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Abstract
The transcription factor STAT3 has been implicated in axon regeneration. Here we investigate a
role for STAT3 in sympathetic nerve sprouting after myocardial infarction (MI) - a common
injury in humans. We show that NGF stimulates serine phosphorylation (S727) of STAT3 in
sympathetic neurons via ERK1/2, in contrast to cytokine phosphorylation of Y705. Maximal
sympathetic axon regeneration in vitro requires phosphorylation of both S727 and Y705.
Furthermore, cytokine signaling is necessary for NGF-induced sympathetic nerve sprouting in the
heart after MI. Transfection studies in neurons lacking STAT3 suggest two independent pools of
STAT3, phosphorylated on either S727 or Y705, that regulate sympathetic regeneration via both
transcriptional and non-transcriptional means. Additional data identify STAT3-microtubule
interactions that may complement the well-characterized role of STAT3 stimulating regeneration
associated genes. These data show that STAT3 is critical for sympathetic axon regeneration in
vitro and in vivo, and identify a novel non-transcriptional mode of action.
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Introduction
Sympathetic neurons, like other peripheral neurons, can regenerate following injury
although the mechanisms are not completely understood. Nerve growth factor (NGF) is
required for sympathetic neuron survival and enhances sympathetic axon outgrowth during
development (Glebova & Ginty, 2005), but its role in adult nerve regeneration is less clear.
Mature sympathetic neurons no longer require NGF for their survival (Ruit et al, 1990;
Sofroniew et al, 2001), and regeneration of adult sympathetic axons to the skin after nerve
transection does not require NGF (Gloster & Diamond, 1995). However, collateral sprouting
of sympathetic axons into injured skin (Gloster & Diamond, 1992; Gloster & Diamond,
1995), arthritic joints (Ghilardi et al, 2012), or damaged myocardium (Hasan et al, 2006;
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Wernli et al, 2009) is stimulated by NGF in the target tissue and can be blocked by NGF
antibodies.

The milieu produced by tissue damage is complex and includes many factors in addition to
NGF, including the inflammatory cytokines CNTF (Ciliary Neurotrophic Factor) and LIF
(Leukemia Inhibitory Factor) (Adler, 1993; Rao et al, 1993). These cytokines act via the
gp130 receptor (Ip et al, 1992; Taga & Kishimoto, 1997) to promote axon regeneration in
the central and peripheral nervous systems (Cafferty et al, 2001; Ekstrom et al, 2000; Homs
et al, 2011; Leibinger et al, 2009). In sympathetic neurons cytokines are involved in the
“conditioning lesion” response whereby prior injury enhances the subsequent regeneration
(Hyatt Sachs et al, 2010; McQuarrie & Grafstein, 1973; Navarro & Kennedy, 1990;
Shoemaker et al, 2005). Cytokines are thought to enhance nerve regeneration after injury
through stimulating transcription of regeneration associated genes via tyrosine
phosphorylation of Signal Transducer and Activator of Transcription 3 (STAT3) (Ben-
Yaakov et al, 2012; Habecker et al, 2009; Lee et al, 2004; Liu & Snider, 2001; O’Brien &
Nathanson, 2007; Qiu et al, 2005; Smith & Skene, 1997). A second subcellular locus of
STAT3 action was identified recently in embryonic motor neurons, where tyrosine-
phosphorylated STAT3 enhanced microtubule stability in motor axons from pmn
(progression motor neuronopathy) mice, which contain unstable microtubules (Selvaraj et al,
2012).

NGF acting through the TrkA receptor can also stimulate phosphorylation of STAT3, but
NGF triggers phosphorylation of STAT3 on serine (Ng et al, 2006b; Zhou & Too, 2011)
rather than tyrosine. Likewise, activation of TrkB by Brain Derived Neurotrophic Factor
(BDNF) leads to serine 727 (S727) phosphorylation of STAT3 in hippocampal (Ng et al,
2006b) and cortical (Zhou & Too, 2011) neurons. Thus, STAT3 serves as a downstream
mediator for neurotrophin signaling as well as cytokine signaling. Interestingly, serine
phosphorylation of STAT3 is required for neurotrophin-stimulated neurite extension in
PC12 cells and axon regeneration in hippocampal and cortical neurons (Ng et al, 2006b;
Zhou & Too, 2011). NGF stimulates transcription of regeneration associated genes in PC12
cells via STAT3 (Ng et al, 2006b), but serine phosphorylated STAT3 is also found in axons
and growth cones (Ng et al, 2006b; Zhou & Too, 2011), suggesting that it may play a non-
transcriptional role.

We have investigated the role of NGF and gp130 cytokines on sympathetic nerve sprouting
after myocardial infarction (MI), which is a common source of nerve damage in humans.
Over 1 million people in the U.S. suffer an MI each year (Roger et al, 2012), resulting in the
loss of sympathetic nerve terminals in undamaged peri-infarct myocardium (Barber et al,
1983; Inoue & Zipes, 1988; Vaseghi et al, 2012). NGF is elevated in the heart following MI
(Abe et al, 1997; Hiltunen et al, 2001; Meloni et al, 2010; Zhou et al, 2004), and blocking
NGF with antibodies or preventing infiltration of NGF-producing immune cells into the
heart inhibits post-infarct sympathetic nerve sprouting (Hasan et al, 2006; Wernli et al,
2009). However, LIF and several other gp130 cytokines are also elevated in the heart
following myocardial infarction (Aoyama et al, 2000; Fischer & Hilfiker-Kleiner, 2007;
Frangogiannis et al, 2002; Gwechenberger et al, 1999; Hilfiker-Kleiner et al, 2010), and
their role in sympathetic regeneration has not been examined in vivo. In this study, we
identify STAT3 as an integrator of neurotrophin and inflammatory cytokine signaling. We
show that gp130 cytokine signaling is necessary for the NGF-induced sympathetic nerve
sprouting in the heart after MI, and provide evidence that STAT3 plays a non-transcriptional
role in sympathetic axons that complements its role stimulating regeneration associated
genes.
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Materials and methods
Materials

