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BACKGROUND AND PURPOSE
The μ-opioid receptor has been characterized as the main mediator of opioid signalling in neuronal cells. Opioid-induced pain
suppression was originally proposed to be mediated by μ-opioid receptor-induced inhibitory effects on cAMP, which is known
to mediate inflammatory hypernociception. Recent investigations revealed PI3Kγ and Akt (PKB) as additional elements of
μ-opioid receptor signalling. Hence, we investigated the interaction between pronociceptive cAMP and antinociceptive
PI3K/Akt signalling pathways.

EXPERIMENTAL APPROACH
The human neuroblastoma cell line SK-N-LO and primary dorsal root ganglia (DRG) cells from mice were used to elucidate
mediators of μ-opioid receptor signalling. In both cellular systems cAMP was manipulated by stimulation of adenylate cyclase
and consequent effects on PI3K/Akt signalling were analysed.

KEY RESULTS
Morphine stimulated Akt phosphorylation on Ser473 and Thr308 in a dose- and time-dependent manner indicating a functional
μ-opioid receptor/Akt signalling pathway in μ-SK-N-LO cells. This effect of morphine was suppressed by the μ-opioid receptor
inhibitor, naloxone, Pertussis toxin, an inhibitor of Gi heterotrimeric G-proteins, and the pan PI3K inhibitor wortmannin.
cAMP-elevating agents also suppressed μ-opioid receptor-dependent stimulation of PI3Kγ lipid kinase and Akt activities in
SK-N-LO cells and DRG.

CONCLUSIONS AND IMPLICATIONS
The data unveil a hitherto unknown interaction of pronociceptive cAMP and antinociceptive PI3K/Akt signalling pathways in
neuronal cells. PI3Kγ was identified as a mediator of the inhibitory action of cAMP on Akt in SK-N-LO cells and DRG. The data
indicate that PI3Kγ has a critical role in cAMP-mediated inflammatory hypernociception and analgesic signalling via μ-opioid
receptors and PI3K/Akt in neuronal cells.
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DRG, dorsal root ganglia; nNOS, neuronal NOS
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Introduction

Opioids including morphine are well known for their anal-
gesic effects on sensory neurons (Stein and Lang, 2009). Dif-
ferent receptor types have been identified as mediators of the
peripheral analgesia, but the μ-opioid receptor (Alexander
et al., 2013) was found to be the most important for mor-
phine signal transduction (Scherrer et al., 2009). The intrac-
ellular domains of the μ-opioid receptor were shown to
interact with heterotrimeric G-proteins of the Gi family. Con-
sequently, suppression of cAMP levels has been favoured as
the predominant signalling pathway for μ-opioid receptors
(Law et al., 2000; Endres-Becker et al., 2007). According to
this hypothesis the analgesic effects of opioids are mediated
via inhibition of cAMP-dependent inflammatory hypernoci-
ception induced by PGs or other inflammatory mediators.

Recent investigations have revealed PI3K and Akt (also
known as PKB) as additional signalling mediators of mor-
phine and μ-opioid receptors in sensory neurons. Using phar-
macological and genetic approaches Cunha et al. identified a
signalling path of μ-opioid receptors that involves Gi, the
PI3K species PI3Kγ, with subsequent stimulation of Akt and
neuronal NOS (nNOS) (Cunha et al., 2010). The authors sug-
gested that nNOS-dependent production of NO mediates
pain-relieving hyperpolarization of neuronal membrane
potential via cGMP-dependent control of KATP potassium
channel (see Alexander et al., 2013b). Additional evidence for
a prominent role of PI3Kγ in opioid signal transduction has
been obtained in a parallel study from our group; we revealed
an essential function of PI3Kγ in the development of long-
term μ-opioid receptor desensitization and tolerance in dorsal
root ganglia (DRG) (König et al., 2010).

