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Activation of theGo/i-coupled cannabinoid 1 receptor (CB1R)
has been shown to induce neurite outgrowth in Neuro2A cells
through activation of Src kinase and STAT3 transcription fac-
tor. Signaling by the interleukin 6 receptor (IL-6R) also activates
STAT3 through Jak kinase. We studied if signals from the two
pathways could be integrated in a synergistic manner to trigger
neurite outgrowth in Neuro2A cells. At low concentrations,
when agonist at either receptor by itself has no effect, we found
that CB1R and IL-6R stimulation together induced synergistic
neurite outgrowth. Signal integration requires activation of
transcription factors by Src, Jak, and mitogen-activated protein
kinases. Mitogen-activated protein kinase can be activated by
both receptors and shows enhanced early activation in the pres-
ence of both ligands. CREB and STAT3 transcription factors are
required for synergy and show enhanced DNA-binding activity
when both receptors are activated. STAT3 plays a critical role in
integration of the signals downstream of the two receptors.
When both pathways are activated, STAT3 phosphorylation is
sustained for 6 h. This prolonged activation of STAT3 requires
deactivation of SHP2 phosphatase. Reduction of SHP2 levels by
RNA interference results in greater synergy in neurite out-
growth. Simultaneous knockdown of both SHP2 and STAT3
blocks the synergistic triggering of neurite outgrowth, indicat-
ing that STAT3 is downstream of SHP2. CB1R and IL-6R co-
stimulation enhanced the differentiation of rat cortical neuron
primary cultures. These results provide a mechanism where
multiple protein kinases and transcription factors interact to
integrate signals fromG protein-coupled and cytokine receptor
to evoke neurite outgrowth in Neuro2A cells.

Cells must integrate the signals that they receive from mul-
tiple pathways in order to respond effectively to environmental
cues. Neurons in particular have to be able to respond to signals
not only biochemically but also morphologically, in order to
properly develop and grow through their environment. One of

the early stages of neuronal differentiation involves the process
of neurite outgrowth, during which neurons begin to extend
processes, which will later become dendrites and axons (1).
Neurite outgrowth is a tightly controlled process that is known
to be regulated bymultiple pathways, controlled by growth fac-
tor receptors (2), cytokine receptors (3), andG-protein-coupled
receptor pathways (4–6). All neurites have the potential to
develop into an axon (7–9) and keep their ability to differentiate
even after they take on a specific function, suggesting a role in
neuronal regeneration.
Interleukin-6 (IL-6)3 belongs to a group of structurally

related cytokines, called neuropoietic cytokines, which have all
been reported to promote neuronal survival and differentiation
and to prevent neuronal apoptosis in central nervous system in
the event of injury (10, 11). In an intact and healthy brain, IL-6
levels usually remain low, but expression of IL-6 increases dra-
matically in various neurological diseases (12, 13) and acute
brain injury (14). Although cerebral overexpression of IL-6 can
lead to neurodegeneration, gliosis, microglial activation, and
vascular proliferation (15), when used in moderate amounts,
IL-6 enhances the differentiation and survival of neuronal cell
lines and primary neurons (10, 16). IL-6 has also been found to
have neuroprotective effects in neurons exposed to glutamate
excitotoxicity (17) as well as in sensory neuron development in
vivo (18). Evidence suggests that IL-6 exerts its neuroprotective
effects by binding to the IL-6 receptor (IL-6R)-gp130 complex
and activating the Jak/STAT pathway. Phosphorylation of
STAT3 results in its nuclear translocation, which has been
reported to stimulate neuronal cell survival (19). Importantly,
IL-6R activation has been found to lead to axonal regeneration
after spinal cord injury in vivo (20).
As an important process in neuronal regeneration, neurite

outgrowth has been extensively studied in multiple cell lines of
neuronal origin, such as PC12 cells (a rat pheochromocytoma
cell line) and Neuro2A (N2A) cells (mouse neuroblastoma cell
line). IL-6 in particular has been demonstrated to play an
important role in the induction of neuronal differentiation in
PC12 cells (3, 21, 22). Although IL-6 signaling seemed to be
insufficient to induce neurite outgrowth on its own, it was able
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to enhance neuronal differentiation in nerve growth factor-
stimulated PC12 cells (3).
Another signaling pathway that has been previously demon-

strated to play an important role in neurite outgrowth is the
G�o/i- coupled cannabinoid 1 receptor (CB1R) pathway. Our
laboratory has previously shown that CB1R activates the Src/
STAT3 pathway through G�o/i (4). Activation of G�o/i gener-
ates a signaling cascade that includes Rap1, Ral, Src, Rac, and
JNK. He et al. (4) have demonstrated that each one of these
components in the signaling network plays a critical role in
regulating CB1R/G�o/i-induced neurite outgrowth. A more
recent study from our laboratory illustrated that CB1R-stimu-
lated neurite outgrowth may be regulated by a much larger
signaling network, allowing for many potential points of signal
integration (23). For integration of IL-6R and CB1R signals,
STAT3 appears to be a logical choice, since it is activated by
both pathways.
STAT3 activation has been shown to play an important role

in neurite outgrowth. Wu and Bradshaw (24) found that
STAT3 tyrosine phosphorylation increased in nerve growth
factor-primed cells after IL-6 application. They also saw that
IL-6 was able to induce a dose-dependent neurite outgrowth in
primed PC12 cells. He et al. (4) observed that although activa-
tion of the CB1R pathway caused STAT3 phosphorylation and
induced neurite outgrowth, dominant negative STAT3 inhib-
ited HU-210-induced neurite outgrowth in a dose-dependent
manner. Both IL-6R andCB1Rpathways have STAT3 as a com-
mon signal transducer, which becomes phosphorylated,
homodimerizes, translocates into the nucleus, and induces
gene expression. Because STAT3 provides a possible point of
convergence of two signaling pathways, we reasoned that its
activation from these two signaling pathwaysmay induce a syn-
ergistic enhancement of neurite outgrowth. Using Neuro2A
cells, we examined if signals from the CB1R and IL-6 receptors
could be integrated and investigated themechanismunderlying
signal integration.
In this study, we show that concurrent activation of the

endogenous CB1R and IL-6R signaling pathways leads to syn-
ergistic neurite outgrowth in Neuro2A cells. STAT3 serves as a
major point of convergence for signals from CB1R and IL-6R,
and signal integration at STAT3 leads to synergistic triggering
of neurite outgrowth. The underlying mechanism involves sus-
tained STAT3 activity through deactivation of SHP2 (protein
tyrosine phosphatase, non-receptor type 2) at later times. The
MAPK/CREB signaling cascade also shows enhanced activa-
tion when both receptors are stimulated and is required for
synergistic neurite outgrowth. These results show that MAPK,
STAT3, and SHP2 promote signal integration between G-pro-
tein-coupled receptors and cytokine receptors.