Matrigel™ was purchased from BD Biosciences (San Jose, CA). Fetal bovine serum was
purchased from ATCC (Manassas, VA). Goat serum was from Jackson Immunoresearch
laboratories (West Grove, PA) CNTF was from PreproTech (Rocky Hills, NJ). Nerve
growth factor (NGF) was purchased from Austral Bioloicals (San Ramon, CA). Dispase was
purchased from Boehringer Mannheim (Indianapolis, IN). Collagenase type II was
purchased from Worthington Biochemicals (Freehold, NJ). Nitrocellulose membranes were
from Schleicher & Schuell (Dassel, Germany). Protease inhibitor cocktail tablets were from
Roche Applied Science (Indianapolis, IN). Bovine Serum Albumin-Fraction V (BSA) was
from Thermo Fischer Scientific (Waltham, MA). UO126, PMSF (phenylmethylsulfonyl
fluoride), Phosphatase Inhibitor cocktails (#2 & #3), and poly-L-lysine were from Sigma-
Aldrich (St. Louis, MO). Maxi Prep Kits were from Quigen (Valencia, CA). SuperSignal
Dura and bicinchoninic acid (BCA) protein assay kit Cat# 23227 were from Thermo
Scientific (Rockford, IL). STAT3i V/Stattic (phospho-STAT3 inhibitor) was from
Calbiochem (Darmstadt, Germany). Galiellalactone (STAT3 DNA binding inhibitor) was
from Santa Cruz Biotechnology (Santa Cruz, CA). 4x sample buffer and 20x reducing agent
were from Bio-Rad (Hercules, CA). Poly-D-Lysine/Laminin Coated Glass Coverslips
(Round 12 mm No. 1 German Glass) and mouse type IV collagen were from BD
Biosciences (San Jose, CA).

Antibodies
βIII-Tubulin TUJ1 mouse monoclonal antibody was from Covance (Princeton, NJ). Total
STAT3 (#9132), phospho-STAT3 (Ser727) (#9134), phospho-STAT3 (Tyr705) (#9131),
Total ERK1/2 (#9102), phospho-ERK1/2 (#9101), STAT3 (79D7) Rabbit mAb (sepharose
bead conjugate) #4368, and Rabbit (DA1E) mAb isotype control (sepharose bead conjugate)
#3423 were all from Cell Signaling Technology (Danvers, MA). Rabbit anti-Tyrosine
Hydroxylase (TH) was from Millipore (Bedford, MA). Species-specific secondary
antibodies conjugated to horseradish peroxidase were from Pierce (Rockford, IL). Alexa
Fluor® 488-conjugated goat anti-rabbit and Alexa Fluor® 568-conjugated goat anti-mouse
secondary antibodies were from Jackson Immunoresearch Laboratories (West Grove, PA).

Animals
Pregnant adult Sprague-Dawley rats were obtained from Charles River Laboratories
(Wilmington, MA). Wild type C57BL/6J mice were obtained from Jackson Laboratories
West (Sacramento, CA). STAT3lox/DBH-Cre mice (referred to as STAT3 KO mice) and
gp130lox/DBH-Cre mice (referred to as gp130 KO mice) (Stanke et al, 2006) were acquired
from Hermann Rohrer (Max-Planck Institute for Brain Research, Frankfurt am Main). All
mice were kept on a 12h:12h light-dark cycle with ad libitum access to food and water. Age
and gender-matched male and female mice 12–18 weeks old were used for surgeries, while
ganglia from neonatal mice were used for explants and dissociated cultures. All procedures
were approved by the OHSU Institutional Animal Care and Use Committee and comply
with the Guide for the Care and Use of Laboratory Animals published by the National
Academies Press (8th edition).

Cell culture
Sympathetic neurons were dissociated from superior cervical ganglia (SCG) of newborn rat
pups or mouse pups as described (Pellegrino et al, 2011). Neurons were cultured in C2
media (DMEM/F12 1:1, BSA 0.5 mg/ml, L-glutamate 1.4 mM, selenium 30 nM, transferrin
10 μg/ml, insulin 10μg/ml) supplemented with 100U/ml penicillin G, 100 μg streptomycin
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sulfate, and 10 or 50 ng/ml NGF). Cultures were maintained at 37° C in 5% CO2 in C2
media supplemented with10 ng/ml NGF (transfection experiments) or 50 ng/ml NGF
(immunocytochemistry). Half the media was changed every other day as needed. The
duration and doses are noted in figure legends. PC12 cells were a gift from Philip J.S. Stork
(Vollum Institute, OHSU, Portland, OR). PC12 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS, 100U/ml penicillin G,
and 100 μg/ml streptomycin sulfate at 37° in 5% CO2. Cells were starved in 1% FBS for 3
hrs prior to all stimulations.

Plasmids and transfection
STAT3 constructs [Stat3-WT (pcDNA3), Stat3-WT Flag (pRc/CMV), Stat3-S727A (pRc/
CMV), Stat3-Y705F-Flag (pRc/CMV)] were from Addgene (Cambridge, MA; deposited by
Jim Darnell, The Rockefeller University). The pcDNA 3.1 expression vector and Emerald
GFP (pcDNA6.2-EmGFP) were from Invitrogen-Life technologies (Grand Island, NY).
Dissociated SCG neurons from neonatal STAT3 KO mice were co-transfected with the
STAT3 constructs and GFP using the Neon™ Transfection System from Invitrogen-Life
technologies (Grand Island, NY). Neurons were electroporated per manufacturer’s
instructions: pulse voltage (1500 V), pulse width (20 ms), and pulse number (1). Equal
numbers of neurons were transfected with equal amounts of DNA in each experiment. In all
transfection experiments, neurons were cultured in C2 media supplemented with NGF
(10ng/ml) and CNTF (100ng/ml). Axons of GFP-expressing neurons were measured at 40
hrs post-transfection using NIS-Elements AR 3.0.

Explant axon outgrowth analysis
SCG explants from P1 rat or mouse pups were explanted into Matrigel™ using C2 media
supplemented with NGF (2ng/ml). Axon outgrowth was visualized 18 hr after plating (time
0). Images were captured at time 0 and then 6 hrs later and axon length was measured using
NIS-Elements AR 3.0. Multiple sites of growth (3–6) were measured for each ganglion and
averaged. A growth rate (μm/hr) was calculated for the 6 h window from a minimum of 3
explants per condition in each experiment, and experiments were repeated at least three
times with similar results. In explants experiments, STAT3 phosphorylation was stimulated
on serine by exogenous NGF and on tyrosine by endogenous LIF from ganglionic non-
neuronal cells (Sun et al, 1994).