PI3Kγ was originally characterized as a mediator of GPCR
agonists, which have the ability to stimulate Akt activity
(Stoyanov et al., 1995; Stephens et al., 1997; Murga et al.,
1998). Unexpectedly, our subsequent investigations in the
heart revealed an intimate interplay between PI3Kγ and the
cAMP-signalling pathway. In initial studies PI3Kγ was charac-
terized as a stimulator of cAMP PDE activity (Patrucco et al.,
2004). More recent work explored the physiological relevance
of cAMP/PKA-dependent suppression of PI3Kγ lipid kinase
activity in the heart (Perino et al., 2011). On the basis of these
findings, we investigated whether an interaction between
cAMP/PKA signalling and PI3Kγ/Akt signalling exists outside
the heart. In the present study, we demonstrated a relation-
ship between these major signalling pathways in peripheral
sensory neurons. cAMP-dependent inhibition of μ-opioid
receptor-induced stimulation of PI3Kγ lipid kinase and Akt
activities could be shown in SK-N-LO cells and sensory
neurons (DRG). Our data are the first to provide a mechanis-
tic explanation for the reversible antagonism of pronocicep-
tive signalling of inflammatory agonists via cAMP and the
analgesic effects of the PI3Kγ/Akt/nNOS/NO/KATP signalling
pathway.

Methods

Plasmids, antibodies and chemicals
The plasmid encoding mouse μ-opioid receptors (pcDNA3.1
HA-OPRM1 wt) has been described (Schulz et al., 2004).

pLKO.1 vectors encoding shRNAs targeting human PI3Kγ and
plasmid pLKO.1 encoding non-targeting control shRNA were
obtained from Sigma (MISSION® shRNA lentivirus-mediated
transduction system, Taufkirchen, Germany). They were used
in combination with lentiviral packaging plasmids pMDL.
pRSV and pVSV (kindly provided by Dr. Carol Stocking,
Hamburg, Germany).

Antibodies recognizing phosphorylated Akt serine 473,
phosphorylated Akt threonine 308 and pan Akt were pur-
chased from Cell Signaling Technology (Frankfurt, Germany).
β-Actin monoclonal antibody was purchased from Sigma.
Monoclonal mouse PI3Kγ antibody 641 was made by our own
laboratory (Perino et al., 2011). HRP-coupled secondary anti-
mouse and anti-rabbit antibodies were obtained from KPL
(Weden, Germany).

Morphine, naloxone and wortmannin were purchased
from Sigma. Pertussis toxin (PTX), forskolin and H89 were
purchased from Enzo Life Science (Lörrach, Germany).
AS605240 was purchased from Alexis (Lausen, Switzerland).
TGX221 and IC87114 were a kind gift from the Baker Heart
Institute. Inhibitor A66 was purchased from Symansis (Auck-
land, New Zealand).

Cell culture
SK-N-LO cells were obtained from the Children’s Hospital,
Tübingen University, Germany. The cells were maintained in
1:1 mixture of Iscove’s modified Dulbecco’s medium
(IMDM) : HAM’s F12 (PAA Laboratories, Linz, Austria) supple-
mented with 10% heat-inactivated FCS (Gibco, Darmstadt,
Germany) with regular splitting to avoid over confluence.
The cells were cultured in a humidified incubator at 37°C
with 5% CO2.

Creation of 6μ-SK-N-LO cells
SK-N-LO cells were transfected with plasmid pcDNA3.1 HA
OPRM1 encoding mouse μ-opioid receptors and polyethylen-
imine (PEI) transfection reagent in the ratio of 2.5 μg of PEI
per 1 μg of DNA. Then 48 h after transfection, the cells were
selected using medium containing G418 (1 mg·mL–1; PAA
Laboratories, Linz, Austria). The medium was replaced with
fresh medium every 3 days until visible growth of cells
appeared. The cells were propagated further in the media
containing 1:1 mixture of IMDM: HAM’s F12 supplemented
with 10% heat-inactivated FCS and 1 mg·mL–1 of G418. Sub-
sequently, the stable production of μ-opioid receptors was
confirmed immunologically. These cells will be further
referred to as μ-SK-N-LO cells.

