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After nerve injury, adult sensory neurons can regenerate peripheral axons and reconnect with their target tissue. Initiation of outgrowth,
as well as elongation of neurites over long distances, depends on the signaling of receptors for neurotrophic growth factors. Here, we
investigated the importance of gp130, the signaling subunit of neuropoietic cytokine receptors in peripheral nerve regeneration.

After sciatic nerve crush, functional recovery in vivo was retarded in SNS-gp130 �/� mice, which specifically lack gp130 in sensory
neurons. Correspondingly, a significantly reduced number of free nerve endings was detected in glabrous skin from SNS-gp130 �/�

compared with control mice after nerve crush. Neurite outgrowth and STAT3 activation in vitro were severely reduced in cultures in
gp130-deficient cultured neurons. Surprisingly, in neurons obtained from SNS-gp130 �/� mice the increase in neurite length was reduced
not only in response to neuropoietic cytokine ligands of gp130 but also to nerve growth factor (NGF), which does not bind to gp130-
containing receptors. Neurite outgrowth in the absence of neurotrophic factors was partially rescued in gp130-deficient neurons by
leptin, which activates STAT3 downstream of leptic receptor and independent of gp130. The neurite outgrowth response of gp130-
deficient neurons to NGF was fully restored in the presence of leptin.

Based on these findings, gp130 signaling via STAT3 activation is suggested not only to be an important regulator of peripheral nerve
regeneration in vitro and in vivo, but as determining factor for the growth promoting action of NGF in adult sensory neurons.
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Introduction
Target reinnervation and functional regeneration after injury
regularly occurs in the peripheral nervous system (PNS) in con-
trast to the CNS which lacks the ability to regenerate. Cytokines
and neurotrophins are secreted when local inflammation devel-
ops upon peripheral nerve injury and promote axon outgrowth
and remyelination (Gaudet et al., 2011; Bosse, 2012).

Of particular relevance for axonal regeneration appears to be
the neuropoietic cytokines/interleukin-6 (IL-6) family. Members

of the family, which includes IL-6 itself, ciliary neurotrophic fac-
tor (CNTF), and leukemia inhibitory factor (LIF), are upregu-
lated after injury. The activity of neuropoietic cytokines has been
associated not only with the control of innate immunity and
activation of Schwann cells but also with cell survival, differenti-
ation and axonal regeneration of neurons in the CNS and PNS
(Saadat et al., 1989; Kopf et al., 1994; Murphy et al., 1995; Hirota
et al., 1996; März et al., 1997, 1998; Sendtner et al., 1997; Zhong et
al., 1999; Cafferty et al., 2001, 2004; Shuto et al., 2001; Cao et al.,
2006; Wilms et al., 2007; Lara-Ramirez et al., 2008; Spooren et al.,
2011; Smith et al., 2012; Zigmond, 2012). This qualifies neuro-
poietic cytokines as potentially important regulators of axonal
regeneration also after nerve lesion.

Neuropoietic cytokines bind to membrane-bound or soluble
receptors as factor-specific � receptor subunits (Heinrich et al.,
2003; Jones et al., 2011). Importantly they signal through a single
transmembrane protein-� subunit, the glycoprotein gp130.
Therefore by targeting the ubiquitously expressed gp130, signal-
ing of most neuropoietic cytokines can effectively be prevented
(Hibi et al., 1990; Heinrich et al., 2003; Ernst and Jenkins, 2004).
gp130 drives cellular responses by association and activation of
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Janus kinases (JAK) and consequent phosphorylation of signal
transducers and activators of transcription (STAT) and MAP ki-
nases (Liu and Snider, 2001; Waetzig et al., 2006; Dziennis and
Alkayed, 2008; Tedeschi, 2011). Therefore there is an overlap of
signaling mechanisms between neuropoietic cytokines and the
neurotrophins (Levi-Montalcini, 1952, 1987; Skaper, 2008). The
neurotrophins nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), and neurotrophin 3 (NT3) stimulate
neurite outgrowth of sensory neurons by specific receptor ty-
rosine kinases trkA, trkB, or trkC (Klein et al., 1989, 1991, 1992;
Kaplan et al., 1991; Lamballe et al., 1991). Thus, two distinct
families of neurotrophic factors, the neuropoietic cytokines and
the neurotrophins, by signaling through different receptors reg-
ulate neurite outgrowth and regeneration of adult sensory neu-
rons (Gölz et al., 2006; Melemedjian et al., 2010).

We have addressed crosstalk between neuropoietic cytokine
and neurotrophin signaling in a mouse mutant with a condi-
tional deletion of gp130 specifically in sensory neurons. Deletion
of gp130 in these neurons significantly impaired functional re-
covery after nerve injury in vivo. The neurite outgrowth of cul-
tured gp130-deficient sensory neurons was strongly reduced in
the absence of exogenously added factors, as was the response to
neuropoietic cytokines and neurotrophins. We found that the JAK/
STAT3 pathway is a key mediator of both cytokine and neurotro-
phin signaling in neurite regeneration.

Materials and Methods
Ethics statement. All experiments were performed with permission under
National Austrian Law (BMWF-66.011/0051-II/10b2008; BMWF-
66.011/0113-II/3b/2010; GZ 66.011/85-C/GT/2007) and according to

the recommendations of the International As-
sociation for the Study of Pain (IASP) to min-
imize animal suffering (Zimmermann, 1983).

Mouse strains and surgical procedure. Male
mice wild-type, gp130fl/fl, and SNS-gp130 �/�

mice, (aged between 8 and 12 weeks) were used
in all experiments. The mutated alleles were
backcrossed to C57BL/6J for at least 12 gener-
ations and littermates were used for controls.
Animals were housed on a 12 h light/dark cycle
with ad libitum access to chow and water (An-
dratsch et al., 2009).

For setting the crush injury, mice were
briefly anesthetized with a Ketasol (Graeub)
and xylasol (AniMedica) intraperitoneal injec-
tion and the sciatic nerve was crushed perpen-
dicular, at mid-thigh level, for 1 min using a
semielectric forceps applying a standard force
of 19 � 1.8 N (modified Bioseb Rodent pincher
RP-1; De Koning et al., 1986). Mice were al-
lowed to habituate for 1 h before sensory test-
ing and were maintained at individual cages for
the entire duration of 25 d postlesion (dpl).

