61 � 0.15; n � 7), suggesting that DAMGO and
GTP�S induced PPF via common mechanisms. In chronic
DAMGO-treated neurons, GTP�S-induced PPF was signifi-
cantly smaller and developed at a much slower rate (1.17 � 0.04
at 8 min; n � 7; p � 0.01 compared with untreated controls). This
cross-desensitization to GTP�S was partially reversed by 10 �M

LY294002 or PD98059 added during DAMGO pretreatment
(1.38 � 0.08 and 1.67 � 0.15; n � 7 and 11; p � 0.01 compared
with 4 hr DAMGO alone). These data indicate that PI3K- and
MAPK-mediated postreceptor changes contribute to chronic
DAMGO desensitization. Pretreatment with 50 �M baclofen for 4
or 24 hr did not affect GTP�S-induced PPF (Fig. 5C), suggesting
that GABAB desensitization may occur at a different level.

PTEN deletion leads to constitutive upregulation of the PI3K–
Akt pathway and enhancement of chronic desensitization
Using a PTEN knock-out mouse model, we further defined the
role of PI3K and its downstream signaling pathways in DAMGO
desensitization. Deletion of the Pten gene in embryonic stem cells
or the brain elevates cellular PIP3 levels and causes constitutive
activation of signaling pathways downstream of PI3K, especially
the Akt pathway (Sun et al., 1999; Groszer et al., 2001). To deter-
mine whether PTEN deficiency leads to enhanced PI3K signaling
in peripheral neurons, we measured phospho-Akt levels in DRG
neurons from PTEN�/� mice and their wild-type littermates
using a phosphorylation site (Ser-473)-specific Akt antibody.
Both immunoblotting and immunohistochemical analyses dem-

Figure 3. Blocking PI3K or MAPK activity attenuates chronic DAMGO desensitization. A, The
dose-dependent reduction of chronic desensitization by PI3K or MAPK inhibitors. Desensitiza-
tion was induced by pretreatment with DAMGO for 4 hr. PD98059 [(PD) 1, 10, or 50 �M],
LY294002 [(LY) 1 or 10 �M], or wortmannin [(WM) 1 �M] was added into the culture medium
during pretreatment. The results shown are responses elicited by the acute test dose of DAMGO
in control and pretreated cells. **p � 0.01 compared with cells pretreated with 4 hr DAMGO
alone. B, The time course of chronic desensitization in the presence of PI3K and MAPK inhibitors.
Acute DAMGO effect at different time points was normalized to the value of control cells receiv-
ing no pretreatment (0 hr). LY294002 and PD98059 were applied at 10 �M during DAMGO
pretreatment. Note the lack of additive effect when both were applied simultaneously com-
pared with either inhibitor alone (n � 9 – 62 for each time point.) C, Lack of effect of PI3K

4

and MAPK inhibitors on baseline Ca 2� currents or acute DAMGO responses. LY294002 or
PD98059 was applied at 10 �M either acutely (2 min) or as pretreatment (4 hr) that was
followed by acute DAMGO perfusion for 1 min.
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onstrated much higher levels of phospho-Akt in PTEN �/� neu-
rons than their wild-type counterparts in the absence of
DAMGO, indicating constitutive activation of the PI3K–Akt cas-
cade in the mutant neurons (Fig. 6A,B). No significant increases
in the phospho-MAPK level were observed in PTEN�/� neu-
rons in the absence of DAMGO.

We then determined whether upregulation of the PI3K–Akt
pathway in PTEN �/� neurons altered their responses to acute
and chronic DAMGO treatments. Acute DAMGO application (1
�M, 1 min) reduced Ca 2� currents by 34 � 5% in PTEN �/�
neurons (n � 18), which was slightly smaller but not significantly
different from that in their wild-type counterparts (46 � 5%; n �
21; p � 0.05). The mutant and wild-type neurons also developed
acute desensitization at a similar rate, with DAMGO responses
decaying by 44 � 6 and 47 � 9%, respectively, from the initial
levels during continuous perfusion (n � 9 and 9; p � 0.05).
Development of chronic desensitization, however, was signifi-
cantly different between two genotypes. After a 1 hr pretreat-
ment, 76% of PTEN�/� neurons (13 of 17) became DAMGO
insensitive, whereas only 20% (3 of 15) of wild-type neurons did
so. The average DAMGO response in PTEN�/� cells decreased
to 23 � 7% (n � 17) of the initial level, much smaller than that in
wild-type cells (53 � 8%; n � 15; p � 0.01). This accelerated
desensitization in PTEN�/� neurons seemed particularly sensi-