Knockdown of PI3Kγ in 7μ-SK-N-LO cells
by shRNA
To generate lentiviral particles, HEK293T packaging cells were
maintained in DMEM (Invitrogen, Darmstadt, Germany) sup-
plemented with 10% FCS. The cells were transiently trans-
fected with pLKO.1 derivative plasmids in combination with
packaging plasmids using PEI and lentiviral particles contain-
ing media were collected 48 h after transfection. Then 104 μ-
SK-N-LO cells were infected three times with lentiviral
particles in presence of 8 μg·mL–1 polybrene (1,5-dimethyl-
1,5-diazaundecamethylene polymethobromide; Sigma-
Aldrich, Seelze, Deutschland). Subsequently, the transduced
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cells were selected with 1 μg·mL–1 puromycin (Sigma-Aldrich,
Seelze, Deutschland), 48 h after transduction. Sufficiently
propagated cell pools (1–2 × 106 cells) were subjected to phe-
notypic characterization immediately after establishment.
The corresponding control shRNA cell pools were generated
and analysed in parallel.

Preparation and culture of DRG
Mice weighing 20–25 g were killed by decapitation under
anaesthesia. DRGs were isolated from whole spinal cord and
collected into DMEM/F12 (Gibco) medium. Subsequently, the
isolated ganglia were incubated with collagenase type II
(0.4 U·mL–1; PAA Laboratories) for 45 min and trypsin/EDTA
(PAA Laboratories) for 10 min. DRGs were washed, dissociated
by mechanically triturating the ganglia using a fire-polished
Pasteur pipette and suspended in medium containing DMEM/
F12 supplemented with 10% heat-inactivated FCS and 1%
penicillin/streptomycin (PAA Laboratories). Subsequently, the
cells were seeded in 12-well plates in the same media. Cell
cultures were maintained at 37°C in a 5% CO2 atmosphere and
experiments were performed within 24 h.

Animals
DRG were collected from adult wild-type and PI3Kγ knockout
mice (C57/BL6J). Animals were housed four to six per cage
and maintained in a 12 h day/light cycle in a temperature-
controlled environment with food and water ad libitum.
Twelve- to 14-week-old mice were used for the experiments.
The wild-type and PI3Kγ knockout mice were derived by 10
generations of successive backcrosses of heterozygous male
knockout mice from chimeric C57BL6/129Sv PI3Kγ knockout
mice (Hirsch et al., 2000) with female C57BL6 (Jackson Labo-
ratories, Bar Harbor, ME, USA). Experiments were approved
by the committee of the Thuringian State Government on
Animal Research. All studies involving animals are reported
in accordance with the ARRIVE guidelines for reporting
experiments involving animals (Kilkenny et al., 2010;
McGrath et al., 2010).

Immunohistochemistry
Sections 5 μm thick of paraformaldehyde-fixed and paraffin-
embedded DRG-tissues from wild-type and PI3Kγ knockout

mice were labelled with anti-PI3Kγ monoclonal antibody
(641) or mouse anti-IgG2a (Sigma) as isotype negative
control. Dewaxed sections were rinsed with ddH2O and trans-
ferred to an autoclavable cuvette with 10 mM citrate buffer.
Heating for 15 min of 120°C was used for antigen retrieval
followed by PBS wash and blocking step with 2% serum and
0.3% Triton X-100 in PBS for 30 min at room temperature.
Primary antibodies incubated over night at 4°C and were
detected using biotinylated secondary antibodies (Dako,
Glostrup, Denmark) and the ABC-Vectastain-KS Kit (Vector
Laboratories, Burlingame, CA, USA) following the manufac-
turer’s instructions. Visualization followed with application
of the peroxidase substrate Jenchrom (MoBiTech GmbH, Göt-
tingen, Germany). The sections were examined with a light
microscope (Axioplan 2, Zeiss, Jena, Germany) coupled to a
charge-coupled device video camera and an image analysing
system (KS 300, Zeiss). Control experiments were carried out
with omission of primary antibodies (König et al., 2010).

Immunoprecipitation of PI3Kγ
For PI3Kγ immunoprecipitation, lysis was done in 0.1%
Nonidet P-40, 30 mM Tris pH 7.5, 0.15 M NaCl, 1 mM MgCl2.
For detection of activated signalling proteins in cell lysates,
RIPA buffer containing 1% Nonidet P-40, 0.25% deoxycho-
late, 50 mM Tris, pH 7.4, 0.15 M NaCl, 1 mM EDTA was used.
Lysis buffers were freshly supplemented with proteinase
inhibitors and phosphatase inhibitors (1 μg·mL–1 leupeptin,
1% aprotinin, 1 μg·mL–1 pepstatin A, 1 mM PMSF, 1 mM Pefa-
bloc, 1 mM sodium orthovanadate, 1 mM glycerol phos-
phate), and lysis was allowed on ice for 15 min before
thorough vortexing and centrifugation. PI3Kγ immunopre-
cipitations were performed by incubating with anti-PI3Kγ
antibodies at 4°C overnight, followed by incubation with
protein G-Sepharose beads. Adjusted aliquots of the cell
extracts were subjected SDS-PAGE, followed by transfer to
PVDF membranes (Millipore, Bedford, MA, USA), and
probing with the indicated primary antibodies.