Immunocytochemistry
Neonatal sympathetic neurons were plated onto 12mm Poly-D-Lysine/Laminin coated glass
coverslips (BD Biosciences), and at 4 DIV neurons were treated with NGF or CNTF as
described in figure legends. Neurons were fixed in 4% paraformaldehyde-4% sucrose
(10min), permeabilized with 0.3% Triton X-100 in phosphate buffered saline, pH 7.5
(PBST) for 5 min, and blocked with 10% BSA (30min). Cells were washed in PBST 3×10
minutes. Neurons were labeled with primary antibodies diluted in PBST/3% BSA (Total
STAT3, 1:50), (Phospho-Serine 727 STAT3, 1:50) and (βIII-Tubulin, 1:500). Neurons were
washed 3×10 minutes with PBST and stained with secondary antibodies diluted 1:500 in
PBST/3%BSA. Hoechst 34580 Stain (0.5 μg/ml) was added to the last wash (3×10 minutes)
to visualize nuclei. Secondary antibodies alone were performed to control for non-specific
staining and signal was negligible. Imaging was performed on a LSM710 laser scanning
confocal microscope from Carl Zeiss MicroImaging (Thornwood, NY) and digital images
were processed using ZEN, LSM Image, ImageJ and/or Photoshop.
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Myocardial Infarction by ischemia-reperfusion
Ischemia-reperfusion was carried out as previously described (Alston et al, 2011; Parrish et
al, 2009). All surgical procedures were performed under aseptic conditions using isoflurane
anesthesia. The left anterior descending coronary artery (LAD) was ligated for 30 minutes
before the coronary ligature was released. Reperfusion was confirmed by visible epicardial
hyperemia. Buprenorphine (0.1mg/kg) was administered as needed to ensure the animals
were comfortable following surgery. Sham animals underwent the same procedure except
for ligation of the LAD. Animals were sacrificed 24 hrs or 3 days after surgery for
immunohistochemistry.

Immunohistochemistry and innervation density
Hearts were fixed for 1h in 4% paraformaldehyde, rinsed in PBS, cryoprotected in 30%
sucrose and 10 μm transverse sections thaw-mounted onto charged slides. Sections were
stained for tyrosine hydroxylase exactly as described in (Lorentz et al, 2010). Innervation
density was determined by threshold discrimination using ImageJ as previously described
(Lorentz et al, 2010). Three sections at least 150 μm apart were analyzed from each heart
and averaged together. Each section was analyzed by two independent observers, and the
data shown are the average of both determinations. Fiber density was quantified in 4–6
hearts from each experimental group, focusing on the region approximately 500–900 μm
from the edge of the infarct. Fiber density from sham animals were quantified in the
corresponding region of the left ventricle.

Western Blotting
Cells or tissue were placed on ice and lysed in RIPA buffer (1% Triton-X 100, 1%sodium
deoxycholate, 0.2% sodium docecyl sulfate, 125 mM NaCl, 50 mM Tris pH 8.0, 10%
glycerol, 1 mM NaF, 1 mM PMSF, 1x phosphatase inhibitor cocktail #2 & #3, 1x complete
protease inhibitor cocktail EDTA-free). Samples were size fractionated on 4%-12% Bis-Tris
acrylamide denaturing gels and transferred to nitrocellulose membranes for blotting.
Membranes were blocked in 3% nonfat dry milk in TBST (100 mM NaCl, 10 mM Tris, and
0.1% Tween 20, pH 7.4) for 30 minutes and incubated at 4°C overnight in antibodies against
STAT3, STAT3 (pS727), STAT3 (pY705), ERK1/2, and Phospho-ERK1/2 diluted at 1:1000
in TBST with 3% BSA. After washing in TBST 3 times for 5 minutes, blots were incubated
for 1 hr at room temperature with the appropriate secondary antibody diluted 1:5000 in
TBST with 3% nonfat dry milk. Blots were washed as before and immunoreactive bands
were detected via chemiluminescence. Bands were captured by a −40°C CCD camera and
total band densities quantified using Labworks 4.0 Software.

Real-time PCR
Real-time PCR was performed as previously described (Pellegrino et al, 2011). For in vitro
experiments, RNA was isolated from neonatal cultured rat neurons using Cells to cDNA
(Ambion) and reverse transcribed. For MI experiments, stellate ganglia were harvested 3
days after sham or ischemia-reperfusion surgery and stored immediately in RNAlater. RNA
was isolated from individual stellate ganglia using the Ambion RNAqueous micro kit, and
200 ng of total RNA was reverse transcribed and diluted for use. All real-time PCR
reactions were performed using the 7500 Real-Time PCR System from ABI/Life
Technologies. Pre-validated TaqMan® primers to STAT3, stathmin (STMN1), SCG10
(STMN2), SCLIP (STMN3), RB3 (STMN4), and GAPDH were used with TaqMan®
Universal PCR Master mix from ABI/Life Tech. For the PCR amplification, 4 μl of RT
reactions (representing 5 ng of RNA template) were used in a total volume of 20 μl, and
each sample was assayed in duplicate. Standard curves were generated from each primer set
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from known amounts of sympathetic neuron RNA. Values for STAT3, Stathmin, SCG10/
STMN2, SCLIP/STMN3, RB3/STMN4 were normalized to GAPDH from the same sample.

Immunoprecipitation
Dissociated sympathetic neurons were cultured for 3 days prior to treatment. Neurons were
treated with vehicle (DMSO) or Stattic (20μm) for 10 minutes prior to stimulation with NGF
(100 ng/ml) and CNTF (150 ng/ml) for 15 minutes to induce phosphorylation of both Y705
and S727 on STAT3. Cells were washed with cold PBS and lysed in RIPA buffer. Lysates
were rocked at 4°C for 15 minutes and protein concentrations were determined using a BCA
protein assay. Equal amounts of protein and 10μl of STAT3 antibody-sepharose bead
conjugate or isotype control antibody-sepharose bead conjugate in equal volumes of RIPA
buffer were immunoprecipitated overnight at 4°C on a Nutator. The following morning,
immunoprecipitations (IPs) were spun down at 4°C, 13,000g for 2 minutes and washed with
RIPA buffer. Washes were repeated 4 times and IPs resuspended in sample buffer
(+reducing agent). Samples were immediately subjected to Western blotting or frozen at
−20°C.