EXPERIMENTAL PROCEDURES

Materials and Antibodies—HU-210 was obtained from
Sigma, and mouse IL-6 was from Invitrogen. PP2, PD98059,
and LY294002 were from Calbiochem. Polyclonal rabbit anti-
bodies directed against phospho-STAT3, total STAT3, phos-
pho-SHP2, total SHP2, MAP2, phospho-MAPK1/2, total
MAPK1/2, phospho-Erk5, total Erk5, phospho-Akt, total Akt,
and monoclonal mouse antibodies directed against Tau were

from Cell Signaling Technology Inc. Monoclonal mouse anti-
bodies against �-tubulin were from Sigma.
Neuro2A Cell Culture, Transfection, and Immunoblotting—

N2A cells were cultured in minimal essential medium
supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, 1% L-glutamine, and 1% sodium pyruvate. For
phosphorylation time course experiments, cells were serum-
starved in minimal essential medium supplemented with 0.1%
bovine serum albumin for 24 h. DNA transfections were per-
formed when cells were �75% confluent using Lipofectamine
2000� (Invitrogen) according to the manufacturer’s instruc-
tions. For all DNA transfections, cells were co-transfected with
green fluorescent protein to identify transfected cells during
neurite outgrowth assays. Dominant negative mutants of
STAT3 contain a mutation of tyrosine 705 to phenylalanine
(DN STAT3 (Y)) ormutation of the DNA-binding domain (DN
STAT3 (VVV)) (25). The dominant negative mutant of Jak1
contains a 3-amino acid change in the conserved region VIII of
the kinase domain that impairs its catalytic function (26). Dom-
inant negative CREB (KCREB) contains amutation in its DNA-
binding domain. Twenty-four hours after transfection, cells
were plated into 35-mm Mattek� dishes and treated with the
indicated concentrations of IL-6 and/or HU-210, as described
for neurite outgrowth assays. Control, SHP2, and STAT3 on-
target plus smart-pool siRNAs were obtained from Dharma-
con, and siRNA transfections were performed according to the
manufacturer’s instructions using the Dharmafect 2 reagent
(Dharmacon). Cells were transfected with siRNA for 48 h, split
into Mattek� dishes at 45,000 cells per dish, and subjected to
neurite outgrowth assays as described below.
For immunoblotting, cells were serum-starved for 24 h,

treated with IL-6, HU-210, or both, and lysed in radioimmuno-
precipitation assay buffer (50 mM Tris-HCl, pH 7.5, 100 mM

NaCl, 1%Nonidet P-40, 0.5% deoxycholic acid, 0.1% SDS, 1mM

EDTA) supplemented with protease and phosphatase inhibi-
tors. After determination of protein concentration, the cell
lysates were subjected to immunoblot analysis using standard
procedures and visualized by enhanced chemiluminescence.
Gel Shift Assay—Electrophoretic mobility shift assays were

performed using the LightShift chemiluminescent electro-
phoretic mobility shift assay kit (Pierce). Consensus sequences
for STAT3 (5�-TGCATTTCCCGTAAATCT-3� and its com-
plement) and CREB (5�-TCAAATTGACGTCATGGTAA-3�
and its complement) were biotinylated with the Biotin 3�-end
labeling kit (Pierce) and then annealed. Biotinylated consensus
sequences were then incubated with 10 �g of nuclear extracts
for 20min at room temperature and then loaded on a 0.5�TBE
5% non-denaturing polyacrylamide gel. The DNA-protein
complexes were transferred to a Biodyne B membrane (Pall),
incubated with streptavidin-horseradish peroxidase, and visu-
alized by enhanced chemiluminescence according to the man-
ufacturer’s instructions.
Neurite Outgrowth Assays—N2A cells were plated in 35-mm

Mattek� dishes at 45,000 cells/plate. The cells were serum-
starved for 1 h and then treated with IL-6, HU-210, or both for
18 h. For Src,MAPK, and PI3K inhibition experiments, the cells
were serum-starved for 1 h, treated with the corresponding
inhibitor for an indicated period of time, and then treated with
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IL-6 and HU-210 as above. Calcein AM (Invitrogen) was then
added to visualize live cells, and cells were imaged with a Zeiss
510Meta confocal microscope at �20magnification. For DNA
transfections, green fluorescent protein expression was used
for imaging of transfected cells. Pictures of 5–10 random fields/
condition were taken per dish. The cells with projections of a
length at least 2 times greater than the cell diameter were
scored as positive for neurite outgrowth (4, 23). Neurite out-
growthwas quantified as the percentage of cells with neurites of
total cells in the fields of corresponding condition.
Data Analysis—All N2A experiments were carried out at

least three times, and the indicated values are represented as
mean � S.E. Statistically significant differences were deter-
mined by unpaired Student’s t test. Significance was defined as
p � 0.05.
Rat Primary Cortical Neuron Cultures—Rat primary cortical