Western blot analysis
Immediately following stimulation, cells were lysed in ice
cold lysis buffer containing 3.4 nM microcystin, 1 μg·mL–1

▶
Figure 1
PI3Kγ mediates μ-opioid receptor (MOR)-dependent stimulation of Akt. (A) Expression of mouse μ-opioid receptors in SK-N-LO cells. μ-SK-N-LO
cells were prepared as described in Methods, lysed and glycosylated proteins were enriched using wheat germ lectin agarose beads. Proteins were
eluted from the beads separated on SDS-PAGE and immunoblotted with specific antibodies recognizing μ-opioid receptors or β-actin. (B) Effects
of different concentrations of morphine on Akt phosphorylation in μ-SK-N-LO cells. After 2.5 min incubation with morphine cells were lysed, whole
cell extracts were resolved by SDS-PAGE and immunoblotted with specific antibodies recognizing phosphorylated Akt Thr308 or Ser473. Subse-
quently, the membranes were stripped and redeveloped with specific antibodies recognizing total Akt. (C) Time-dependent effects of 10 μM
morphine on Akt phosphorylation in μ-SK-N-LO cells. (D) Involvement of μ-opioid receptors, Gi and PI3K in morphine-induced Akt activation.
μ-SK-N-LO cells were pre-incubated with 10 μM naloxone (30 min) or 100 ng·mL–1 PTX (overnight) or 100 nM wortmannin (Wm) (30 min) before
stimulation with 10 μM morphine for 2.5 min and further processed as described under (B). (E) Identification of PI3K species involved in
morphine-induced activation of Akt. μ-SK-N-LO cells were pretreated with one of the PI3K isoform specific inhibitors (30 nM A66 for PI3Kα, 20 nM
TGX221 for PI3Kβ, 1 μM AS605240 for PI3Kγ and 200 nM IC87114 for PI3Kδ) or 100 nM Wm as a pan-specific PI3K inhibitor and stimulated with
10 μM morphine for 2.5 min and further processed as described under (B). Statistical significance has been marked in relation to control. The data
presented are representative of the results of three independent experiments. (F) Suppression of PI3Kγ catalytic subunit p110γ in μ-SK-N-LO cells.
μ-SK-N-LO cells treated with control shRNA and μ-SK-N-LO cells treated with shRNA suppressing p110γ (p110γ shRNA) were resolved by 10%
SDS-PAGE and immunoblotted with specific antibodies recognizing p110γ or vinculin as a control. (G) Requirement of PI3Kγ for morphine-induced
activation of Akt. Control μ-SK-N-LO cells (Ctrl shRNA) and μ-SK-N-LO cells treated with shRNA suppressing p110γ (p110γ shRNA) were stimulated
with 10 μM morphine for 2.5 min. After cell lysis, cell extracts were resolved by 10% SDS-PAGE and immunoblotted with specific antibodies
recognizing phosphorylated Akt. As loading control, the membranes were stripped and redeveloped with β-actin antibodies.
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pepstatin, 1 μg·mL–1 leupeptin, 100 μg·mL–1 pefablock-AEBSF-
HCl, 1 mM sodium orthovanadate, 1 mM PMSF, 1 mM
β-glycerophosphate. Protein samples were resolved by 10%
SDS-PAGE and transferred on to PVDF (Immobilon™-P)
membranes. The membranes were blocked with 2.5% BSA in
1X TBS with 0.01% Tween 20 or 5% dried milk powder in 1X
TBS with 0.01% Tween 20 (for PI3Kγ). Subsequently, the
membranes were incubated overnight at 4°C with indicated
primary antibody – phosphorylated Akt serine 473 or phos-
phorylated Akt threonine 308 (1:1000 or 1:500 for DRG’s) or
PI3Kγ – and 1 h with HRP-conjugated secondary antibody
(1:5000 or 1:10 000). The blots were visualized in ECL solu-
tion (Western lighting chemiluminiscence detection TM Plus
ECL, PerkinElmer Life Sciences, Waltham, MA, USA) for
1 min and images were captured on Luminescent Image Ana-
lyser (LAS-4000 system, GE ImageQuant, Freiburg, Germany).
For loading controls, the blots were striped and reassessed
with pan Akt (1:1000) or β–actin-specific antibodies. For
quantification, specific phosphorylation was calculated as the
ratio of signals for phosphorylated Akt to the signal of total
Akt detected. Values of unstimulated samples were set to 1.0.