Behavioral testing. Mechanical or heat sensi-
tivity following nerve lesion was quantified by
standard testing procedures (Andratsch et al.,
2009; Quarta et al., 2011). The plantar side of
the hindpaw was tested and baseline measure-
ments were taken two times before injury and
thereafter repeatedly up to 25 dpl. Calibrated
von Frey monofilaments with bending forces
between 2.8 and 45.3 mN were applied at the
plantar surface of the hindpaw. Mechanical
sensitivity was determined by measuring the
paw withdrawal threshold in response to the
stimulus. The withdrawal threshold was deter-
mined by increasing and decreasing stimulus

intensity on the basis of the up– down method (Dixon, 1980; Chaplan et
al., 1994), where an 11.4 mN stimulus was applied first. Heat sensitivity
was assessed using the Hargreaves test (Hargreaves et al., 1988): paw
withdrawal latency in response to an increasing heat stimulus (IR inten-
sity � 51) was determined with an automated algesiometer (Ugo Basile).
Motor capabilities were tested by rotarod assay (Acceler Rota-Rod 7650,
Ugo Basile). Mice were trained for two sessions before testing on an
accelerating (4 – 40 rpm) rotarod. A 600 s cutoff time was used. Latencies
to fall before (BL) and after surgery (PL) were showed as percentage
changes calculated as follows: [PL/[(BL1 � BL2)/2]] � 100.

Immunohistochemistry on frozen sections. Glabrous hindpaw skin was
dissected and postfixed in 4% paraformaldehyde (PFA) in PBS for 1 h,
cryoprotected in 25% sucrose in PBS at 4°C for at least 24 h, embedded,
and frozen in optical cutting medium (Richard-Allan Scientific). Cryo-
stat sections (Lycra CM 1950) of 20 �m were mounted on poly-lysine-
coated slides (Thermo Scientific) and blocked in 10% normal goat serum
in PBS containing 0.3% Triton X-100 for 1 h, incubated with primary
antibodies (�-TuJ1; �-NF-H) at room temperature for 12 h, washed, and
incubated at room temperature with appropriate secondary antibodies
for 90 min. After washing sections were transferred to a Leica SP5 con-
focal microscope and visualized with 63�, NA 1.4 glycerol-immersion
objective. Analysis of immunostaining was performed blinded to geno-
type. Images were processed using EMBL ImageJ (v1.45 h, NIH) with
global adjustments in brightness and contrast. Quantification of epider-
mal sensory innervation density was performed as described previously
(Lindfors et al., 2006). In brief, labeled nerve fibers in the epidermis of at
least 10 randomly chosen confocal micrographs (20 �m stacks) of four
animals per genotype were counted and the fiber density (no. of fibers/
1000 �m 2) was calculated.

Culture of primary sensory neurons. Lumbar and thoracic DRG were
dissected from adult mice as previously described (Obreja et al., 2002a;
Agarwal et al., 2007). Ganglia were cleaned from the connective tissue

Figure 1. Delayed sensory recovery in SNS-gp130 �/� mice after peripheral nerve injury in vivo. A, After nerve injury, mechan-
ical threshold increases significantly in wt: (open circle), gp130fl/fl (open triangle), and SNS-gp130 �/� (black square) mouse
strains (n �8 each). Control wt and gp130fl/fl mice started to recover after 4 dpl. In SNS-gp130 �/� mice recovery was significantly
delayed and mechanical withdrawal thresholds remained significantly elevated at 8, 11, and 15 dpl. B, Heat induced paw with-
drawal latencies (PWL) were significantly stronger affected in SNS-gp130 �/� mice after injury and this was accompanied by
slower recovery of the mice compared with controls. C, No significant differences were obtained in the motor performance in the
rotarod test and were not expected since deletion of the receptor was restricted in SNS-gp130 �/� mice to small size primary
afferent neurons, whereas muscle afferent as well as motoneurons retain gp130 expression; *p � 0.05, **p � 0.01, ***p �
0.001.
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and incubated in Liberase Blendzyme 1 (9 mg/100 ml DMEM, Roche) for
60 min. After washing with PBS, 1� trypsin-EDTA (Invitrogen) was
added for 15 min. TNB medium (Biochrom) containing L-glutamin (In-
vitrogen), penicillin G sodium, streptomycin sulfate (Invitrogen), and
Protein-Lipid-Komplex (Biochrom) was used for washing. After me-
chanical dissociation with a fire-polished Pasteur pipette, the resulting
cell suspension was centrifuged at 500 rpm through a 3.5% BSA gradient
(Sigma-Aldrich) for 10 min. The pellet was resuspended in TNB medium
and centrifuged for 5 min at 760 rpm. The neurons were plated on
coverslips coated with poly-L-lysine (Sigma-Aldrich) and laminin (10
�g/ml, Sigma-Aldrich) or fibronectin (BD Biosciences). Neurons were
cultured in TNB medium at 37°C in 5% CO2 for 20 or 48 h. For in vitro
inhibitor studies, inhibitor concentrations from 100 nM to 10 �M were
tested for toxicity with the cell-proliferation reagent WST-1 (Roche; data
not shown). During the experiments, neuronal cultures were preincu-
bated with nontoxic concentrations of the inhibitor for 1 h before over-
night growth factor treatment and control cultures were treated with
equal volumes of vehicle (DMSO) which did not affect survival or
outgrowth.

Live labeling of neuron cultures. After 20 or 48 h, neurons were live-
labeled with �-gp130 antibody diluted in cold TNB medium for 30 min
on ice. After washing, neurons were incubated with the secondary anti-
body diluted in cold TNB medium for 30 min and washed with PBS. Cells
were fixed either with 4% PFA for 20 min at room temperature (RT) or
with methanol at �20°C for 2 min. After permeabilization with 0.01%
TX-100 (Pierce) unspecific binding was blocked for 30 min with 10%
normal goat serum (Sigma-Aldrich) in PBS. Cells were incubated with
the first antibody for 1 h, washed three times for 10 min with PBS and
incubated with the appropriate secondary antibody for 30 min, counter-
stained with 4�, 6-diamidino-2-phenylindole (1:10,000; Sigma-Aldrich)
and embedded in Mowiol (Calbiochem). As primary antibodies,
�-gp130 (1:50; Neuromics), �-�-III-tubulin clone TuJ-1 (1:1000; R&D
Systems), and �-neurofilament-H (�-NF-H; 1:200; Neuromics) were
used. Secondary antibodies used were �-goat AlexaFluor 594 (1:1000;
Invitrogen), chicken �-mouse AlexaFluor 594 or donkey �-mouse Alex-

aFluor 488 (1:1000; Invitrogen), and goat �-chicken AlexaFluor 568 (1:
10,000; Invitrogen) for fluorescence microcopy.