tive to PI3K inhibition and could be re-
versed to the wild-type level by co-
pretreatment with 10 �M LY294002 (Fig.
6C). Interestingly, despite the lack of con-
stitutive activation of MAPK in PTEN
�/� neurons, PD98059 also opposed ac-
celeration of the desensitization (Fig. 6C).
These results suggest that upregulation of
the PI3K–Akt pathway accelerates devel-
opment of chronic DAMGO desensitiza-
tion in DRG neurons, and an intact MAPK
activity seems required for the full expres-
sion of this accelerated desensitization.

Discussion
PI3K and MAPK differentially modulate
acute and chronic
DAMGO desensitization
Extensive studies have been conducted to
characterize acute opioid actions on
VGCC, but few have investigated desensi-
tization of these actions in neurons. Here
we observed two different forms of
DAMGO desensitization in mouse DRG
neurons: an acute, incomplete desensitiza-
tion occurring within minutes of agonist
exposure, and a chronic one leading to
nearly complete loss of opioid responses
within 24 hr. Changes in the activity of
PI3K, MAPK, or PTEN selectively altered
chronic but not acute desensitization, sup-
porting the view that distinct mechanisms
underlie these two forms of desensitiza-
tion. Acute or rapid desensitization of opi-
oid modulation of VGCC was described
previously in rat DRG neurons (Nomura
et al., 1994; Samoriski and Gross, 2000)
and non-neuronal cells (Kaneko et al.,
1997; Morikawa et al., 1998; Borgland et
al., 2003). Common features of acute de-

sensitization include rapid onset within minutes, incomplete loss
of responses, and often lack of sensitivity to modulators of pro-
tein kinase A or C (PKC) as well as to nonspecific inhibitors of
protein kinase or phosphatase such as H-8 and okadaic acid. In
line with these findings, our results showed that PI3K or MAPK
inhibitors did not affect acute desensitization in DRG neurons.
Thus, acute opioid desensitization in VGCC modulation seems
mediated by phosphorylation-independent mechanisms in many
cell types.

In contrast, chronic DAMGO desensitization was signifi-
cantly reduced by PI3K or MAPK inhibitors and facilitated by
upregulation of the PI3K–Akt pathway, suggesting that PI3K-
and MAPK-dependent phosphorylation are required for this
process. Studies in non-neuronal cells have implicated two major
groups of protein kinases in GPCR desensitization: members of
the G-protein receptor kinase (GRK) family and second
messenger-activated kinases. Receptor phosphorylation by GRKs
induces homologous desensitization, in which only the receptors
that are activated reduce their responsiveness. This process is
often complemented by feedback phosphorylation via second
messenger-activated kinases, which does not require receptor oc-
cupancy and thus targets both homologous and heterologous

Figure 4. Chronic desensitization reduces DAMGO-induced PPF. A, Representative recordings of PPF. Ca 2�currents elicited by
two identical test pulses (�80 to �10 mV, 40 msec), P1 and P2, were superimposed. P2 was preceded at 10 msec interval by a 40
msec depolarizing prepulse (�80 to �80 mV; data not shown). Note the increase in the P2/P1 ratio during acute DAMGO
application, complete loss of PPF after a 4 hr DAMGO pretreatment, and partial rescue of PPF by 10 �M LY294002 (LY) or PD98059
(PD). Calibration: 1 nA, 10 msec. B, Group data. PPF was tested in artificial CSF (baseline), during acute application and after
washout of DAMGO in the same neurons. **p � 0.01 compared with the baseline value of the same group. #p � 0.05 compared
with the 4 hr DAMGO alone group.
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receptors (Chuang et al., 1996). Heterolo-
gous desensitization of GPCR signaling
can also result from phosphorylation of
postreceptor components such as
G-proteins (Fields and Casey, 1995) and
effector ion channels (Hamid et al., 1999).
Thus, DAMGO desensitization could oc-
cur at different levels, including the recep-
tors, G-proteins, and Ca 2� channels. The
heterologous reduction of NE and
clonidine actions in chronic DAMGO-
treated neurons is consistent with involve-
ment of PI3K and MAPK as second
messenger-activated kinases, feedback sig-
nals of which may affect heterologous recep-
tors or postreceptor components.