Statistics
Student’s t-test was used for a single comparison between two groups. One-way ANOVA
with a Newman-Keuls post-test was used to compare multiple groups. Two-way ANOVA
with a Bonferroni post-test was used to compare across genotypes and surgical groups.
Statistics were carried out using Prism 5.0 (Graphpad Software).

Results
STAT3 enhances sympathetic axon regeneration

STAT3 is involved in axon regeneration in several types of neurons (Miao et al, 2006; Qiu
et al, 2005; Smith et al, 2009), and we asked if STAT3 was required for sympathetic axon
regeneration. To address this question, we cultured SCG explants from wild-type mice and
mice whose sympathetic neurons lack STAT3 (Figure 1A–B). We compared growth rates
from STAT3 KO and wild-type ganglia and discovered that axon growth was impaired in
neurons lacking STAT3 (Figure 1C).

NGF stimulates serine phosphorylation of STAT3 in sympathetic axons via ERK1/2
pathway

Ng and colleagues made the surprising discovery that NGF stimulates serine
phosphorylation of STAT3 in PC12 cells, and that serine phosphorylation of STAT3 was
required for neurite outgrowth (Ng et al, 2006b). We were interested in whether NGF also
stimulates serine phosphorylation of STAT3 in sympathetic neurons, and we tested that
using PC12 cells (Figure 2A) as a positive control. Acute NGF stimulation of dissociated
sympathetic neurons increased phosphorylation of STAT3 on S727 but not Y705 (Figure
2B). Control levels of serine phosphorylated STAT3 were somewhat variable between
individual experiments since neurons were cultured in low levels of NGF. However, acute
NGF stimulation reproducibly increased serine phosphorylation of STAT3 in all
experiments (quantification in Supplementary Figure 1). This contrasts with the classic
tyrosine phosphorylation that is stimulated by treating sympathetic neurons with a cytokine
like CNTF (Figure 2C). Thus, in sympathetic neurons, NGF stimulates STAT3
phosphorylation on serine (S727) but not tyrosine, while CNTF stimulates phosphorylation
on tyrosine (Y705) but not serine.

NGF-induced serine phosphorylation of STAT3 requires ERK1/2 activation in PC12 cells
(Ng et al, 2006b), and we asked if ERK1/2 was required for NGF stimulation of S727
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phosphorylation in sympathetic neurons. We pretreated cells with vehicle or the MEK1/2
inhibitor UO126, to inhibit activation of ERK1/2. Blocking ERK1/2 activation abolished
NGF-stimulated phosphorylation of S727 in sympathetic neurons (Figure 2B), and blunted
axon outgrowth in sympathetic ganglion explants (Figure 2D). In contrast, inhibiting NGF-
stimulated protein kinase C signaling had no effect on axon extension. These data suggest
that NGF stimulates phosphorylation of STAT3 on S727 via an ERK1/2-dependent
pathway, and that serine-phosphorylated STAT3 plays a role in sympathetic outgrowth.

STAT3-dependent regeneration has a non-transcriptional component
STAT3 is proposed to promote axon outgrowth primarily through its actions as a
transcription factor (Bareyre et al, 2011; Ben-Yaakov et al, 2012; Ng et al, 2006b). To test
the role of STAT3 stimulated gene transcription in sympathetic regeneration, we treated
cells for 6 hours with Galiellalactone (Gal-Lac) to block STAT3 DNA binding (Weidler et
al, 2000), and measured axon growth. Explants contain endogenous LIF, which is produced
by glial cells upon removal of the ganglion (Sun et al, 1994), and NGF was added to the
explants, thus stimulating phosphorylation of STAT3 on both tyrosine and serine residues.
Gal-Lac treated explants had significantly reduced growth compared to vehicle treated
explants (Figure 4A), indicating the loss of STAT3-dependent gene transcription reduced
axon outgrowth. The inhibitory effect of Gal-Lac on DNA binding was confirmed by
quantifying mRNA for the STAT3-dependent gene SOCS3 (suppressor of cytokine
signaling 3) (Supplementary Figure 2A). However, inhibiting phosphorylation of both S727
and Y705 on STAT3 (Fig. 3A) with the compound Stattic (Schust et al, 2006) resulted in a
complete block in axon outgrowth (Figure 3B). Both inhibitors (Gal-Lac and Stattic) were
used at lower concentrations than published previously in hippocampal neurons (Nicolas et
al, 2012). Stattic, like Gal-Lac, blocked transcription of SOCS3 mRNA (Supplementary
Figure 2B), but inhibiting STAT3 phosphorylation had a much bigger effect on axon
outgrowth than preventing DNA binding. These data suggest that phosphorylated STAT3
has both transcriptional (Vehicle vs Gal-Lac) and non-transcriptional (Gal-Lac vs Stattic)
effects that stimulate sympathetic axon regeneration.

Localization of serine phosphorylated STAT3
Numerous studies have identified tyrosine phosphorylated STAT3 in axons, both in vitro
and in vivo, with a focus on retrograde signaling by STAT3 as a transcription factor (Lee et
al., 2004; Bareyre et al, 2011; Selvaraj et al, 2012; O’Brien & Nathanson, 2007; Ben-
Yaakov et al, 2012). In sympathetic neurons, gp130 cytokines can stimulate retrograde
transport of Y705-phosphorylated STAT3 from distal axons to cell bodies, in addition to
stimulating nuclear translocation of STAT3 within the cell body (O’Brien & Nathanson,
2007). Given the retrograde trafficking of STAT3 in sympathetic neurons, we asked if
prolonged exposure to CNTF over several days led to redistribution of STAT3 from growth
cones to the nucleus, and found that STAT3 remained abundant throughout neuronal
processes (Figure 4A).