Outgrowth assay. After 20 h in culture, SNS-gp130 �/� DRG neurons
were live labeled to detect the gp130-IR-positive cells which were ex-
cluded from the analysis. Neurons were labeled with �-TuJ1 antibody to
visualize the neurites and digitalized images of randomly chosen areas of
the coverslip were taken using an Axio Imager microscope (Carl Zeiss)
with 16�, NA 0.5 or 25�, NA 0.8 oil-immersion objective. Images were
recorded with a cooled CCD camera (SPOT; Diagnostic Instruments).
Approximately 100 cells were scored per condition and in triplicates of
experiments as minimum requirement. Only neurons that were clearly
separated from neighboring cells were included for quantification. For
the analysis of the neurite-bearing cells percentage, neurons with no
visible process or with only filopodial formations were counted as nega-
tive. Cells showing at least one neurite with total neurite length of at least
one cell diameter were counted. Numbers of primary intersections were
measured by Sholl analysis, where intersections are defined as the num-
ber of neurites directly attached to the soma for a Sholl radius of 20 or 30
�m. Quantification was performed using MetaMorph image analysis
(Meta Imaging Series 7.1, v7.1.6.0, Molecular Devices) or ImageJ software
and NeuronJ plugin (http://www.imagescience.org/meijering/software/
neuronj/; Meijering et al., 2004).

RNA isolation and quantitative real-time PCR. DRG from adult mice
were snap-frozen in liquid nitrogen for RT-PCR and stored at �80°C
until required. Total RNA was isolated 24 h after start of the culture using
RNeasy Micro kit (Qiagen) according to the manufacturer’s instructions.
Reverse transcription of 1 �g RNA to cDNA was performed using the
GeneAmp RNA PCR Kit (Applied Biosystems) with random hexamer
primers. RNA and cDNA concentrations were measured photometri-
cally. Each cDNA sample was analyzed for expression of neurotrophin
receptors by quantitative real-time PCR using the TaqMan 5� nuclease
assays Mm01219406_m1 (for trkA), Mm00446296_m1 (for p75 NTR),
and Mm01352363_m1 (for succinate dehydrogenase subunit A, Sdha; all
from Applied Biosystems). Reactions were performed in a MicroAmp
Fast Optical 96-Well Reaction Plate (Applied Biosystems) using the 7500

Figure 2. Reduced density of TuJ-1 � nerve endings in the epidermis in SNS-gp130 �/� mice after lesion. A, Representative cross sections of hindpaw glabrous skin of naive and 12 dpl gp130fl/fl

and SNS-gp130�/� mice stained with the pan neuronal marker TuJ-1. The dotted line indicates the border between dermis and epidermis. Scale bar, 40 �m. B, Quantification of the total number
of TuJ-1 � fibers (NE) per 1000 �m 2 of epidermal area shows a significant decrease in density in SNS-gp130 �/� mice after lesion compared with control animals (*p � 0.05; n � 4 for each group).
Data are presented as mean � SEM and analyzed by Mann–Whitney U test. C, 3D reconstruction of the deeper layer of the dermis shows fewer nerve bundles in SNS-gp130 �/� dermis compared
with controls. D, No NF-H � proprioceptive fibers were detectable in the epidermis of gp130fl/fl animals at 12 dpl. Scale bar, 40 �m.
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Fast Real-Time PCR System (Applied Biosystems). Samples were run in
triplicate using 50 ng of total RNA equivalents (cDNA) and positive and
negative controls were included in all the experiments. Threshold cycle
(CT) values were recorded as a measure of initial template concentration.
Relative fold-changes in RNA levels were calculated by the 		CT method
using Sdha as a reference standard gene. The fold-change expression,
relative to a calibrator sample, was calculated by 2 �		CT.

Western blotting. Sensory neurons cultured for 24 h were growth
factor-deprived for 2 h in extracellular solution (ECS) before stimulation

with 5 ng/ml IL-6 or 20 ng/ml CNTF for 10 min
in ECS for the experiments depicted as shown
in Figure 5A. For the experiments shown in
Figures 4B and 6A, cell seconds were treated
with 100 ng/ml NGF for2 h or 30 min, respec-
tively. Nontreated cultures were used as con-
trols. Neurons were harvested in freshly
prepared ice-cold RIPA-buffer (50 mM Tris-
HCl, 150 mM NaCl, 50 mM NaF, 5 mM EDTA,
0.5% deoxycholic acid, 0.1% SDS, 1% Nonidet
P-40, all Sigma-Aldrich) enriched with 1:10
phosphatase inhibitor complex (Sigma-Aldrich)
and 1:1000 phosphatase inhibitor sodium-ortho-
vanadate (Sigma-Aldrich). SDS-PAGE was per-
formed under standard denaturing conditions
and lysates were processed as described previ-
ously (Andratsch et al., 2009). Protein content
was measured with BCA Protein Assay kit
(Thermo Scientific) according to the protocol.
Equal amounts of protein were loaded. For im-
munodetection, membranes were incubated
with the desired antibodies diluted according
to the instructions of the manufactures. Vi-
sualization of blots was performed with en-
hanced chemiluminescence by using the
SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific). Membranes
were scanned with LAS4000 luminescent im-
ager (GE Healthcare). Quantification was per-
formed using ImageJ software and relative
values for phosphorylated proteins are repre-
sented as units after normalization to the non-
phosphorylated form. �-gp130 (1:1000; Cell
Signaling Technology), �-phospho-STAT3
(Tyr705) XP (1:2000; Cell Signaling Technol-
ogy), �-STAT3 (1:1000; Cell Signaling Technol-
ogy), �-phospho-ERK1/2 (Thr202/Tyr204) (1:
1000; Cell Signaling Technology), and �-ERK1/2
(1:1000; Cell Signaling Technology) were used as
primary antibodies, and �-rabbit IgG (1:5000;
Sigma-Aldrich) secondary antibody for detection.