Assay of PI3Kγ lipid kinase activity
Following preincubation with 10 μM forskolin or 10 μM H89
for 30 min μ-SK-N-LO cells were stimulated with 10 μM mor-
phine for 2.5 min. After cell lysis, p110γ was immuno-
precipitated using N-terminal p110γ antibody (Perino et al.,
2011). Corresponding samples were incubated in lipid kinase
buffer (20 mM HEPES pH 7.4; 5 mM MgCl2). The buffer con-
tained phosphatidylinositol, phosphatidylserine, ATP and
5 μCi of [32P]-ATP. Afterwards, samples were centrifuged for
10 min at 30°C at 100× g. The reaction was stopped by adding
HCl. The phases were separated by adding chloroform/
methanol (1:1) mixture. The organic phase was collected,
dried and resuspended in chloroform/methanol (2:1) mix-
ture. The suspension was drop wise transferred onto the TLC
plates and resolved with chloroform/methanol/ammonium
hydroxide/water (45:35:8.5:1.5 v v-1). The dried plates were
analysed by using autoradiography (Perino et al., 2011).

Data analysis and statistical procedures
Data are presented as mean ± SD of at least three individual
experiments. To determine statistical significance of the
described results, ANOVA with Fischer’s least significant
difference was performed. A P value of <0.05 was considered
to be statistically significant. *P < 0.05, **P < 0.01 and ***P <
0.001.

Results

PI3Kγ mediates μ-opioid receptor-dependent
stimulation of Akt
In order to study involvement of PI3K in μ-opioid receptor
signalling we used SK-N-LO neuroblastoma cells, which
express all four species of PI3K (Spitzenberg et al., 2010).
SK-N-LO cells were stably transfected with a plasmid encod-
ing μ-opioid receptors and will be referred to as μ-SK-N-LO.
The expression of μ-opioid receptors in μ-SK-N-LO cells was

confirmed immunologically (Figure 1A and Supporting Infor-
mation Fig. S1). To characterize the signalling pattern of
μ-opioid receptors, we first analysed the effects of morphine
on Akt activation, which has been demonstrated to be an
intracellular mediator of μ-opioid receptors. As shown in
Figure 1B and Supporting Information Figure S2, Figure 1C
and Supporting Information Figure S3 morphine stimulated
Akt phosphorylation on Ser473 and Thr308 in a dose- and time-
dependent manner indicating a functional μ-opioid receptor/
Akt signalling pathway in μ-SK-N-LO cells; a 2.5 min
incubation with 10 μM morphine induced maximum stimu-
lation of Akt and this duration of incubation used for further
experiments. Pre-incubation of the cells with either the
μ-opioid receptor inhibitor naloxone, PTX, an inhibitor of Gi

heterotrimeric G-proteins, or the pan PI3K inhibitor wort-
mannin decreased the stimulant effects of morphine on Akt
phosphorylation (Figure 1D and Supporting Information
Fig. S4). These data indicate that μ-opioid receptors, Gi het-
erotrimeric G-proteins and PI3K are essential signalling ele-
ments of morphine-dependent Akt stimulation.