cultures were dissected from postnatal day 1 rat brains. Corti-
ces were incubated with trypsin and DNase for 15 min at 37 °C,
and cells were dissociated by trituration. Cells were plated on
glass coverslips in 12-well dishes coated with 1 �g/�l poly-L-
lysine (Sigma) at �6000 cells/well in plating medium (minimal
essential medium supplemented with 10% horse serum, 0.6%
glucose, and 1 mM sodium pyruvate). After cells adhered (�4 h
later), cultures were grown in Neurobasal medium (Invitrogen)
supplemented with B27 and 1mM sodium pyruvate. At 1 day in
vitro (DIV), cultures were treated with 5 �M AraC to prevent
glial growth. At 2 DIV, cultures were treated with PBS as a
control, IL-6, HU-210, or IL-6 andHU-210. After 24 h, the cells
were fixed for 10 min at room temperature in 4% para-formal-
dehyde, 4% sucrose in PBS and then permeabilized in 0.25%
Triton X-100 in PBS for 5 min. After blocking in 10% bovine
serum albumin in PBS for 1 h, cells were incubated with anti-
bodies directed against MAP2 (rabbit) and Tau (mouse) in 1%
bovine serum albumin, 0.01% Triton X-100 overnight at 4 °C in
a humidified chamber. Cells were thenwashed three times with
PBS and incubated with AlexaFluor-568-conjugated goat anti-
rabbit andOregonGreen-488-conjugated goat anti-mouse sec-
ondary antibodies (Invitrogen) for 1 h at room temperature in
1% bovine serum albumin in PBS. Neurons were washed with
PBS, incubated with Hoechst dye, andmounted onmicroscope
slides in ProLong Gold (Invitrogen). Images were acquired
using a Zeiss 510 Meta confocal microscope at �40 magnifica-
tion. For each experiment 30–50 cells were imaged per condi-
tion, and experiments were repeated four times. The length of
the longest neurite of each cell was measured morphometri-
cally using the Zeiss LSM image browser.

RESULTS

Stimulation of N2A Cells with Low Concentrations of IL-6 and
CB1R Agonist HU-210 Results in Synergistic Neurite Outgrowth

Our laboratory has previously shown that treatment with
CB1R agonist HU-210 induces neurite outgrowth in N2A cells
through activation of STAT3 (4, 23). Since IL-6 signaling also
signals through STAT3 and has been shown to enhance nerve
growth factor-induced neurite outgrowth (24), we decided to
test whether activation of both CB1R and IL-6R pathways may
result in synergistic neurite outgrowth due to two sources of

STAT3 activation. We began this study by testing a range of
IL-6 concentrations for the ability to cause STAT3 phosphory-
lation through activation of IL-6R-gp130 and the Janus kinase
(Jak/STAT pathway). N2A cells were treated with a range of
IL-6 concentrations for 5 min, and protein lysates were sub-
jected to immunoblot analysis. As shown in supplemental Fig.
1S, treatment of N2A cells with IL-6 led to a dose-dependent
increase in STAT3 phosphorylation. Doses of HU-210 used in
this study were based on previously published work from our
laboratory (4).
In order to test whether CB1R and IL-6R activation would

cause a synergistic effect on neuronal differentiation, we per-
formed neurite outgrowth assays. N2A cells were plated at low
density, serum-starved for 1 h, and treated with a range of IL-6
and HU-210 concentrations as well as combinatorial treat-
ments as indicated in Fig. 1, A and B. Treatment with IL-6 did
not induce neurite outgrowth, whereas treatment withHU-210
resulted in low levels of neurite outgrowth in a dose-dependent
manner. When 0.5 ng/ml IL-6 was combined with a range of
HU-210 concentrations, combinations of low doses resulted in
synergistic neurite outgrowth (Fig. 1, C andD, and supplemen-
tal Table 1S). Fig. 1C represents an inset from Fig. 1Bwith basal
levels of neurite outgrowth subtracted, demonstrating that
application of 0.5 ng/ml IL-6 and 100 nM HU-210 results in
synergistic neurite outgrowth. Fig. 1D illustrates the same data,
emphasizing that the addition of IL-6 results in a greater
enhancement of neurite outgrowth in the presence of HU-210.
Based on the finding that 0.5 ng/ml IL-6 and 100 nM HU-210
resulted in the greatest synergy, we used these ligand concen-
trations to examine the mechanism for synergy.

Regulation by Protein Kinases MAPK (p42/p44), Src, and Jak

Activation of Kinases Downstream of both IL-6R and CB1R
Pathways Is Necessary for Synergistic Neurite Outgrowth—Our
laboratory has previously reported that stimulation of theCB1R
pathway in N2A cells activates MAPK and Src kinases (4, 23).
MAPK may also be activated by IL-6R through recruitment of
the Grb2-SOS complex, followed by activation of the Ras-Raf-
MAPK cascade (27). It is also well known that IL-6R activates
several Jak family member kinases, including Jak1 (28, 29).
Because MAPK may be a potential point of signal conver-

gence at the level of kinase regulation, IL-6, HU-210, and com-
bined treatment may result in differential MAPK signaling.
Therefore, we examined the time course response of MAPK
phosphorylation to individual and combined treatments. N2A
cells were serum-starved for 24 h and treated with 0.5 ng/ml
IL-6, 100 nMHU-210, or both. The cells were lysed at a number
of time points after treatment ranging from 5min to 6 h. Treat-
ment of cells with both ligands resulted in enhanced early
MAPK phosphorylation at 15, 30, and 45 min post-treatment
(Fig. 2,A–D), supporting its potential role in synergistic neurite
outgrowth.
To examine the contribution of MAPK, Src, and Jak protein

kinases activated by CB1R and IL-6R to synergistic neurite out-
growth, we individually inhibited the activity of these kinases
and performed neurite outgrowth assays (Fig. 3A). To inhibit
MAPK signaling, N2A cells were pretreated with MEK inhibi-
tor PD98059 (PD) for 4 h prior to stimulation of cells with IL-6
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andHU-210. Treatment with 20 �M

PD did not inhibit Erk5 activity
(supplemental Fig. 14S). To inhibit
Src activity, N2A cells were treated
with PP2 for 1 h prior to stimula-
tion. For Jak1 inhibition, the cells
were transfected with a dominant
negative Jak1 kinase containing a
mutation in its kinase domain (DN
Jak1). Neurite outgrowth assays
were then performed as described
under “Experimental Procedures.”
We found that MAPK inhibition

abolished synergistic neurite out-
growth in the presence of low con-
centrations of IL-6 and HU-210
(Fig. 3B and supplemental Fig. 2S).
Pretreatment with PD also resulted
in partial inhibition of neurite out-
growth in the presence of high
HU-210 (1 �M), consistent with our
previous findings (23).
We found that Src inhibition

strongly blocked neurite outgrowth
in response to all treatments by
reducing the percentage of cells
with neurites to the level of negative
control (Fig. 3C and supplemental
Fig. 3S). These results are consistent
with previous findings from our lab-
oratory (4, 23) and indicate that Src
signaling emanating from CB1R
plays a primary role in neurite out-
growth induced by activation of the
two pathways and is essential for
synergy.
Cells that were transfected with