Compounds and inhibitors. Cytokines or fac-
tors used: 5 ng/ml IL-6 (Sigma-Aldrich), 5
ng/ml HIL-6 (Fischer et al., 1997; Schäfer et al.,
1999), 10 ng/ml LIF (Neuromics), 20 ng/ml
CNTF (Sigma-Aldrich), 100 ng/ml mNGF 2.5 S
(grade II, Alomone Labs), and 100 ng/ml leptin
(Sigma-Aldrich). Inhibitors: 1.5 �M STATTIC
(Calbiochem) and 1 �M JAKI (Calbiochem).

Statistics. For statistical analysis the SigmaS-
tat 3 software was used and data are presented
as mean � SEM. Statistical tests were used dif-
ferently: two-way repeated-measures (RM)
ANOVA or one-way ANOVA followed by
Tukey post hoc test or Kruskal–Wallis with
Mann–Whitney U or Student’s t post hoc test
with Holm/Bonferroni correction for multiple
comparisons between groups; Mann–Whitney
U test for intraindividual comparisons. Data
were analyzed by �2 test for comparison of rela-
tive group sizes. Differences were considered sta-

tistically significant at p � 0.05.

Results
Recovery in SNS-gp130 �/� mice is delayed after sciatic nerve
injury in vivo
The involvement of gp130 signaling in peripheral neuronal re-
generation was studied in the sciatic nerve crush injury in vivo

Figure 3. Reduced neurite outgrowth in sensory neurons lacking gp130 in vitro. A, Representative examples of DRG neuron
cultures from gp130fl/fl and SNS-gp130 �/� mice. Scale bar, 210 �m. Neurons were cultivated with or without HIL-6 (5 ng/ml) for
20 h and stained with Tuj-1. B, The percentage of neurite-bearing cells in control cultures was significantly reduced in nontreated
and treated SNS-gp130 �/� cultures compared with gp130fl/fl cultures (***p � 0.001; � 2 test). Likewise, the total neurite length
was significantly shorter in untreated as well as HIL-6 treated SNS-gp130 �/� neurons (n � 75 nontreated, n � 89 treated) vs
gp130fl/fl (**p � 0.01; Mann–Whitney U test with Holm correction, n � 122 nontreated, n � 109 treated). C, Neurite length of
gp130-IR-positive neurons in SNS-gp130 �/� cultures, (n � 47 pos; n � 47 neg) was similar to values of control gp130fl/fl cells
(Mann–Whitney U test with Bonferroni correction, n � 79). D, Long-term cultures for 48 h revealed that the differences between
control and SNS-gp130 �/� DRG neuronal cultures persisted for at least 2 d with and without HIL-6 treatment (for wt, n � 55
nontreated, n � 63 treated; for gp130fl/fl, n � 77 nontreated, n � 40 treated; for SNS-gp130 �/�, n � 75 nontreated, n � 69
treated). E, Upon treatment with IL-6 (5 ng/ml) an increase in neurite length was obtained for gp130fl/fl neurons (n � 79
nontreated, n � 87 treated), whereas SNS-gp130 �/� neurons did not respond (n � 47 nontreated, n � 51 treated). F, LIF (20
ng/ml) induced an increase of the average length in gp130fl/fl neurons (n � 73 nontreated, n � 67 treated), whereas gp130-
deficient neurons were not affected (n � 78 nontreated, n � 69 treated). G, Likewise, CNTF (20 ng/ml), stimulated outgrowth in
gp130fl/fl neurons but had no effect on SNS-gp130 �/� neurons (n � 121 gp130fl/fl nontreated, n � 105 gp130fl/fl treated; n �
11 SNS-gp130 �/� nontreated, n � 5 SNS-gp130 �/� treated). Data are presented as mean � SEM and analyzed by Mann–
Whitney U test with Holm correction, ***p � 0.001.
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model using the SNS-gp130�/� mouse strain. In this strain the
gp130 subunit is selectively deleted in nociceptive sensory neu-
rons expressing the SNS sodium channel NaV1.8 (Andratsch et
al., 2009). Functional nerve recovery was monitored for 25 dpl by
determining sensory thresholds and motor capabilities in adult
mice expressing gp130 from wild-type (wt), or floxed alleles
(gp130fl/fl). Both strains were compared with SNS-gp130�/�

mice. Mechanical sensory thresholds were significantly elevated
by approximately fourfold in all mouse strains within the first 4
dpl (day �1 vs day 1, p � 0.000012 for gp130fl/fl, p � 0.000012 for
wt, p � 0.000012 for SNS-gp130�/�; gp130fl/fl vs wt, p � 0.139;
two-way RM ANOVA, Tukey post-test; n � 8). In gp130 express-
ing mice (wt and gp130fl/fl), mechanical thresholds started to re-
cover from day 8 but remained elevated in SNS-gp130�/� mice
(Fig. 1A; 23.95 � 1.60 mN for gp130fl/fl vs 54.58 � 0.0 mN for
SNS-gp130�/�; p � 0.001, two-way RM ANOVA, Tukey post-
test; n � 8). Heat sensitivity was likewise decreased after nerve
injury in all three strains and returned to the baseline at day 4 in
wt and gp130fl/fl animals (Fig. 1B; day �1 vs day 1, p � 0.00089
for gp130fl/fl, p � 0.069 for wt, p � 0.000013 for SNS-gp130�/�;
gp130fl/fl vs wt, p � 0.487; two-way RM ANOVA, Tukey post-test;

n � 8). In SNS-gp130�/� mice recovery was severely delayed and
reached baseline only at day 22 (Fig. 1B; 8.56 � 0.50 s for gp130fl/fl

vs 13.28 � 0.90 s for SNS-gp130�/�; p � 0.001, two-way RM
ANOVA, Tukey post-test; n � 8). Because expression of Cre
recombinase and respective deletion of gp130 was restricted in
our experiments to the nociceptive Nav1.8-positive sensory neu-
ronal subpopulation without affecting myelinated sensory neu-
rons, we expected no difference in motor recovery between
mouse strains. Indeed, there was no difference in the recovery of
motor function between gp130fl/fl and SNS-gp130�/� mice as de-
termined by the rotarod test (Fig. 1C; two-way RM ANOVA, n.s.,
n � 8). Therefore, the observed delay in functional recovery of
peripheral neurons after nerve injury in vivo is consistent with a
selective dysfunction of the neurons in which gp130 was geneti-
cally ablated, whereas recovery of motor functions remains unal-
tered after injury. These results suggest an important cell
autonomous role for neuronal gp130 signaling during peripheral
nerve regeneration.