Next, we aimed to identify the PI3K species involved in
morphine-induced stimulation of Akt. μ-SK-N-LO cells have
been treated with the pan PI3K-specific inhibitor wortman-
nin (Arcaro and Wymann, 1993) and inhibitors specifically
suppressing the enzymatic activities of the PI3K species PI3Kα
(A66; Jamieson et al., 2011), PI3Kβ (TGX221; Chaussade et al.,
2007), PI3Kγ (AS605240; Camps et al., 2005) and PI3Kδ
(IC87114; Sadhu et al., 2003). AS605240 and wortmannin
produced the most significant inhibitory effects on
morphine-dependent phosphorylation of Akt (Figure 1E).
These pharmacological investigations suggest that PI3Kγ has
a prominent role in morphine signalling to Akt. For further
proof of these effects we stably transfected μ-SK-N-LO cells
with PI3Kγ shRNA. As shown in Figure 1F and Supporting
Information Figure S5 expression of the catalytic subunit of
PI3Kγ p110γ was significantly reduced by about 80%. This
given decrease in PI3Kγ expression was accompanied by a loss
of morphine-dependent stimulation of Akt confirming an
essential role of PI3Kγ in morphine-dependent control of Akt
activity (Figure 1G and Supporting Information Fig. S6).

Elevation of cAMP blocks μ-opioid receptor-
dependent stimulation of Akt via PI3Kγ
Considering the major importance of cAMP in peripheral
nociception (Stein and Lang, 2009), we next looked for effects
of cAMP and PKA on morphine-induced activation of Akt. As
shown in Figure 2A stimulation of adenylate cyclase by for-
skolin resulted in signification inhibition of morphine-
induced stimulation of Akt indicating specific inhibitory
effects of cAMP on morphine-induced stimulation of Akt.
Treatment of μ-SK-N-LO cells with the PKA-specific inhibitor
H89 did not significantly affect morphine-dependent stimu-
lation of Akt suggesting that in the absence of forskolin
cAMP/PKA is not involved in this effect of morphine.

We next investigated the mechanism of the inhibitory
effects of cAMP on Akt activity. Following our recent study in
cardiomyocytes (Perino et al., 2011), we hypothesized that
suppression of PI3Kγ lipid kinase activity and of Akt is
induced by cAMP/PKA-dependent phosphorylation of PI3Kγ.
First we looked at the effect of the cAMP-elevating agent

BJP S Madishetti et al.

3332 British Journal of Pharmacology (2014) 171 3328–3337



Figure 2
Elevation of cAMP blocks μ-opioid receptor-dependent stimulation of Akt via PI3Kγ. (A) cAMP-induced inhibition of μ-opioid receptor stimulation
of Akt involves PI3Kγ. Control μ-SK-N-LO cells (Ctrl shRNA) and μ-SK-N-LO cells treated with shRNA suppressing the catalytic subunit of PI3Kγ were
pre-incubated with 10 μM forskolin or 10 μM H89 for 30 min as indicated. Subsequently, the cells were stimulated with 10 μM morphine for
2.5 min. After cell lysis, cell extracts were resolved by 10% SDS-PAGE and immunoblotted with specific antibodies as indicated. Statistical
significance has been marked in relation to wild-type (WT) – control. The data presented are representative of the results of five independent
experiments. (B) cAMP-induced inhibition of PI3Kγ lipid kinase activity. μ-SK-N-LO cells were pre-incubated with 10 μM forskolin or 10 μM H89
for 30 min as indicated. Subsequently, the cells were stimulated with 10 μM morphine for 2.5 min as indicated. After cell lysis, cell extracts were
immunoprecipitated using antibodies specific for the catalytic subunit of PI3Kγ. Lipid kinase activity of the precipitates was assayed after addition
of [32P]-ATP and phosphatidylinositol as described in Methods. The data presented are representative of the results of four independent
experiments. (C) Phosphorylation of PI3Kγ catalytic subunit p110γ induced by cAMP. μOR-SK-N-LO cells were pre-incubated with 10 μM forskolin
or 10 μM H89 for 30 min as indicated. Subsequently, the cells were stimulated with 10 μM morphine for 2.5 min as indicated. After cell lysis, PI3Kγ
was immunoprecipitated and analysed by immunoblotting with specific antibodies detecting Ser/Thr-PKA substrates, and reprobed for PI3Kγ. The
data presented are representative of the results of three independent experiments.
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forskolin on lipid kinase activity of PI3Kγ. As shown in
Figure 2B, forskolin inhibited lipid kinase activity of PI3Kγ in
immunoprecipitates. The inhibitory effect of forskolin on
PI3Kγ lipid kinase activity was accompanied by increased
phosphorylation of the protein (Figure 2C). These data
suggest that cAMP/PKA-induced phosphorylation and inhi-
bition of PI3Kγ lipid kinase is the main mechanism whereby
cAMP-elevating agents suppress morphine-dependent Akt
stimulation.