DN Jak1 showed a minor reduction
in neurite outgrowth in response to
the IL-6 and HU-210 combinatorial
treatment (Fig. 3D and supplemen-
tal Fig. 4S). As expected, DN Jak1
did not affect the response of cells to
HU-210 treatments. It is also
important to note that cells that
were treated with IL-6 alone were
not affected by DN Jak1 transfec-
tion, because IL-6 treatment alone
does not induce neurite outgrowth
above basal level. The fact that DN
Jak1 did not completely abolish
neurite outgrowth in response to
the combinatorial treatment sug-
gests that Jak1 may not be the only
Janus kinase activated by IL-6
receptor.
In order to inhibit IL-6R-induced

kinase activity more globally, we

FIGURE 1. Stimulation of CB1R and IL-6R results in synergistic neurite outgrowth. A, N2A cells were serum-
starved for 1 h and treated with the indicated concentrations of the CB1R agonist (HU-210) and IL-6 cytokine for
18 h. Calcein AM was then added to cells, and live cells were imaged via confocal microscopy. B, the bar graph
shows mean � S.E. for percentages of cells with neurites. Quantifications were performed from at least four
independent experiments. Statistical differences were calculated using a two-tailed t test; *, p � 0.05, ***, p �
0.0005. See supplemental Table 1S for statistical significance comparisons of all conditions. C, inset of data from
B with basal levels of neurite outgrowth removed. Application of both ligands produced an enhancement in
neurite outgrowth. D, two-way analysis of variance suggests a possible interaction between 0.5 ng/ml IL-6 and
100 nM HU-210, where the presence of IL-6 enhances the effect of 100 nM HU-210 on neurite outgrowth.
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transfected cells with SOCS1 and SOCS3 proteins, which pro-
vide a negative feedback loop in IL-6R/Jak signaling. SOCS1
inhibits IL-6 signaling by binding to the activation loop of Jak
proteins via its Src homology 2 domain (27), and SOCS3 nega-
tively regulates IL-6R activity (27) by binding to the IL-6 signal-
transducing receptor subunit gp130 at Tyr759, which has been
identified as being involved in negative regulation of IL-6 sig-
naling (30). Overexpression of SOCS proteins did not result in a
differential response to single treatments but completely abol-
ished neurite outgrowth in response to the double treatment
(Fig. 3E and supplemental Fig. 5S). The effects of SOCS3 could
in part be due to the MAPK pathway (see “Regulation by SHP2
Phosphatase”). Taken together, these results indicate that acti-
vation of MAPK, Src, and Jak signaling is necessary for syner-
gistic neurite outgrowth.
PI3K/Akt Signaling Is Generally Required for Neurite

Outgrowth—In addition to Src and MAPK, the PI3K/Akt sig-
naling cascade has previously been described as necessary for
CB1R-induced neurite outgrowth (23). PI3K may also be acti-
vated by IL-6R signaling (31, 32). We examined its role in syn-
ergistic neurite outgrowth in response to CB1R/IL-6R activa-
tion.We found that inhibition of PI3K signalingwith LY294002
(LY) resulted in loss of synergistic neurite outgrowth (supple-
mental Fig 12S, A and B). However, time course analysis of Akt
phosphorylation demonstrated equivalent activation at 30 and
60 min irrespective of ligand treatment (supplemental Fig.
12SC). Therefore, PI3K/Akt signaling may be necessary for
general neurite outgrowth but may not contribute to the syn-
ergistic effect.

Regulation by Transcription Factors CREB and STAT3

Activation of CREB and STAT3 Transcription Factors Is
Required for Synergistic Neurite Outgrowth—Our laboratory
has previously demonstrated that activation of MAPK and Src
kinases by CB1R leads to phosphorylation of transcription fac-
tors CREB and STAT3, respectively (23). STAT3 can also be
activated by IL-6R through Jak, thereby providing a potential
mechanism for synergistic neurite outgrowth (Fig. 4A).
To determine whether MAPK signaling exerts its actions

through CREB transcription factor, N2A cells were transfected
with dominant negative CREB (KCREB), which contains a
mutation in its DNA-binding domain. Twenty-four hours after
transfection, cells were plated in Mattek� dishes, and neurite
outgrowth assays were carried out. Transfection of cells with
KCREB resulted in complete abolishment of neurite outgrowth
in the presence of low concentrations of IL-6 and HU-210 and
partial inhibition in the presence of high HU-210, supporting
our hypothesis that MAPK signaling positively regulates neu-
rite outgrowth through the transcription factor CREB (Fig. 4B
and supplemental Fig. 6S).

In order to test whether STAT3 is necessary for synergistic
neurite outgrowth, N2A cells were transfected with two forms
of dominant negative STAT3. The dominant negative mutants
of STAT3 contained amutation in either the tyrosine 705 phos-
phorylation site (DN STAT3 (Y)) or the DNA binding site (DN
STAT3 (VVV)) (25). Twenty-four hours after transfection, cells
were plated into 35-mm Mattek� dishes and stimulated with
low concentrations of IL-6 and/or HU-210. Both DN STAT3

FIGURE 2. Stimulation of CB1R and IL-6R results in enhanced early MAPK
phosphorylation. N2A cells were serum-starved for 24 h and treated with 0.5
ng/ml IL-6 (A), 100 nM HU-210 (B), or both (C) for the indicated periods of time.
The cells were lysed and subjected to immunoblot analysis for phospho-
MAPK, total MAPK, and tubulin. The blots shown are representative of three
independent experiments. D, quantification of MAPK phosphorylation repre-
sented as phospho-MAPK (p-MAPK)/total MAPK ratio over time.
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(Y) and DN STAT3 (VVV) abolished synergy in response to
combinatorial treatment and significantly reduced neurite out-
growth to basal level in response to single treatments (Fig. 4C
and supplemental Fig. 7S). These results suggest that STAT3 is

important for transmitting the signals from both pathways
and plays a critical role in synergistic neurite outgrowth by
providing a potential point of integration between the two
pathways.