Chronic DAMGO-induced PI3K and
MAPK activity alters G��–Ca 2�

channel interactions via
postreceptor mechanisms
Opioid inhibition of VGCC is mediated in
part through direct interaction of G��
with Ca 2� channels (Ikeda, 1996; De
Waard et al., 1997). The key feature of this
inhibition is its voltage dependence, man-
ifested by partial relief of inhibition at
large depolarization, which leads to PPF
(Womack and McCleskey, 1995).
DAMGO-induced PPF was lost after
chronic treatment, suggesting weakening
of G��– channel interactions during de-
sensitization. This could result from pos-
treceptor modifications directly or indi-
rectly affecting G-protein– channel
interactions or from changes at � receptors that reduce G-protein
activation and G�� liberation. We distinguished these two pos-
sibilities by testing the effect of GTP�S in DAMGO-treated
neurons.

Independent of receptor activation, GTP�S-induced PPF has
been used to determine properties of G-proteins, Ca 2� channels,
or their regulators (Parri and Lansman, 1996; Toth et al., 1996;
Mark et al., 2000). Here, GTP�S-induced PPF was reduced by
chronic DAMGO, and this reduction could be prevented by in-
hibiting PI3K or MAPK. These data indicate that chronic
DAMGO may alter properties of postreceptor components in a
PI3K- and MAPK-dependent manner. Interestingly, baclofen
pretreatment did not affect GTP�S-induced PPF. This finding
was consistent with lack of cross-desensitization between chronic
DAMGO and baclofen, suggesting that their desensitization may
occur at different levels. It is likely that baclofen desensitization
occurs at the GABAB receptor level and, hence, can be bypassed
by direct stimulation of G-proteins with GTP�S.

There are several potential targets for DAMGO-induced PI3K
and MAPK activity leading to weakening of G��–VGCC interac-
tions. First, phosphorylation of G� by second messenger-
activated kinases reduces its affinity for G��, thus limiting reas-
sociation of the subunits and signal transduction via
heterotrimeric G-proteins (Fields and Casey, 1995). Such changes
often affect signaling of multiple GPCRs coupled to the same
type(s) of Gi and Go (Murthy et al., 2000). Our results showed
that chronic DAMGO heterologously reduced responses medi-
ated by �2 adrenergic receptors coupled to both Gi and Go (Di-

verse-Pierluissi et al., 1995) but not that mediated by GABAB

receptors coupled to Go (Kajikawa et al., 2001). This desensitiza-
tion profile could be explained by selective phosphorylation of
G�i but not G�o by PI3K or MAPK. Second, regulators of G-
protein signaling (RGS) are known to accelerate the rate of GTP
hydrolysis and promote desensitization of Gi and Go (Dohlman
and Thorner, 1997; Diverse-Pierluissi et al., 1999). RGS phos-
phorylation at a consensus MAPK site enhances its function
(Garrison et al., 1999). Hence, MAPK-mediated RGS phosphor-
ylation might be a contributing factor to desensitization at the
G-protein level. Third, the Ca 2� channel itself could be subject to
phosphorylation and desensitization. Activation of PKC upregu-
lates N-type currents and desensitizes subsequent DAMGO re-
sponses in rat DRG neurons (King et al., 1999). Such actions
result from phosphorylation of N-type channels at the �1 subunit
domain I–II linker, which prevents subsequent G�� binding
within the same region (Zamponi et al., 1997; Hamid et al., 1999).
Activation of MAPK also upregulates N-type currents (Lei et al.,
1998; Fitzgerald, 2000). Whether this is because of modification
of specific channel sites remains to be determined. Finally, our
data do not rule out PI3K- or MAPK-mediated changes in
opioid receptors or their regulators. The extracellular signal-
regulated kinases reportedly mediate agonist-induced phosphoryla-
tion of � receptors (Schmidt et al., 2000) and �-arrestin (Lin et al.,
1999). These changes could facilitate receptor uncoupling from
G-proteins or inhibit �-arrestin-dependent receptor internaliza-
tion and resensitization, thus having a complex impact on func-
tional desensitization.