Less is known about the localization of serine phosphorylated STAT3, but Ng and
colleagues detected S727-phosphorylated STAT3 in neurites and growth cones of PC12
cells (Ng et al, 2006b), while another study localized S727-STAT3 to mitochondria in PC12
cells (Zhou & Too, 2011). Using confocal microscopy, we examined the distribution of
STAT3 and S727-phosphorylated STAT3 in sympathetic neurons after acute treatment with
NGF or CNTF. As expected, STAT3 in the cell body translocated to the nucleus after CNTF
treatment (Figure 4B). In contrast, NGF treatment stimulated minimal change in nuclear
STAT3 compared to untreated cells (Figure 4B). We also examined the distribution of S727-
phosphorylated STAT3 in neurons after treatment with NGF, and found phospho-S727
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STAT3 in the nucleus, but also significant phospho-S727 staining in processes and growth
cones (Figure 4C, D).

Serine and Tyrosine STAT3 phosphorylation are both required for STAT3-dependent axon
outgrowth

Since our explant experiments suggested that inhibiting STAT3 phosphorylation on both
tyrosine and serine blocked axon outgrowth, we wanted to determine the role of individual
phosphorylation events in axon elongation. In order to test residues S727 and Y705
individually in axon outgrowth, we used sympathetic neurons lacking STAT3. We co-
transfected dissociated STAT3 KO neurons with GFP and either vector alone or a STAT3
expression construct (STAT3-WT, STAT3-Y705F, or STAT3-S727A) (Figure 5A). Western
blots confirmed similar expression of the different transfected STAT3 constructs
(Supplementary Figure 3). We cultured neurons in the presence of NGF and CNTF to
stimulate serine and tyrosine phosphorylation, respectively, and measured the longest
process of GFP-expressing neurons. Wild-type STAT3 (STAT3-WT) increased process
length significantly, but mutants of STAT3 deficient for either tyrosine (STAT3-Y705F) or
serine (STAT3-S727A) phosphorylation did not increase process length compared to vector
transfected neurons (Figure 5B–C). The small number of STAT3 KO cells available per
experiment allowed for only 3 conditions in each transfection experiment. To confirm that
STAT-WT was stimulating a similar amount of growth across all of our experiments, we
normalized growth as percent of control, with empty vector set as 100%. We observed a
consistent increase in axon length in STAT3-WT versus vector transfected neurons when all
experiments were averaged together (Figure 5D). Likewise, transfection of either S727A or
Y705F-STAT3 alone consistently had no effect on process outgrowth compared to vector
transfected neurons (Figure 5D).

GP130 signaling is required for sympathetic axon regeneration in vivo
Our transfection data confirmed that NGF-stimulated serine phosphorylation of STAT3 was
important for axon outgrowth in sympathetic neurons, just as it is important in PC12 cells
and cortical neurons (Ng et al, 2006b). Our data also revealed, however, that
phosphorylation of tyrosine 705 was required for maximum sympathetic process outgrowth
in vitro. To determine if cytokine-induced phosphorylation of STAT3 was required for
sympathetic axon regeneration in vivo, we used mice whose sympathetic neurons lack
gp130 (gp130 KO). The gp130 cytokine receptor is used by all LIF- related cytokines (Levy
& Darnell, 2002; Taga, 1996), and we previously found that sympathetic neurons lacking
gp130 have no detectable tyrosine phosphorylation of STAT3 after nerve injury in vivo
(Habecker et al, 2009), or after cytokine treatment in vitro (Shi et al., 2012). We first
quantified axon outgrowth in SCG explants from wild-type mice and mice whose
sympathetic neurons lacked either gp130 or STAT3. We found that axon growth was
impaired similarly in neurons lacking gp130 and STAT3 (Figure 6A). STAT3 expression
can be regulated by gp130 cytokines (Ichiba et al, 1998), raising the possibility that the
increased axon regeneration in wild-type hearts was due to higher levels of STAT3, rather
than altered phosphorylation. We examined STAT3 levels in adult ganglia from unoperated
gp130 KO mice and found they were similar to STAT3 levels in wild-type ganglia (Figure
6B).

To examine axon regeneration in vivo, we carried out cardiac ischemia-reperfusion surgery
in WT and gp130 KO mice, and quantified sympathetic fiber density in the peri-infarct heart
24 hrs and 3 days after surgery. At 3 days post-MI we detected a significant deficit of
sympathetic nerve sprouting in the peri-infarct region of gp130 KO hearts (6D, E) compared
to WT hearts (Figure 6C, E). Furthermore, stat3 mRNA expression in the stellate ganglia,
which contain the majority of cardiac-projecting sympathetic neurons, was identical in both
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genotypes 3 days after MI (Figure 6F). These data suggest the lack of Y705-phosphorylated
STAT3 in the neuronal gp130 KO animals plays a role in the reduced nerve sprouting
observed after myocardial infarction.

Separate pools of STAT3 mediate sympathetic axon outgrowth
Our data suggest transcriptional and non-transcriptional effects of STAT3 on sympathetic
axon regeneration. Therefore, we postulated that there may be two distinct pools of STAT3
required for regeneration - a tyrosine phosphorylated pool and a serine phosphorylated pool
- and that a single STAT3 protein need not be phosphorylated on both sites. To test this, we
co-transfected sympathetic neurons with different amounts of WT-STAT3, or with both of
the phosphorylation-deficient mutant STAT3 constructs (S727A and Y705F). Although
individual phospho-mutants were unable to enhance growth compared to vector alone
(Figure 5), the expression of both mutants simultaneously was able to rescue axon growth in
STAT3 KO neurons to the level seen in STAT3-WT transfected neurons (Figure 7). These
data suggest that both phosphorylation events are required for maximal STAT3-dependent
axon regeneration, but the same STAT3 protein does not need to be phosphorylated on both
sites.