FIGURE 3. Activation of kinases downstream of both CB1R and IL-6R is necessary for synergistic neurite outgrowth. A, schematic representation of
individual kinase inhibition during synergistic neurite outgrowth. The dashed line represents indirect activation of MAPK by IL-6R through recruitment of the
Grb2-SOS complex. N2A cells were pretreated for 4 h with PD (MEK inhibitor PD98059) (B), pretreated for 1 h with PP2 (Src inhibitor) (C), or transfected with DN
Jak1 (D) or SOCS1 and SOCS3 (E) proteins. The cells were then treated with the indicated concentrations of IL-6 and HU-210 for 18 h and imaged, and neurite
outgrowth was quantified. The bar graphs show mean � S.E. for percentages of cells with neurites. For each graph, quantifications were performed from at least
three independent experiments. The solid line indicates the average of PBS, DMSO, and PBS � DMSO treatments. Statistical differences were calculated using
a one-tailed t test. See supplemental Figs. 2S, 3S, 4S, and 5S for statistical significance comparisons of all conditions. *, significance compared with DMSO
pretreatment or pcDNA3 transfection within the same ligand treatment; *, p � 0.05; **, p � 0.005.
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To further examine the transcriptional activation of STAT3
and CREB during synergistic neurite outgrowth, we performed
gel shift assays. N2A cells were treated with 0.5 ng/ml IL-6, 100
nM HU-210, or both over a period of 0–120 min, and nuclear
extracts were incubated with biotinylated consensus sequences
for CREB and STAT3. Both transcription factors showed a
marked increase in DNA binding at 120 min in the presence of
both stimulatory ligands as compared with either ligand alone
(Fig. 5, A and B, and supplemental Fig. 13S).

Although both transcription factors showed enhanced
DNA binding after co-stimulation of CB1R and IL-6R, we
were unable to detect a difference in CREB phosphorylation
levels in response to single and double treatments. Because
we used suboptimal concentrations of ligands in this study, it
appears that the level of CREB phosphorylation may be suf-
ficient for biological effects but below the limits of detection
by immunoblotting.
Combined Treatment with IL-6 and HU-210 Causes Sus-

tained Phosphorylation of STAT3 in N2A Cells—Because
STAT3 can be activated by kinases downstream of both CB1R
and IL-6R (Fig. 4A), we investigated how differential STAT3
activation may result in synergistic neurite outgrowth. There-
fore, we assessed the time course response of STAT3phosphor-
ylation to individual and combined pathway activation. We

FIGURE 4. Activation of CREB and STAT3 transcription factors is required
for synergistic neurite outgrowth. A, schematic representation of individ-
ual transcription factor inhibition during synergistic neurite outgrowth. N2A
cells were transfected with pcDNA3, KCREB (dominant negative CREB) (B), DN
STAT3 (Y) (C), or DN STAT3 (VVV) (C). All cells were co-transfected with green
fluorescent protein. Neurite outgrowth of green fluorescent protein-express-
ing cells was scored after 18 h of the indicated treatments. The bar graph
shows mean � S.E. for percentages of cells with neurites. For each graph,
quantifications were performed from three independent experiments. The
solid line indicates the average of PBS, DMSO, and PBS � DMSO treatments.

Statistical differences were calculated using a one-tailed t test. See supple-
mental Figs. 6S and 7S for statistical significance comparisons of all condi-
tions. Within a given ligand treatment, asterisks indicate significance of inhi-
bition of neurite outgrowth compared with pcDNA3-transfected cells; *, p �
0.05.

FIGURE 5. Time course gel shift assays of CREB and STAT3 DNA-binding
activity. N2A cells were serum-starved for 24 h and treated with 0.5 ng/ml
IL-6, 100 nM HU-210, or both for the indicated periods of time. Nuclear extracts
were prepared, and gel shift assays were performed using consensus
sequences for CREB (A) and STAT3 (B). N2A cells were transfected with consti-
tutively active STAT3 (STAT3C) as a positive control for gel shift. The blots
shown are representative of two independent experiments.
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hypothesized that combinatorial treatment may cause a higher
level of STAT3 activation or allow for STAT3 activity to be
sustained over a longer period of time. N2A cells were serum-
starved for 24 h and received individual and combinatorial

treatments of 0.5 ng/ml IL-6 and 100 nM HU-210. The cells
were lysed at a number of time points after treatment rang-
ing from 5 min to 6 h. Treatment of cells with both ligands
resulted in sustained STAT3 phosphorylation for up to 6 h.
In contrast, treatment with either ligand singly induced tran-
sient phosphorylation of STAT3 (Fig. 6, A–D).
Based on the STAT3 phosphorylation time course, we chose

3 h post-treatment as the point in timewhen STAT3 phosphor-
ylation keeps increasing only in the presence of both IL-6 and
HU-210. N2A cells were treated with low and high concentra-
tions of IL-6 and HU-210 and a combination of low doses for
3 h. The cells were lysed and subjected to immunoblot analysis
for phospho-STAT3. As shown in Fig. 7, STAT3 phosphoryla-
tion was enhanced in the presence of both ligands at low con-
centrations, compared with either ligand alone. Treatment
with a high concentration of HU-210 (1 �M) resulted in
increased STAT3 phosphorylation (Fig. 7,A and B), correlating
with its ability to induce neurite outgrowth (Fig. 1B). High IL-6
(5 ng/ml) also resulted in increased STAT3 phosphorylation at
3 h in the blot shown in Fig. 7,A andB, but this increase was less
consistent across the three experiments. The high dose of IL-6
was also insufficient to induce neurite outgrowth (Fig. 1B), sup-

FIGURE 6. Activation of CB1R and IL-6R results in sustained STAT3 phos-
phorylation. N2A cells were serum-starved for 24 h and treated with 0.5
ng/ml IL-6 (A), 100 nM HU-210 (B), or both (C) for the indicated periods of time.
The cells were lysed and subjected to immunoblot analysis for phospho-
STAT3 (p-STAT; phospho-Tyr705), total STAT3, and tubulin. The blots shown
are representative of three independent experiments. D, quantification of
STAT3 phosphorylation represented as phospho-Tyr705/STAT3 ratio over
time.