Cutaneous reinnervation in SNS-gp130 �/� mice is retarded
after injury
SNS-gp130�/� mice do not show any developmental deficits or
overall altered composition of sensory neuron populations in the
DRG (Andratsch et al., 2009). In line with these data, the number
of Tuj-1� free nerve endings per square micrometer was similar
in untreated gp130fl/fl and SNS-gp130�/� mice (Fig. 2A,B; 2.85 �
0.09 NE for gp130fl/fl vs 2.63 � 0.14 NE for SNS-gp130�/�; Mann–
Whitney U test, n � 4 animals per strain, n � 512 NE counted for
gp130fl/fl; n � 462 NE for SNS-gp130�/�). Therefore, skin of
SNS-gp130�/� mice is normally innervated before injury. To as-
sess cutaneous reinnervation after injury in vivo, the number of
free nerve endings in the skin was analyzed in the plantar inner-
vation territory of the sciatic nerve. Only exceptionally were Tuj-
1-positive sensory neuronal endings detected in both mouse
strains 8 dpl (data not shown). At 12 d after crush-lesion, the first
Tuj-1-immunopositive axonal profiles reinnervating sweat
glands and skin of the injured hindpaws were visible. Quantita-
tive analysis revealed a significantly lower number of free nerve
endings in the epidermis of SNS-gp130�/� mice versus controls
(0.34 � 0.06 NE for SNS-gp130�/� vs 1.04 � 0.19 NE for gp130fl/fl;
p � 0.029, Mann–Whitney U test, n � 4 animals per strain, n �
178 NE counted for gp130fl/fl; n � 59 NE for SNS-gp130�/�; Fig.
2A,B). These nerve endings in gp130fl/fl mice were negative for
NF-H and thus very likely represent regenerating nociceptive fi-
bers (Fig. 2D; Aoki et al., 2004; Zylka et al., 2005). Differences in
neuronal fiber bundles in animals lacking gp130 in nociceptors
were also detected in deeper layers of the dermis. 3D reconstruc-
tions show that nerve bundles were already regenerating at 12 dpl
at high-frequency at the level of the dermis in gp130fl/fl mice,
whereas none or fewer nerve bundles were found in SNS-
gp130�/� dermis (Fig. 2C). These morphological changes suggest
that the delay in functional recovery detected after injury in SNS-
gp130�/� mice in our behavioral test is caused by impairment in
axon regeneration and target tissue reinnervation.

Neurite outgrowth is inhibited in cultures of adult
SNS-gp130 �/� DRG neurons
The above data suggested that gp130 regulates the regenerative
post-lesion response of injured neurons in vivo. As an in vitro
model of neuronal injury, we analyzed the effect of gp130 ablation
on the intrinsic growth capacity of adult primary DRG
neuronal cultures. To this end DRG neurons from SNS-
gp130�/� and gp130fl/fl mice were cultured for 20 h in absence of

Figure 4. Reduced in vitro outgrowth of neurons lacking gp130 in response to NGF. A, NGF
(100 ng/ml) increased the total neurite length of gp130fl/fl neurons (n � 99 nontreated, n �
105 treated) but only led to a minimal increase of neurite outgrowth in SNS-gp130 �/� neurons
(n � 11 nontreated, n � 51 treated). B, The histogram on the right shows the percentage of
neurite-bearing cells, which was significantly smaller in knock-out cultures compared with
controls upon treatment (n � 615 gp130fl/fl nontreated, n � 391 gp130 fl/fl treated; n � 516
SNS-gp130 �/� nontreated, n � 515 SNS-gp130 �/� treated). C, Representative example of
Western blot and quantification of phospho-ERK1/2 (pERK1/2) versus total ERK1/2 obtained
from treated and nontreated DRG cultures. Treatment with NGF (100 ng/ml) for 2 h led to similar
increase of pERK1/2 in both DRG cultures from gp130fl/fl and SNS-gp130 �/� mice (n � 4;
**p � 0.01, one-way ANOVA, Tukey post hoc test). No difference was observed in total ERK1/2
between the two strains and total ERK1/2 was used as a loading control. Values for pERK1/2
were related to ERK1/2 nonphosphorylated and represented as relative intensity. Data are
presented as mean � SEM and analyzed by Mann–Whitney U test with Holm correction or � 2

test; *p � 0.05, **p � 0.01, ***p � 0.001.
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exogenous factors on a poly-L-lysine/laminin matrix before anal-
ysis. Neuronal cultures prepared with the method described
above were enriched of Nav1.8-positive neurons as shown previ-
ously (Agarwal et al., 2004; Andratsch et al., 2009). The analysis
was restricted to SNS-gp130�/� DRG neurons because gp130-
positive cells in the cultures were detected by their gp130 immu-
noreactivity and were excluded from the analysis. A significant
reduction in both the proportion of neurite-bearing cells
(16.11 � 5.86% for SNS-gp130�/� neurons vs 47.28 � 6.77% for
gp130fl/fl; p � 0.000001, � 2 test; Fig. 3A,B) and the total neurite

length was observed for gp130-deficient
neurons compared with controls
(173.11 � 18.29 �m for SNS-gp130�/�

neurons vs 364.34 � 29.52 �m for gp130fl/

fl; p � 0.000003, Mann–Whitney U test
with Holm correction; Fig. 3A,B). How-
ever, Sholl analysis showed no significant
difference in the number of primary inter-
sections close to the cell body for a Sholl
radius of 20 and 30 �m between gp130fl/fl

and SNS-gp130�/� neurons (data not
shown; p � 0.260 for 20 �m, p � 0.866 for
30 �m).

Because gp130 was only ablated from
the SNS expressing population, we next
analyzed gp130 expressing and nonex-
pressing neurons separately on the same
culture dish. Although neurons lacking
gp130 exhibited impaired neurite growth,
neurons expressing immunoreactivity for
gp130 in SNS-gp130�/� cultures showed
normal average neurite length not differ-
ent from wt or gp130fl/fl mice (p � 0.0867,
Mann–Whitney U test with Bonferroni
correction; Fig. 3C). Furthermore, cul-
tures from SNS-Cre animals presented a
similar growth capacity comparable to
gp130fl/fl animals (data not shown).