STAT3 interacts with microtubules in sympathetic neurons
Recently, STAT3 has been shown to interact with elements of the cytoskeleton in cancer
cells to promote migration and metastasis (Walker et al, 2010). Similar interactions have
been observed in pmn (progression motor neuronopathy) mutant motoneurons, where
tyrosine phosphorylated STAT3 interacts with stathmin to stabilize microtubule dynamics
and prevent axon degeneration in axons with microtubule instability (Selvaraj et al, 2012).
We hypothesized that STAT3 might also interact with βIII tubulin or alter stathmin-related
proteins in sympathetic neurons that have normal microtubule stability, in order to promote
axon elongation rather than prevent axon degeneration. To test if STAT3 interacted with the
neuronal cytoskeleton, we carried out immunoprecipitation experiments. Dissociated
sympathetic neurons were treated with vehicle or Stattic prior to treatment with both NGF
and CNTF. Neurons were harvested, STAT3 was immunoprecipitated, and samples were
blotted for βIII-tubulin which is a component of the axon cytoskeleton. Immunoprecipitation
of STAT3 pulled down βIII-tubulin in vehicle and stattic-treated cells, with more βIII-
tubulin pulled down from stattic treated cells which have unphosphorylated STAT3 (Figure
8A). This suggests that STAT3 interacts with βIII-tubulin in sympathetic neurons, and that
this interaction is modified by STAT3 phosphorylation. This interaction with the
cytoskeleton may underlie the non-transcriptional role of STAT3 in sympathetic axon
regeneration.

Given the recent observation that STAT3 modulates microtubule dynamics in dystrophic
motor neurons (Selvaraj et al, 2012) and metastatic cancer (Walker et al, 2010) through
interactions with stathmin, we examined expression of stathmin and related genes in
sympathetic neurons. We detected mRNA encoding all four stathmin-related genes
(stathmin, SCG10/stathmin 2, SCLIP/stathmin3, and RB3/stathmin4) in cultured
sympathetic neurons using real-time PCR. SCLIP and RB3 mRNA were more abundant than
stathmin or SCG10 mRNA (Figure 8B). Therefore, we quantified SCLIP and RB3 mRNA in
the stellate ganglia 3 days after MI, when WT neurons exhibit sprouting in the peri-infarct
myocardium and gp130 KO neurons do not. No differences were observed between the
genotypes in sham operated animals, but SCLIP and RB3 mRNA were both significantly
lower 3 days after MI in neurons lacking gp130 compared to WT neurons (Figure 8C-D).
This suggests that MI-induced cytokines acting via gp130 regulate expression of at least two
stathmin-related genes in cardiac sympathetic neurons, and raises the possibility that
stathmin family members are involved in sympathetic axon regeneration in vivo.
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Discussion
gp130 signaling is required for NGF-dependent nerve sprouting after myocardial infarction

Sympathetic nerve regeneration has been characterized in many peripheral tissues, and two
general categories of regeneration have been identified: NGF-independent, as seen in the
regrowth of transected nerves back to skin (Gloster & Diamond, 1995), and NGF-dependent,
as seen in the collateral sprouting of sympathetic axons within injured skin (Gloster &
Diamond, 1992; Gloster & Diamond, 1995) or damaged myocardium (Gardner & Habecker,
2013; Hasan et al, 2006). Neurotrophins and inflammatory cytokines are often present
together following injury, and we were interested in potential interactions between these two
sets of factors with regard to sympathetic axon regeneration. Previous studies in sympathetic
neurons suggested that NGF antagonized the effect of gp130 cytokines on expression of
regeneration associated genes (Corness et al, 1998; Ng et al, 2003; Rajan et al, 1998;
Shadiack et al, 2001; Shadiack et al, 1998). We investigated neurotrophin-cytokine
interactions in vivo by quantifying NGF-dependent nerve sprouting in sympathetic neurons
lacking gp130, and found that gp130 activation was required for sympathetic sprouting in
the heart after myocardial infarction. This was consistent with the lack of a conditioning
lesion effect in sympathetic neurons lacking gp130 (Hyatt Sachs et al, 2010), but
inconsistent with the observation that adult SCG explants from gp130 KO mice exhibited a
similar, albeit limited, degree of growth compared to wildtype ganglia (Hyatt Sachs et al,
2010). A critical difference between the studies was the presence or absence of NGF. We
investigated an injury characterized by inflammation combined with high NGF, while the
axotomy/conditioning lesion study examined an injury characterized by inflammation
combined with the loss of NGF (Hyatt Sachs et al, 2007). Thus, the first unexpected and
novel finding of our study is that cytokine activation of gp130 is required for NGF-
stimulated nerve sprouting.

The role of STAT3 in sympathetic axon regeneration
Neurotrophins and cytokines stimulate phosphorylation of STAT3 on two different sites in
sympathetic neurons: S727 and Y705, respectively. STAT3 is implicated in axon growth in
other types of neurons (Bareyre et al, 2011; Miao et al, 2006; Ng et al, 2006b; Shin et al,
2012; Smith et al, 2009; Sun et al, 2011), and the availability of mice whose sympathetic
neurons lacked STAT3 gave us a unique opportunity to investigate the role of these
phosphorylation sites in sympathetic axon outgrowth. Our initial studies in wildtype neurons
revealed that inhibiting phosphorylation of both Y705 and S727 completely blocked axon
outgrowth. In contrast, preventing STAT3 DNA binding with Gal-Lac or blocking S727
phosphorylation with U0126 only inhibited axon outgrowth by 50% during the same 6 hour
time window. This suggested that STAT3 had two distinct roles – one as a transcription
factor and a second that did not involve DNA binding. Previous studies showed that
cytokines stimulate the retrograde transport and DNA binding of phospho-Y705 STAT3 in
sympathetic neurons (O’Brien & Nathanson, 2007), while our immunohistochemistry
revealed S727-phosphorylated STAT3 was abundant throughout processes and growth
cones. We were surprised to find that mutating either S727 or Y705 was sufficient to disrupt
STAT3-dependent process outgrowth in neurons grown in media containing neurotrophins
and cytokines. Adding the two mutants into the same cell fully recapitulated the axon
outgrowth seen with wildtype STAT3. This suggests that there are two distinct pools of
STAT3 in sympathetic neurons exposed to both neurotrophins and cytokines – phospho-
S727 and phospho-Y705 – and while both phosphorylation events are required for axon
regeneration, an individual STAT3 protein need not be phosphorylated on both sites.
Tyrosine phosphorylation is especially critical for gene transcription, but S727
phosphorylation can also impact gene expression (Ng et al., 2006b). Likewise, serine-
phosphorylated STAT3 is abundant in NGF-stimulated axons, but tyrosine-phosphorylated
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STAT3 is also in axons and plays a role in microtubule stability under some conditions
(Selvaraj et al, 2012). Thus, the two functional pools of STAT3 may not be physically
segregated to distinct sub-domains of the neuron.