FIGURE 7. Activation of CB1R and IL-6R results in enhanced STAT3 phos-
phorylation at 3 h of treatment. N2A cells were serum-starved for 24 h and
treated with 0.5 ng/ml IL-6 (low), 5 ng/ml IL-6 (hi), 100 nM HU-210 (low), 1 �M

HU-210 (hi), and a combination of low doses for 3 h. The cells were lysed and
subjected to immunoblot analysis for phospho-STAT3 (phospho-Tyr705), total
STAT3, and tubulin. A, the blot shown is representative of three independent
experiments. B, quantification of STAT3 phosphorylation represented as
phospho-Tyr705/STAT3 ratio.
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porting the hypothesis of its secondary role in synergistic neu-
rite outgrowth. Similarly, treatment with DMSO (with or with-
out PBS) raised STAT3 activity, indicating a possible
biochemical stress response. No stimulation of neurite out-
growth was seen with DMSO.

Regulation by SHP2 Phosphatase

Stimulation of CB1R and IL-6R Results inDown-regulation of
SHP2Negative Feedback Activity—STAT3 activity is negatively
regulated by SHP2 phosphatase, which binds and dephos-
phorylates the gp130 receptors, Jaks and STATs (27) (see Fig.
9A). In the absence of a tyrosine-phosphorylated binding part-
ner, SHP2 has a low level of basal activity as its N-terminal Src
homology 2 domain folds over the active site and inhibits its
enzymatic activity (33). Binding of the Src homology 2 domains
of SHP2 to phosphotyrosine motifs of receptors or adaptors
unfolds the protein, leading to phosphorylation of tyrosine res-
idue 542 or 580 within the C-terminal part of the enzyme, and
results in enzymatic activity (34–37). In order to investigate the
mechanismbywhich STAT3 activation is sustained in the pres-
ence of both CB1R and IL-6R ligands, we examined the activa-
tion of SHP2 at 6 h of treatment, when STAT3 phosphorylation
was highest. We found that SHP2 phosphorylation was slightly
reduced by application of either ligand alone, whereas a more
marked reduction was observed in response to combinatorial
treatment (Fig. 8,A andB), suggesting that negative feedback to
STAT3 is down-regulated.
In order to examine the role of SHP2 in STAT3-induced

neurite outgrowth, we transfected N2A cells with SHP2 siRNA
and performed neurite outgrowth assays. Consistent with the
decrease in SHP2 phosphorylation in Fig. 8, knockdown of
SHP2 expression caused a significant enhancement in neurite
outgrowth in response to the combinatorial treatment (Fig. 9B
and supplemental Fig. 8S). Taken together, these data suggest
that inactivation of SHP2 results in sustained STAT3
activation.
Previous studies (4, 23) and the findings in this study indicate

that STAT3 is a key transcriptional regulator leading to neurite
outgrowth. If so, SHP2 would be upstream of STAT3, and
transfection with STAT3 siRNA should block neurite out-
growth, irrespective of the effects of SHP2 siRNA. Transfection
with STAT3 siRNA inhibited neurite outgrowth (Fig. 9C and
supplemental Fig. 9S), similar to the effect of DN STAT3 in Fig.
4C. Neurite outgrowth assays of cells co-transfected with
STAT3 siRNA and SHP2 siRNA also resulted in abolishment of
synergistic neurite outgrowth (Fig. 9D and supplemental Fig.
10S), supporting the hypothesis that STAT3 is a major down-
stream target necessary for neurite outgrowth and CB1R and
IL-6R pathway integration.
SHP2 has previously been suggested to act as an adaptor in

recruitment and activation of Ras by the IL-6 receptor, leading
to the Ras-Raf-MAPK signaling cascade (27, 38). We investi-
gated ifMAPK/CREB signaling acts downstreamof SHP2. N2A
cells were transfectedwith SHP2 siRNA, pretreatedwith PD for
4 h (at 48 h post-transfection), and subjected to neurite out-
growth assays. Pretreatment with PD in the presence of SHP2
siRNA resulted in abolishment of synergistic neurite outgrowth
in response to low concentrations of IL-6 andHU-210 and par-

tial inhibition in response to high HU-210 (Fig. 9E and supple-
mental Fig. 11S). Therefore, MAPK signaling appears to act
downstreamof SHP2 and to be necessary for synergistic neurite
outgrowth.
Stimulation of CB1R and IL-6R Results in Enhanced Neurite

Outgrowth in Primary Cortical Neurons—To determine if co-
stimulation of CB1R and IL-6R regulates neuronal differentia-
tion in primary neurons, we stimulated rat cortical neuron pri-
mary cultures with HU-210 and IL-6 at 2 DIV. After 24 h of
stimulation, the cultures were fixed and stainedwith antibodies
against MAP2 and Tau as markers of developing dendrites and
axons, respectively. Stimulation withHU-210 and IL-6 resulted
in enhanced development of neurons, compared with single
treatments (Fig. 10A). In studies of axonal regeneration in vitro,
the length of the longest neurite is often used as a read-out
because the longest neurite is most likely to later differentiate
into an axon (20, 39). Due to skewed distributions of lengths of
longest neurite under each analyzed condition, we chose the
distribution-free Wilcoxon Mann-Whitney test to compare
treatments. We found that stimulation of both signaling path-
ways resulted in a 53% increase in median length compared
with IL-6 treatment and a 20% increase comparedwithHU-210
treatment (Fig. 10B).