The decrease in total neurite length
was also detected in SNS-gp130�/� cul-
tures at 48 h (Fig. 3D) or when neurons
were cultured on fibronectin matrix in-
stead of laminin (data not shown).

Next, we tested the effect of gp130 li-
gands on neurite outgrowth. In cultures
from control mice hyper-IL-6 (HIL-6; Fi-
scher et al., 1997; Schäfer et al., 1999)
treatment increased neurite length
compared with untreated cultures. By
contrast, treatment of SNS-gp130�/�

neurons had no effect on neurite length.
The difference after ligand treatment
between SNS-gp130�/� neurons and con-
trol neurons was highly significant
(183.41 � 13.17 �m for SNS-gp130�/� vs
591.44 � 47.33 �m for gp130fl/fl; p �
0.000004, Mann–Whitney U test with
Holm correction; Fig. 3B). Likewise, the
percentage of neurite-bearing cells in
gp130fl/fl cultures was increased upon li-
gand treatment, whereas the percentage of
SNS-gp130�/� neurons growing neurites
remained unchanged (16.31 � 5.59% for

SNS-gp130�/� vs 71.92 � 6.25% for gp130fl/fl; p � 0.000001, � 2

test; Fig. 3A,B). Also, other gp130 agonists including IL-6, LIF,
and CNTF effectively increased neurite outgrowth in control but
not in SNS-gp130�/� neurons (Fig. 3E–G).

The floxed gp130 allele targets exon 15 of the locus, which
encodes the transmembrane domain, potentially leading to the
translation of soluble ligand binding domains from the targeted
locus (Betz et al., 1998). Such proteins were not detectable by
Western blotting in our cultures obtained from SNS-gp130�/�

animals compared with control (data not shown). Therefore, we

Figure 5. Reduced phospho-STAT3 in gp130-deficient cultures and inhibitor effect of Stattic and JAKI. A, Representative
example of Western blot and quantification of pSTAT3 versus total STAT3 obtained from treated and untreated DRG cultures.
Treatment with IL-6 (5 ng/ml) or CNTF (20 ng/ml) for 10 min led to increase of pSTAT3 in DRG cultures from gp130fl/fl mice, whereas
SNS-gp130 �/� cultures showed no or strongly reduced pSTAT3 at baseline, as well as upon treatment (n �4 ctrl; n �3 for�IL6;
n � 4 for �CNTF). Quantification of the Western blot results revealed significant reduction in the basal pSTAT3 in SNS-gp130 �/�

cultures compared with control (n � 4; *p � 0.05, **p � 0.01, ***p � 0.001, Student’s t test with Holm correction). Total STAT3
was used as a loading control and no difference was observed in total STAT3 between the two strains. Values for pSTAT3 were
related to STAT3 nonphosphorylated and represented as relative intensity. B, Treatment of control gp130fl/fl neurons with Stattic
or JAK inhibitor in absence of exogenous growth factors or cytokines significantly reduced the percentage of neurite-bearing
neurons and the total neurite length (Table 1). Additionally, 1 h inhibitor pretreatment decreased NGF elongating effect (Table 1);
*p � 0.05, **p � 0.01, ***p � 0.001, Mann–Whitney U test with Holm correction or � 2 test. C, Representative example of
Western blot and quantification of pSTAT3 vs total STAT3 obtained from treated and untreated DRG cultures. In quantification
analysis pSTAT3 levels were significantly increased upon treatment with NGF (100 ng/ml) for 30 min in gp130fl/fl DRG cultures. No
significant activation of STAT3 by NGF occurred in cultures from SNS-gp130 �/� mice (n � 3; **p � 0.01, ***p � 0.001, one-way
ANOVA, Tukey post hoc test).
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exclude that exogenously added cytokines are scavenged by sol-
uble gp130 domains in our experiments with SNS-gp130�/� cul-
tures. Rather our results support the idea that gp130 is a
determining factor of neurite length and number of cultured
adult sensory neurons, both in the presence and absence of exog-
enously added ligands.

Cultured gp130-deficient neurons are impaired in their
response to the neurotrophin NGF
The neurotrophin nerve growth factor NGF is generally accepted
to support adult neuronal regeneration and specifically neurons
exposed to NGF in culture elongate their neurites (Terenghi,
1999; Yamashita et al., 1999). To assess the effect of this factor on
neurite outgrowth, neurons were cultured for 20 h with or with-
out NGF (100 ng/ml).

In the presence of NGF total neurite length of gp130fl/fl DRG
neurons was significantly increased from 557.23 � 38.31 �m
(nontreated, n � 99) to 1686.73 � 204.53 �m (treated group,
n � 105; p � 0.000002, Mann–Whitney U test with Holm cor-
rection; Fig. 4A).

Total neurite length upon addition of NGF to SNS-gp130�/�

DRG was significantly shorter compared with controls (346.06 �
34.58 �m in treated group, n � 51 vs 169.13 � 36.43 �m in
nontreated, n � 11; p � 0.031093 or vs 1686.73 � 204.53 �m in
gp130 fl/fl treated group, n � 105; p � 0.000003, Mann–Whitney
U test with Holm correction; Fig. 4A). The percentage of neurite-
bearing cells was increased to 59.05 � 6.39% in gp130fl/fl neuronal
cultures, whereas it was significantly lower in SNS-gp130�/�

(18.28 � 2.03%, p � 0.000001, �2 test; Fig. 4B). Thus, NGF treat-
ment did not fully recover the deficit in neurite outgrowth of
SNS-gp130�/� DRG neurons. The reduced NGF outgrowth re-
sponse of SNS-gp130�/� DRG neurons was not due to changes in
NGF receptor expression levels, because mRNA levels for the
neurotrophin receptors trkA and p75NTR were similar in DRG
neurons from SNS-gp130�/� and gp130fl/fl animals 24 h after
plating (data not shown). Phosphorylation levels of the MAP
kinases ERK1/2 2 h after NGF treatment were elevated to similar
levels in both gp130fl/fl and SNS-gp130�/� treated neuronal cul-
tures (n � 4, p � 0.01 gp130fl/fl, p � 0.006 SNS-gp130�/�; one-
way ANOVA, Tukey post-test; Fig. 4C). This indicates that
stimulation of trkA NGF receptors could still normally activate
downstream ERK pathway in SNS-gp130�/� DRG cultures de-
spite the difference in outgrowth.