The role of STAT3 in nerve regeneration has also been examined in the context of sensory
nerves, where it is critical for the initiation of regeneration 2-4 days after injury (Bareyre et
al, 2011). However, STAT3-independent growth occurs during development (Zhou &
Snider, 2006), and 7–8 days after a peripheral lesion (Bareyre et al, 2011) suggesting that
within the same type of neuron different mechanisms can control growth over time. We
quantified sympathetic fiber density in the heart 24 hours and 3 days after MI, when we
predicted nerve sprouting would be STAT3-dependent. The lack of sympathetic
regeneration seen in gp130 KO neurons 3 days after cardiac injury is consistent with the lack
of sensory regeneration in STAT3 KO neurons 2–4 days after injury (Bareyre et al, 2011). It
will require further investigation to determine if STAT3-independent growth occurs in
cardiac sympathetic neurons at later time points. The presence of STAT3-dependent and
STAT3-independent growth pathways within the same cell may explain why sympathetic
neurons lacking STAT3 exhibited some axon outgrowth in vitro, although they exhibited
significantly greater process outgrowth after addition of wildtype STAT3.

Non-transcriptional mechanisms of STAT3-dependent axon outgrowth
Although it is not clear how STAT3 acts in sympathetic axons to enhance elongation,
several recent studies suggest potential mechanisms. First, experiments in NGF-treated
PC12 cells found that S727-phosphorylated STAT3 is associated with mitochondria, where
it alters production of reactive oxygen species (ROS) and impacts neurite outgrowth (Zhou
& Too, 2011). Second, STAT3 plays a role in the metastasis of some cancers by
antagonizing the depolymerization activity of stathmin (Ng et al, 2006a). Stathmin and
related proteins like SCLIP sequester free tubulin and increase microtubule catastrophe
(Curmi et al, 1999), so that STAT3 binding to stathmin-related proteins promotes
microtubule formation (Verma et al, 2009). Furthermore, Y705-phosphorylated STAT3
interacts with tubulin and stathmin in dystrophic embryonic motor neurons that contain
unstable microtubules, stabilizing the microtubules and preventing axon degeneration
(Selvaraj et al, 2012). The role for cytokine-phosphorylated STAT3 in preventing axon
degeneration was particularly interesting, since tubulin and stathmin-related proteins are also
involved in axon elongation. Cytokine activation of STAT3 had no effect on axon length in
control motor neurons (Selvaraj et al, 2012), raising the possibility that STAT3 only plays
an important role in neurodegeneration and not axon regeneration. However, our data
suggest that in sympathetic neurons, phosphorylation of STAT by both neurotrophins and
cytokines has a significant impact on axon outgrowth. Our data show an interaction between
STAT3 and βIII-tubulin in sympathetic neurons under normal (not dystrophic) conditions,
and reveal that gp130 cytokines regulate expression of the stathmin-related genes SCLIP
and RB3 in the sympathetic neurons projecting to the heart after myocardial infarction.
Decreased expression of these genes in gp130 KO neurons, which exhibited impaired axon
sprouting after MI, is consistent with work showing these genes are most highly expressed
during axon elongation (Curmi et al, 1999; Gavet et al, 1998; Ozon et al, 1999). The exact
nature of interactions between STAT3, mitochondria, microtubules, and stathmin family
members is yet to be determined, but our data support a role for STAT3 in axons where it
may regulate microtubule dynamics and/or production of ROS by mitochondria.

Concluding remarks
In summary, we investigated the role of STAT3 in sympathetic axon regeneration, and
found that STAT3 phosphorylation by neurotrophin and inflammatory cytokines is required
for maximal axon outgrowth. We show that cytokine signaling is necessary for the NGF-
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induced sympathetic nerve sprouting in the heart after MI, and provide evidence that STAT3
plays a non-transcriptional role in axons that complements its role stimulating regeneration
associated genes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sympathetic neurons that lack STAT3 have impaired axon growth. (A) SCG and DRG from
adult mice were harvested and equal amounts of protein lysate were analyzed for western
blotting. A representative blot for STAT3 and βIII-tubulin (βIII-Tub) is shown. STAT3 is
absent from the SCG but not DRG of STAT3lox/DBH-Cre mice. The minor residual STAT3 in
SCG is probably due to ganglionic non-neuronal cells. (B) A WT SCG explant is pictured
18 hrs after plating, with representative axon length measurements and scale bar (200μm).
(C) STAT3 KO explants have reduced axon growth compared to C57BL/J6 explants
(wildtype). Data are mean ± SEM from a single experiment (wildtype N=6, STAT3 KO
N=5, *p<0.05), and are representative of 3 independent experiments.
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Figure 2.
NGF stimulates S727 phosphorylation of STAT3 via ERK1/2. (A) Western blots of PC12
cells stimulated with NGF (100ng/ml) for the indicated time points. NGF stimulated S727
phosphorylation of STAT3 (pS727), but not Y705 phosphorylation (pY705). Total STAT3
protein levels were unchanged (STAT3). NGF stimulated phosphorylation of ERK1/2
(pERK1/2) at all time points, but total levels of ERK1/2 were unchanged (ERK1/2). (B) A
representative western blot of sympathetic neurons stimulated with NGF (125ng/ml) for the
indicated time points ± vehicle (DMSO) or U0126. NGF stimulated phosphorylation of
S727 (pS727) but not Y705. Pretreatment with UO126 blocked NGF phosphorylation of
STAT3 on S727 and phosphorylation of ERK1/2 (pERK1/2). Total STAT3 and ERK1/2
were unchanged. (C) Sympathetic neurons were stimulated with CNTF (150ng/ml) for the
indicated time points and blotted for phosho-STAT3. CNTF stimulated phosphorylation of
pY705 (pY705) but not S727. (D) Sympathetic explants were treated with vehicle (DMSO),
Bis-II (100nM) to inhibit PKC, or UO126 (40μM) to inhibit ERK1/2 activation, and axon
growth rate quantified after 18 hours in culture. Data are mean ±SEM, N=3-6 ganglia per
group, ***p<0.001 Vehicle vs UO126. Each experiment was repeated at least 3 times.
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Figure 3.
STAT3 phosphorylation and DNA binding are required for sympathetic axon outgrowth. (A)
Sympathetic explants were treated with vehicle (DMSO), Gal-Lac (20μm), or Stattic (20μm)
prior to axon outgrowth analysis. Three experiments (each assayed in triplicate) were
averaged and are shown as percent % control. Data are expressed as mean ± SEM,
**p<0.01. (B) Dissociated sympathetic neurons were pretreated with Stattic at the indicated
concentrations. A representative western blot shows NGF (5 minutes, 125ng/ml) stimulated
pS727 (top panels) and CNTF (5 minutes, 150ng/ml) stimulated pY705 (bottom panels). At
all Stattic concentrations tested, phosphorylation of both S727 and Y705 on STAT3 was
blocked. Total levels of STAT3 were unchanged.