FIGURE 8. SHP2 negative feedback is down-regulated in the presence of
IL-6 and HU-210. A, N2A cells were serum-starved for 24 h and treated with
0.5 ng/ml IL-6, 100 nM HU-210, or both ligands for 6 h. The cells were lysed and
subjected to immunoblot analysis for phospho-SHP2 (p-SHP2), total SHP2,
and tubulin. The bar graph (B) shows mean � S.E. from three independent
experiments. Statistical differences were calculated using a one-tail t test. *,
p � 0.05.
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FIGURE 9. SHP2 negative feedback acts upstream of STAT3 and MAPK/CREB signaling. A, schematic representation of SHP2 negative feedback signaling.
The dashed lines represent recruitment of Ras by SHP2 through the Grb2-SOS scaffold complex, followed by activation of Ras-Raf-MAPK cascade. N2A cells were
transfected with scrambled control siRNA, SHP2 siRNA (B), STAT3 siRNA (C), or both SHP2 and STAT3 siRNAs (D), and neurite outgrowth assays were carried out.
E, N2A cells were transfected with SHP2 siRNA and then treated with PD for 4 h followed by neurite outgrowth assays. The bar graphs show mean � S.E. For each
graph, neurite outgrowth quantifications were performed from three independent experiments. Statistical differences were calculated using a one-tailed t test.
See supplemental Figs. 8S, 9S, 10S, and 11S for statistical significance comparisons of all conditions. *, significance compared with control (Ctrl) siRNA or DMSO
pretreatment within the same ligand treatment; *, p � 0.05; **, p � 0.005; ***, p � 0.0005.
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DISCUSSION

Neuronal differentiation is a complex process that integrates
many signals to drive electrophysiological, morphological, and
transcriptional changes (1, 41–43). This process is character-
ized by the initial formation of immature neurites, commonly
referred to as neurite outgrowth. A number of studies from our
laboratory have previously shown the importance of the CB1R
signaling pathway in neurite outgrowth regulation through
activation of the transcription factors CREB (23) and STAT3 (4,
23). Other studies have suggested that IL-6 cytokine signaling
may also be an important component of signaling in neurite
outgrowth (24, 44) by signaling through the Jak/STAT3 path-

way. Here we show how CB1R and IL-6R signaling induce syn-
ergistic neurite outgrowth in Neuro2A cells through a down-
stream signaling network that converges on STAT3 and
necessitates MAPK/CREB activation. We found that simulta-
neous activation of the two receptors results in synergistic neu-
rite outgrowth.
In order to confirm that inputs from both receptors are

important for synergistic neurite outgrowth, we individually
blocked the kinases that activate downstream transcription fac-
tors fromeither arm.Consistentwith previous studies (4), com-
plete abolishment of neurite outgrowth in response to Src inhi-
bition supports the assumption that the CB1R pathway plays a
central role in neurite outgrowth. However, IL-6R signaling
through the Jak/STAT pathway is still necessary for synergistic
neurite outgrowth. Although the IL-6R-gp130 complex can
activate a number of tyrosine kinases of the Jak family (Jak1,
Jak2, and Tyk2) (27), Jak1 plays an essential role in STAT3 acti-
vation (29), and in cells lacking Jak1, IL-6 signal transduction is
greatly impaired (28, 29, 45).We found that expression of dom-
inant negative Jak1 markedly inhibited the synergistic effect of
combinatorial treatment but did not bring neurite outgrowth
back to unstimulated levels. These results suggested that
despite being a necessary component for activation of STAT3,
Jak1 may not be the only Jak involved in this signaling network.
Because SOCS proteins provide a negative feedback loop to Jak
signaling and IL-6R activation (27), overexpression of these
proteins allowed us to inhibit Jak signaling more globally and
completely block synergistic neurite outgrowth.
Our laboratory has recently demonstrated that MAPK sig-

naling is necessary for CB1R-induced neurite outgrowth (23).
MAPK can also be activated by IL-6R through recruitment
of SHP2 and the Grb2-SOS complex, followed by activation of
Ras-Raf-MAPK cascade (27). We found that inhibition of
MAPK abolished synergistic neurite outgrowth in response to
co-stimulation of CB1R and IL-6R. Since MAPK is the only
kinase receiving direct activation from both receptors, we
examined its activation in more detail. We found that in the
presence of both ligands, MAPK has an enhanced early wave of
phosphorylation compared with either treatment alone. Taken
together, these data indicate that MAPK signaling is required
for synergistic neurite outgrowth.
MAPK, Src, and Jak kinases phosphorylate STAT3 andCREB

transcription factors. We found that dominant negative forms
of STAT3 and CREB block neurite outgrowth in N2A cells.
These results are consistent with previous studies from our lab-
oratory, in which dominant negative STAT3 (4, 23) and domi-
nant negative CREB (23) significantly inhibited HU-210-in-
duced neurite outgrowth. AlthoughCREB can be activated only
by MAPK, STAT3 may be phosphorylated by both Src and Jak
kinases. This suggests that STAT3may play amore central role
in signal integration and synergy.
To examine themechanism of synergistic neurite outgrowth

through STAT3 activation more closely, we performed a 6-h
time course of STAT3 phosphorylation. We found that unlike
individual treatments, simultaneous activation of both recep-
tors results in prolonged STAT3 (Tyr705) phosphorylation.
STAT3 phosphorylation has been shown to play an important
role in neurite outgrowth. Wu and Bradshaw (24) found that

FIGURE 10. Stimulation of CB1R and IL-6R results in enhanced neurite
outgrowth in primary rat cortical neurons. Rat primary cortical neuron cul-
tures were treated with IL-6 and/or HU-210 at 2 DIV and fixed after 24 h. The
cells were labeled for MAP2 (red) and Tau (green) to identify developing neu-
rites. A, representative confocal images of cells under each condition are
shown. B, the lengths of the longest neurite of each cell were measured mor-
phometrically. The bar graph shows mean � S.E. for average neurite length
and median neurite length for each treatment. Statistical differences were
calculated using the one-tailed Wilcoxon Mann-Whitney test for medians; *,
p � 0.05; ***, p � 0.0005. See supplemental Table 2S for statistical significance
comparisons of all conditions.
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STAT3 tyrosine phosphorylation increased in nerve growth
factor-primed cells after IL-6 application, resulting in dose-de-
pendent neurite outgrowth in primed PC12 cells. Similarly, He
et al. (4) observed that activation of the CB1R pathway caused
STAT3 phosphorylation and induced neurite outgrowth.
Because STAT3 acts as a transcription factor, its sustained
activity suggests that there may be a prolonged period of tran-
scription of genes necessary for neurite outgrowth, providing a
possible mechanism for synergistic neurite outgrowth. STAT3
also showed sustainedDNAbinding at 120min only after treat-
ment with both ligands, thereby supporting this hypothesis.
Previous studies have shown that in response to IL-6 appli-