Together, these data demonstrate that in the absence of gp130,
the activity of the neurotrophin NGF, which signals through
other classes of receptors and do not bind to gp130-containig

receptors, is insufficient to support maximal neurite outgrowth
in cultures of adult sensory neurons. Therefore, gp130 deter-
mines neurite outgrowth of adult DRG neurons in vitro, and in its
absence, the growth promoting activities not only of its own cy-
tokine ligands but also of NGF are inhibited or reduced.

Inhibition of STAT3 activity reduces neurite outgrowth
gp130-dependent cytokines signal through the JAK/STAT and
MAPK pathways (Heinrich et al., 2003). Members of the STAT
family, in particular STAT3, are activated following peripheral
injury (Schwaiger et al., 2000; Qiu et al., 2005). We compared
activated phospho-STAT3 (pSTAT3) levels before and after IL-6
or CNTF treatment in DRG cultures from control and SNS-
gp130�/� mice. Levels of total STAT3 were similar in all samples
and served as a reference to calculate relative intensities for
pSTAT3 presented as arbitrary units. In cultures from control
mice, relative pSTAT3 intensity was increased two times over
control by IL-6 and eight times by CNTF (n � 4 control and
CNTF, p � 0.0021; n � 3 IL-6, p � 0.0411; Student’s t test with
Holm correction; Fig. 5A). No increase of pSTAT3 levels oc-
curred after IL-6 and the CNTF treatment of SNS-gp130�/� cul-
tures had little effect on STAT3 activation. pSTAT3 levels were
significantly lower for all conditions in cultures obtained from
SNS-gp130�/� compared with mice gp130fl/fl mice (n � 4 control
and CNTF, p � 0.0020; n � 3 IL-6, p � 0.0049; Student’s t test
with Holm correction; Fig. 5A). In particular in SNS-gp130�/�

cultures, the basal pSTAT3 activity in untreated cultures was sig-
nificantly decreased compared with cultures from gp130fl/fl mice
(n � 4 control, p � 0.00537; Student’s t test with Holm correc-
tion; Fig. 5A).

To study the function of STAT3 activation during neurite
outgrowth of adult sensory neurons, pharmacological inhibitors
of STATs or JAKs were used. The Stattic compound selectively
inhibits STAT3 and reduces phospho-STAT3 Tyr705 levels,
whereas phospho-STAT1 Tyr701 levels remain unchanged
(Schust et al., 2006). The used JAK inhibitor (JAKI) blocks the
activity of JAK1, -2, and -3 (Thompson et al., 2002; Pedranzini et
al., 2006). Stattic or JAKI added at nontoxic doses to wild-type
neuron cultures significantly reduced the percentage of neurite-
bearing cells, as well as total neurite length (Table 1; Fig. 5B).
Next, we tested the effect of NGF on neurite outgrowth in the
presence of Stattic and JAKI in DRG cultures. The total neurite
length of NGF treated wild-type neurons was significantly de-
creased upon JAK/STAT inhibition (Table 1; Fig. 5B). Likewise,
the percentage of neurite-bearing neurons was reduced (Table 1;
Fig. 5B). Comparison between untreated and NGF-treated cul-

Table 1. Total neurite length and percentages of neurite-bearing cells (n.b.c.s) in gp130fl/fl cultures in presence of Stattic or JAK inhibitors and before or after NGF

Neurite length
(�m) p n

n.b.c.
% p n

Ctrl 555.27 � 30.27 154 28.18 � 2.11 891
NGF 1686.73 � 204.53 0.000007a 105 59.05 � 6.39 �0.000001a 391
1 �M JAKI 361.69 � 47.59 0.004644a 42 16.53 � 1.02 0.0000056a 286
NGF � 1 �M JAKI 702.69 � 76.60 0.004797b 68 24.84 � 4.13 �0.000001b 280

0.000006c 0.026638c

1.5 �M Stattic 379.31 � 56.81 0.05505a 24 7.21 � 2.65 �0.000001a 309
NGF � 1.5 �M Stattic 474.88 � 119.35 0.000005b 17 6.12 � 1.91 �0.000001b 296

0.968337d 0.407560d

Mann–Whitney U test with Holm correction or �2 test.
aComparison versus Ctrl.
bComparison versus NGF.
cComparison for 1 �M JAKI without versus with NGF.
dComparison for 1.5 �M Stattic without versus with NGF.
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tures showed a significant reduction of the
NGF effect in the presence of the inhibitors
(Table 1; Fig. 5B). In particular, the reduc-
tion by the Stattic compound was not re-
versed by NGF. Therefore JAK kinase and
STAT3, in particular, are suggested to be
involved in the intrinsic neurite outgrowth
as well as in response to the neurotrophin
NGF of wild-type neurons.

Moreover, STAT3 activation in the
presence of NGF has been reported for sev-
eral cell types including sensory neurons
(Donnerer et al., 2005; Ng et al., 2006;
Zhou and Too, 2011).

We quantified pSTAT3 levels in the ab-
sence and presence of NGF for 30 min in
DRG cultures from control and SNS-
gp130�/� mice. pSTAT3 levels increased
approximately twofold in NGF-treated
gp130fl/fl cultures compared with untreated
controls. pSTAT3 levels were hardly detect-
able in SNS-gp130�/� cultures and no signif-
icant increment occurred in NGF treated
SNS-gp130�/� cultures (n � 3, p � 0.008
gp130fl/fl, p � 0.948 SNS-gp130�/�; one-way
ANOVA, Tukey post-test; Fig. 5C).

These data suggest that activation of the
JAK/STAT pathway is deficient in SNS-
gp130�/� neuron cultures and that activa-
tion of JAK/STAT is one of the critical
pathways for neurite outgrowth of sensory
neurons without exogenously added fac-
tors and also when neuropoietic cytokines
or NGF are added.