Figure 5. Chronic desensitization reduces GTP�S-induced PPF in a PI3K- and MAPK-dependent manner. All cells were loaded
with 0.1 mM GTP�S via whole-cell recording electrodes. PPF was assessed using twin test pulses (�80 to �10 mV, 100 msec)
with a depolarizing prepulse preceding P2 as described in Figure 4. A, Representative current recordings showing pronounced PPF
under control conditions, dramatically diminished PPF after DAMGO pretreatment for 4 hr, and partial rescue of PPF by 10 �M

LY29004 (LY) or PD98059 (PD). Calibration: 0.5 nA, 10 msec. B, The time course of GTP�S-induced PPF. PPF was developed within
a few minutes after breaking into the whole-cell mode (0 min). Note the smaller and delayed appearance of PPF in cells pretreated
with 4 hr DAMGO alone compared with those without pretreatment (untreated) or co-pretreated with the inhibitors (n � 5–12
for each time point). C, Reduction of GTP�S-induced PPF in chronic DAMGO-treated but not chronic baclofen-treated cells. PPF
was determined at 8 min after start of whole-cell recordings. Baclofen was applied at 50 �M. **p � 0.01 compared with cells
receiving no pretreatment. #p � 0.05 compared with cells pretreated with 4 hr DAMGO alone.
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Cross talk between the PI3K–Akt pathway and MAPK in
regulating chronic desensitization

The present study provides first evidence for an important
role of Akt in opioid desensitization. Full activation of Akt re-

quires its binding to PI3K lipid products and phosphorylation at
Thr-308 and Ser-473 by phosphoinositide-dependent kinase-1 in
the presence of PIP3. Dephosphorylation of PIP3 by PTEN thus
serves as a negative feedback control of PI3K–Akt signaling
(Cantrell, 2001). PI3K inhibitors significantly attenuated chronic
desensitization. PTEN deletion resulted in constitutive activation
of Akt and enhanced desensitization in a PI3K-dependent man-
ner. These data strongly suggest that the PI3K–Akt pathway is
essential for �-opioid desensitization. Interestingly, blocking
MAPK with PD98059 was equally as effective as PI3K inhibition
in reducing desensitization. There was no additive effect when
both kinases were inhibited, suggesting that they act in a common
pathway. In many cell types, Gi-coupled receptors mediate
MAPK activation through a G��-dependent pathway, which in-
volves Shc phosphorylation, formation of the Shc– growth factor
receptor-bound protein 2–Sos complex, and sequential activa-
tion of Ras, Raf, and MEK (van Biesen et al., 1995). PI3K activity
is required in this pathway at a point upstream of Sos and Ras
activation (Hawes et al., 1996). Studies in COS-7 and Chinese
hamster ovary cells have shown that � agonists activate MAPK
through a G��- and Ras–Raf-dependent mechanism (Belcheva
et al., 1998) and that this effect is mediated in part via PI3K
(Polakiewicz et al., 1998; Ai et al., 1999). DRG neurons may use a
similar, G��- and PI3K-dependent pathway to activate MAPK
during opioid signaling.

The complexity of interactions between the PI3K–Akt path-
way and MAPK was demonstrated by differential changes of Akt
and MAPK in PTEN�/� neurons. Although both serve as down-
stream effectors of PI3K, PTEN deletion selectively upregulated
Akt but not MAPK activity. This indicates that PI3K may use
different signals to activate Akt and MAPK. In addition to its lipid
kinase activity, PI3K possesses a serine–threonine kinase activity
(Vanhaesebroeck and Waterfield, 1999). Although Akt activation
depends on PI3K lipid products, stimulation of MAPK can be
achieved solely through PI3K protein kinase activity (Bondeva et
al., 1998). This could well explain why PTEN deletion, which
increases cellular levels of PIP3 but not PI3K activity itself, failed
to stimulate MAPK. Despite the lack of constitutive activation of
MAPK, PD98059 nevertheless reversed PI3K–Akt-dependent ac-
celeration of desensitization in PTEN�/� neurons. Therefore,
after agonist stimulation, the MEK–MAPK pathway may provide
positive feedback signals to enable full expression of PI3K–Akt
activity in mutant neurons. Such a cross talk, although not shown
previously in neurons, has been demonstrated in multiple cell
lines in which Ser-473 phosphorylation by MEK–p38 MAPK is
required for full activation of Akt (Baudhuin et al., 2002).

In summary, PI3K–Akt and MEK–MAPK pathways may in-
teract at different levels, providing an integrated control over
opioid signaling and desensitization. Although the loci of their
actions may be multiple, our data provide novel evidence for
postreceptor regulation that prevents effective G-protein–Ca 2�

channel interactions. These findings may be highly relevant to
understanding the mechanisms for opioid tolerance and the reg-
ulation of GPCR signaling in general.
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