cation, STAT3 either goes through a transient wave of tyrosine
phosphorylation, which goes back to basal levels after about 2 h
(46, 47), or may exhibit two sequential waves of tyrosine phos-
phorylation over a longer period of time (24). Stimulation of
N2A cells with HU-210 also causes a transient wave of STAT3
phosphorylation that lasts for about 30–60min (4). Our obser-
vation of a prolonged state of Tyr705 phosphorylation suggests
that in the presence of both IL-6 andHU-210 ligands, a negative
regulator of STAT3 may be inactivated. One such protein is
SHP2, which is a ubiquitously expressed cytoplasmic protein-
tyrosine phosphatase, containing two N-terminal Src homol-
ogy 2 domains and a catalytic phosphatase domain in the C-ter-
minal half of the protein (27). SHP2 can be activated by
downstream kinases of both IL-6R and CB1R pathways and can
negatively regulate gp130, Jaks, and STATs (27). Previous stud-
ies have shown that prevention of SHP2 activation causes an
enhanced and prolonged phosphorylation of gp130, Jak1, Jak2,
and STAT3 as well as extended DNA binding by STAT3 (30,
48).
In its inactive state, SHP2 folds onto itself and autoinhibits,

whereas phosphorylation of tyrosine 542 or 580 releases the
block and activates SHP2 phosphatase activity (34). Therefore,
we tested how SHP2 phosphorylation is affected by activation
of IL-6R and CB1R signaling pathways. We found that after 6 h
of treatment, which corresponds to the highest level of STAT3
phosphorylation, SHP2 phosphorylation is slightly reduced by
each individual treatment but shows a much greater reduction
in the presence of both ligands. These data support our hypoth-
esis that sustained STAT3 phosphorylation results from a
down-regulation of the autonegative feedback loop in the sig-
naling network.Wewent on to confirm the negative regulatory
role of SHP2 in neurite outgrowth assays and found that RNA
interference of SHP2 resulted in enhanced neurite outgrowth,
providing further evidence for the negative feedback
hypothesis.
The mechanism of SHP2 inactivation is still unclear and

requires further investigation, and there are several possibili-
ties. The autoinhibited, “closed” conformation is highly favored
under basal conditions, resulting in very low basal catalytic
activity of SHP2. Moreover, SHP2 has been suggested to
dephosphorylate itself in solution (49), corresponding to the
observation of a very transient wave of SHP2 phosphorylation
in response to IL-6 treatment in cell culture (45, 46). Since
SHP2 can be phosphorylated by both Src (50) and Jaks (51),
simultaneous activation of the two pathwaysmay enhance early
catalytic activity of SHP2, which may then lead to greater auto-

inhibition. Such a mechanism would suggest that early auto-
inhibition would leave less active SHP2 available to dephos-
phorylate STAT3.
Additionally, SHP2 has been shown to dephosphorylate Src

on an inhibitory tyrosine, thereby releasing its inhibition (52,
53). Such dephosphorylation causes up-regulation of Src kinase
activity. Since both IL-6R and CB1R pathways can activate
SHP2, SHP2may provide a positive feedback loop by activating
more Src, thereby offering another mechanism for sustained
phosphorylation of STAT3. Finally, both receptors activated in
the network have been shown to activate Ras, either through
the Grb2-SOS complex (54) or through Src activation of Ras-
GRF (55, 56). Among its multitude of functions, Ras has been
implicated in regulating the production of intracellular reactive
oxygen species (ROS) (57), which can modulate and inhibit the
activity of lowmolecular weight protein-tyrosine phosphatases
(58). Rac proteins also function as a necessary switch for ROS
generation (40, 57), and Rac has previously been demonstrated
to be activated by the CB1R pathway via Src (4). Therefore,
activation of Ras and Rac through the IL-6R and CB1R path-
ways could result in up-regulation of ROS, ultimately leading to
inhibition of SHP2 negative feedback on STAT3.
A model for the mechanism of CB1R and IL-6R signal inte-

gration based on these findings is depicted in Fig. 11. STAT3
receives positive signals fromCB1R and IL-6R, through Src and
Jak kinases, respectively. SHP2 can also be activated by these
two kinases and in presence of both ligands over time may
becomemore inactivated either due to its transient activity (46)

FIGURE 11. Model for mechanism of CB1R and IL-6R signal integration.
During activation of CB1R and IL-6R, STAT3 becomes activated by two
sources, Src and Jak. SHP2 is also activated by both receptors but shows
greater inactivation in the presence of both ligands, due to either greater
autoinhibition or Ras-dependent ROS production. Additionally, SHP2 acti-
vates Src, which may provide another mechanism of positive feedback for
sustained STAT3 activation. The MAPK/CREB signaling cascade is also neces-
sary for synergistic neurite outgrowth and acts downstream of SHP2. The solid
and dashed lines represent direct and indirect interactions, respectively. The
black lines correspond to previously reported data for CB1R signaling, and
brown lines correspond to new data suggesting CB1R/IL-6R signal integra-
tion. See under “Discussion” for more details.
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and highly favored closed conformation (33) or from the gen-
eration of ROS through activation of Ras by both pathways (57).
Additionally, SHP2 may further activate Src at an early time
after stimulation, providing a positive feedback loop for sus-
tained STAT3 activity. Further studies are necessary to deter-
mine the mechanism of late SHP2 inactivation.
In conclusion, we demonstrated that parallel activation of

CB1R and IL-6R pathways results in synergistic neurite out-
growth in N2A cells and primary cortical neurons, and activa-
tion of both signaling pathways is necessary for this effect to
take place. Synergistic neurite outgrowth can be explained by
sustained activation of STAT3, which may allow a longer time
period for gene transcription. STAT3 phosphorylation is sus-
tained for at least 6 h after stimulation, due to down-regulation
of a negative feedback loop of SHP2 phosphatase. Finally, since
CB1R and IL-6R co-stimulation enhanced differentiation in rat
cortical neurons, the integration of these pathways during neu-
ral development merits further investigation.
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