Together, our results obtained in μ-SK-N-LO cells demon-
strate that PI3Kγ is an essential mediator of morphine-
dependent enhancement of Akt activity. In addition, the data
suggest that PI3Kγ is the target of PKA-dependent phosphor-
ylation, which mediates the inhibitory action of cAMP on
morphine-evoked stimulation of Akt.

μ-opioid receptor- and PI3Kγ-induced
stimulation of Akt and inhibitory effects of
cAMP and PKA in primary DRG
In order to prove these findings in sensory neurons, we iso-
lated DRG from mice. As shown in Figure 3A, expression of
PI3Kγ could be demonstrated by immunohistochemical stain-
ing in wild-type DRG, whereas PI3Kγ-deficient cells do not
show comparable staining. Next we looked for morphine-
induced effects on Akt phosphorylation. As shown in
Figure 3B, morphine provoked robust stimulation of Akt in
wild-type DRG, whereas no significant increase in Akt phos-
phorylation was observed in PI3Kγ-deficient cells. Intrigu-
ingly, the stimulant effect of morphine on Akt could be
suppressed by pre-incubating the DRG with forskolin. As with
the μ-SK-N-LO cells, treatment with the PKA inhibitor H89
did not significantly affect morphine-dependent stimulation
of Akt.

Stimulation of Akt by morphine and the inhibitory effect
of forskolin on morphine-dependent stimulation of Akt was
not apparent in PI3Kγ-deficient DRG. These data suggest that
PI3Kγ has an important role in the analgesic effects mediated
by Akt-dependent signalling and the pronociceptive action of
cAMP in sensory neurons.

Discussion

The signalling activities of μ-opioid receptors are intimately
associated with the molecular functional pattern of inflam-
matory reactions. PI3Kγ represents a paradigmatic example of
this relationship. Originally, this signalling protein was char-
acterized as a master mediator of leukocyte functions in
inflammation (Hirsch et al., 2000). Recent studies extended
this view and revealed that PI3Kγ is an essential element of
pain-relieving opioid effects in neuronal cells (Cunha et al.,
2010; König et al., 2010). Our investigations in the cell line
μ-SK-N-LO confirmed these results. Morphine-induced signal
transduction of μ-opioid receptors to Akt includes Gi hetero-
trimeric G-proteins and PI3Kγ as essential molecular links.
According to the seminal investigations of Cunha et al. the
PI3Kγ-dependent signalling path between μ-opioid receptors
and Akt may be supplemented by nNOS and NO flowing into
hyperpolarized cells induced by cGMP-dependent control of
KATP potassium channels (Cunha et al., 2010).

Figure 3
PI3Kγ mediates μ-opioid receptor-induced signalling in DRG. (A)
Expression of PI3Kγ in DRG isolated from wild-type (WT) and PI3Kγ-
deficient mice. Immunohistochemical staining of PI3Kγ in WT DRG,
PI3Kγ-deficient cells do not exhibit comparable staining. Sections of
paraformaldehyde-fixed and paraffin-embedded DRG from WT and
PI3Kγ knockout mice were labelled with anti-PI3Kγ monoclonal anti-
body or mouse anti-IgG2a as described in Methods. (B) Involvement
of PI3Kγ in morphine-induced signalling in DRG and inhibitory effect
of cAMP. DRG neuronal cells from WT and PI3Kγ knockout mice were
pre-incubated (30 min) with either 10 μM forskolin or 10 μM H89 as
indicated. Subsequently, the cells were stimulated with 10 μM mor-
phine for 2.5 min. After cell lysis, cell extracts were subjected to 10%
SDS-PAGE and immunoblotted with specific antibodies recognizing
phosphorylated Akt Thr308. Then the membranes were stripped and
redeveloped with specific antibodies recognizing total Akt. The data
presented are representative of the results of five independent
experiments.
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As a main focus of our study, we investigated the effects
of cAMP signalling on morphine-induced Akt activation.
cAMP has been characterized as a key mediator of opioid
withdrawal-induced hyperalgesia (Sharma et al., 1975; Spahn
et al., 2013). In addition, cAMP was shown to convey neuro-
nal sensitization induced by inflammatory mediators like
PGE2. According to a series of studies the pronociceptive
activities of PGE2 are mediated by receptor-induced release of
cAMP, followed by PKA-dependent phosphorylation and cor-
responding sensitization of transient receptor potential vanil-
loid 1 (TRPV1) channels and other nociceptors (Stein and
Lang, 2009). In support of these findings, the inhibitory
effects of morphine on TRPV1-dependent sensitization of
sensory neurons were suppressed by cAMP-elevating agents
(Endres-Becker et al., 2007).