Pellegrino and Habecker Page 19

Mol Cell Neurosci. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
S727-phosphorylated STAT3 is present throughout the cell body and in processes (A)
Sympathetic neurons maintained in 10ng/ml NGF were treated for 5 days with CNTF
(150ng/ml). Total STAT3 was still abundant in axons and growth cones after long-term
CNTF treatment (LT-CNTF). (B) Sympathetic neurons were treated with NGF (125ng/ml,)
or CNTF (150ng/ml) for 15 minutes (CON, NGF, CNTF) and stained for total STAT3
(green) and βIII-Tubulin (red). Nuclei were labeled with Hoechst 34580 (blue in merged).
CNTF stimulated translocation of STAT3 from the cell body to the nucleus, but NGF did
not. (C, D) Sympathetic neurons were treated for 15 min with 125 ng/ml NGF and stained
for S727-phosphorylated STAT3 (green), and βIII-Tubulin (red). Nuclei were labeled with
Hoechst 34580 (blue in merged). Serine phosphorylated STAT3 was present throughout the
cell body, nucleus (C), and in processes including growth cones (D). All scale bars =5μm.
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Figure 5.
Maximal sympathetic axon outgrowth requires serine (727) and tyrosine (705)
phosphorylation of STAT3. (A) Images of sympathetic neurons from STAT3 KO mice that
have been co-transfected with GFP and either pcDNA3.1 (Vec) or wildtype STAT3 (WT).
Scale bar=20μm. Cells were cultured in NGF (10ng/ml) and CNTF (100ng/ml) for all
transfection experiments (B) Sympathetic neurons were co-transfected with GFP and either
wildtype STAT3 (WT), or STAT3 with Y705 mutated to phenylalanine (Y705F). Axon
lengths of GFP expressing neurons were measured 40 hours post-transfection. Data are
mean ± SEM from a single experiment N=25–35 cells/group, ***p<0.001, Vector vs WT.
Similar results were obtained in 4 independent experiments. (C) Neurons were co-
transfected with GFP and wildtype STAT3 (WT), or STAT3 with S727 mutated to alanine
(S727A). Data are mean ± SEM from a single experiment, N=20–22 cells/group,
***p<0.001, Vector vs WT. Similar results were obtained in 4 independent experiments. (D)
Data from all transfection experiments were normalized to the vector alone control and
graphed together. Axon length in STAT3-WT transfected neurons was consistent across all
experiments. Similarly, axon length in STAT3 mutant transfected neurons was consistently
similar to vector control. Data are mean ± SEM. N=6 experiments (3 for serine mutant and 3
for tyrosine mutant). ***p<0.001, Vector vs STAT3-WT (tyr), **p<0.01, Vector vs STAT3-
WT (ser). NS= no significant difference.
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Figure 6.
Decreased nerve regeneration in sympathetic neurons lacking gp130 KO. A) Neuronal
gp130 KO (gp130 KO) and neuronal STAT3 KO (STAT3 KO) explants have reduced axon
growth compared to C57BL/J6 (WT) ganglia. Data are mean ± SEM from a single
experiment (n=3–6, *p<0.05), and are representative of 3 independent experiments. B) A
representative western blot of adult SCG from C57BL/J6 (WT) and gp130lox/DBH-Cre

(gp130 KO) mice showing total STAT3 (top panel), TH (middle panel), and GAPDH
(bottom panel) protein. C,D) Sympathetic innervation identified by TH staining in WT (C)
and neuronal gp130 KO (D) left ventricle 3 days after ischemia-reperfusion. Pictures are
from the peri-infarct region approximately 500–900 μm from the infarct. E) Quantification
of sympathetic innervation density in sham and peri-infarct left ventricle 24 hours and 3
days after ischemia-reperfusion. Data are mean±SEM, n=4–6 animals per group, *p<0.05
WT vs. KO. (F) Stat3 mRNA was quantified by real-time PCR in stellate ganglia and
normalized to GAPDH mRNA in the same sample. Stat3 mRNA was not altered by the
absence of gp130 (gp130 KO), or by myocardial infarction (3d MI). Data are mean ± SEM,
n=4 mice/group.
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Figure 7.
Rescue of axon regeneration by co-transfection of both STAT3 mutants. STAT3 KO
neurons were transfected with differing amounts of wildtype STAT3 (STAT3-WT) or a
combination of STAT3-S727A and STAT3-Y705F. All groups were co-transfected with
GFP and had equal total amounts of DNA transfected by adding vector (pcDNA3.1).
Neurons transfected with the two mutants together generated axons the same length as
neurons transfected with STAT3-WT. Data are mean ± SEM, N=14–30 cells/group.
Identical results were obtained in 3 separate experiments.
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Figure 8.
STAT3 interacts with the neuronal cytoskeleton. (A) Dissociated neurons were pretreated
with DMSO vehicle (Veh) or 20μm Stattic and then stimulated with NGF (100ng/ml) and
CNTF (150ng/ml). STAT3 was immunoprecipitated with STAT3 Ab sepharose bead
conjugate or isotype control sepharose bead conjugate IgG control (IgG). 10% input of
lysate is shown. βIII-Tubulin (Tub) and STAT3 were identified by western blot. Tubulin
was precipitated together with STAT3. (left panel) Optical Density (O.D.) quantification of
immunoprecipitated βIII-Tubulin averaged from 3 independent experiments. Data are mean
±SEM, *p<0.05.
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