Our data unveil a mechanistic explanation for the inhibi-
tory effects of cAMP and PKA on μ-opioid receptor signalling
to Akt. The elevated cAMP level induced by forskolin blocked
morphine-induced stimulation of Akt in μ-SK-N-LO cells.
This effect was accompanied by cAMP-dependent phosphor-
ylation of PI3Kγ and suppression of its lipid kinase activity
suggesting that PKA-induced phosphorylation of PI3Kγ
mediated the inhibitory effect of cAMP on opioid-induced
μ-opioid receptor signalling to Akt. This assumption is sup-
ported by results from our recent study, which demonstrated
an inhibitory effect of cAMP on PI3Kγ lipid kinase activity in
cardiomyocytes via phosphorylation of the catalytic subunit
p110γ by PKA (Perino et al., 2011).

This PI3Kγ-dependent μ-opioid receptor signalling to Akt
and the suppressive effects of the cAMP/PKA system on this
signalling pathway observed in μ-SK-N-LO cells were fully

supported by our investigations in primary sensory neurons
(DRG). The proposed signalling reactions induced by mor-
phine involved PI3Kγ as an essential mediator. In addition,
the data indicate that suppression of Akt activity is mediated
by cAMP/PKA-dependent phosphorylation of PI3Kγ.

In summary, the present study confirms the involvement
of PI3Kγ and Akt in the morphine-evoked analgesic signalling
in sensory neurons. This signalling pathway originally pro-
posed by Cunha et al. (2010) significantly adds to the classical
understanding of μ-opioid receptor/Gi-induced inhibitory
effects on cAMP-dependent nociceptor sensitization evoked
by inflammatory mediators like PGE2 (Stein and Lang, 2009).
A rough overview of the ‘classical’ (black) and the PI3Kγ/Akt-
dependent signalling reactions (green) of μ-opioid receptors
is shown in Figure 4.

Our present data suggest that pronociceptive cAMP sig-
nalling interacts with the PI3Kγ/Akt pathway via PKA-
dependent phosphorylation of PI3Kγ, which subsequently
inhibits lipid kinase activity and correspondingly suppresses
Akt activity (red in Figure 4). We hypothesize the significant
relevance of these findings for the cooperative effects of
opioids and inflammatory mediators in vivo.
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Figure S1 Quantification of Figure 1A. Expression of mouse
μ-opioid receptors (MOR) in μ-SK-N-LO cells. The data pre-
sented are representative of the results of three independent
experiments.
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Figure S2 Quantification of Figure 1B. Effects of different
concentrations of morphine on Akt phosphorylation in μ-SK-
N-LO cells. The data presented are representative of the
results of four independent experiments.
Figure S3 Quantification of Figure 1C. Time-dependent
effects of morphine on Akt phosphorylation in μ-SK-N-LO
cells. The data presented are representative of the results of
four independent experiments.
Figure S4 Quantification of Figure 1D. Involvement of
μ-opioid receptors (MOR), Gi and PI3K in morphine-induced

Akt activation. The data presented are representative of the
results of three independent experiments.
Figure S5 Quantification of Figure 1F. Suppression of PI3Kγ
catalytic subunit p110γ in μ-SK-N-LO cells. The data pre-
sented are representative of the results of three independent
experiments.
Figure S6 Quantification of Figure 1G. Requirement of
PI3Kγ for morphine-induced activation of Akt. The data pre-
sented are representative of the results of four independent
experiments.
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