Rescue of neurite outgrowth by
activation of STAT3 by leptin
To test whether restoration of STAT3 ac-
tivity was sufficient to stimulate neurite
outgrowth and to rescue the deficit in neu-
rite growth of SNS-gp130�/� neurons,
DRG cultures from SNS-gp130�/� and
gp130fl/fl mice were treated with
leptin (100 ng/ml), which alternatively ac-
tivates STAT3 via its own leptin receptor
independently of gp130. In the absence of
other added factors, leptin in cultures from
control mice stimulated neurite outgrowth
(557.99 � 41.67 �m untreated, n � 121 vs
1240.27 � 172.38 �m treated, n � 59; p �
0.000003, Mann–Whitney U test with
Holm correction; Figs. 6A,B, 3A) and in-
creased the number of neurite-bearing
cells (35.68 � 2.65% untreated vs 43.48 �
4.04% treated; p � 0.11056, � 2 test; Fig.
6B). Leptin also partially rescued neurite
outgrowth in neurons from SNS-
gp130�/� mice (169.13 � 36.43 �m un-
treated, n � 11 vs 627.63 � 145.94 �m
treated, n � 36; p � 0.015, Mann–Whitney
U test with Holm correction; Figs. 6A,B,
Fig. 3A) and the number of neurite-
bearing cells (4.10 � 1.22% untreated, n �

Figure 6. Partial rescue of neurite outgrowth in SNS-gp130 �/� cultures through alternative STAT3 activation with
leptin. A, Representative examples of control and gp130-deficient neurons treated with leptin and stained with Tuj-1.
Scale bar, 30 �m. B, Leptin, that activates STAT3 via a gp130-independent pathway, increased the average length of
control neurons (***p � 0.001; Mann–Whitney U test with Holm correction, n � 121 nontreated, n � 59 treated).
Moreover, leptin partially restored neurite outgrowth in SNS-gp130 �/� neurons (*p � 0.05; Mann–Whitney U test with
Holm correction, n � 11 nontreated, n � 36 treated). The number of neurite-bearing cells was increased in leptin treated
compared with nontreated SNS-gp130 �/� cultures (***p � 0.000001; � 2 test, for gp130fl/fl n � 388 nontreated, n �
166 treated; for SNS-gp130 �/� n � 305 nontreated, n � 184 treated). C, SNS-gp130 �/� cultures were stimulated with
the combination of NGF and leptin. This treatment recovered total neurite length to the levels of NGF-treated control
neurons ( p � 0.447; Mann–Whitney U test with Holm correction). This effect was in turn inhibited by Stattic (for
SNS-gp130 �/� n � 11 nontreated, n � 51 NGF treated, n � 36 leptin treated, n � 95 NGF�leptin, n � 19
NGF�leptin�1.5 �M Stattic; for gp130 fl/fl n � 105 NGF treated). D, The percentage of neurite-bearing cells was largely
recovered by coapplication of NGF and leptin in knock-out cultures and this effect was abolished by the addition of Stattic
(for SNS-gp130 �/� n � 516 nontreated, n � 515 NGF treated, n � 184 leptin treated, n � 271 NGF�leptin, n � 280
NGF�leptin�1.5 �M Stattic; for gp130fl/fl n � 391 NGF treated). Data are presented as mean � SEM and analyzed by
Mann–Whitney U test with Holm correction or � 2 test; *p � 0.05, **p � 0.01, ***p � 0.001.
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305 vs 20.04 � 1.20% treated, n � 184; p � 0.000001, � 2 test; Fig.
6B). Because the outgrowth response to NGF was impaired in
SNS-gp130�/� neurons, cultures from SNS-gp130�/� mice were
stimulated with a combination of leptin (100 ng/ml) and NGF
(100 ng/ml) for 20 h. This treatment fully rescued NGF-mediated
neurite outgrowth of gp130-deficient neurons to the level of
NGF-treated gp130fl/fl control neurons (Table 2; Fig. 6C,D). To
prove that this response was STAT3-dependent, SNS-gp130�/�

neurons were cultured with NGF and leptin in the presence of
Stattic inhibitor. This treatment fully reversed the rescue effect of
leptin in SNS-gp130�/� cultures (Table 2; Fig. 6C). In the pres-
ence of the Stattic inhibitor only 6% of neurons had neurites
compared with 39% of neurons treated with leptin and NGF in
the absence of the inhibitor (Table 2; Fig. 6D). These results reveal
that alternative STAT activation is effective at rescuing outgrowth
of adult sensory neurons in response to the neurotrophin NGF in
the absence of gp130.

Discussion
Peripheral nerve injury triggers a series of highly regulated cellu-
lar responses that imply regulation of neuroactive substances in
neurons, macrophages, and Schwann cells. In the present study,
we have studied the role of gp130, the receptor for group of
cytokines, which are regulated and secreted after injury. We pro-
vide in vivo evidence for Nav1.8-positive adult sensory that after
injury intrinsic neuronal expression of gp130 regulates func-
tional recovery of thermal and mechanical sensitivity, as well as
target tissue reinnervation.

Several previous reports have indicated a function of gp130
ligands in axonal regrowth after injury (Hirota et al., 1996; Send-
tner et al., 1997; Zhong et al., 1999; Cafferty et al., 2001; Shuto et
al., 2001; Gardiner et al., 2002; Lara-Ramirez et al., 2008). How-
ever, gp130 itself is ubiquitously expressed and its cytokine li-
gands exert pleiotropic and often redundant responses on many
different cell types. Therefore, in several in vivo scenarios it
turned out to be difficult to assign cell-specific functions to indi-
vidual gp130 ligands. One well described example of gp130 ligand
redundancy in the nervous system is postnatal sympathetic neu-
rotransmitter plasticity (for review, see Apostolova and Dechant,
2009). gp130 Cytokines including IL-6, LIF, CNTF, and others
can trigger cholinergic differentiation of noradrenergic sympa-
thetic neurons in neuronal culture. Surprisingly, mice carrying

double or even triple mutations of the corresponding genes were
not impaired in cholinergic differentiation in vivo (Rao et al.,
1992). By contrast, conditional DBH-gp130 knock-out animals,
which specifically lack gp130 in noradrenergic neurons, display
the expected loss of the cholinergic sympathetic phenotype
(Stanke et al., 2006). Analogous observations were also made
with respect to the regulation of neuropeptides after axotomy in
the mature peripheral nervous system. Several gp130 ligands are
potent regulators of neuropeptides in sympathetic neurons in
vitro. However, individual knock-outs of the gp130 ligands IL-6
and LIF did not show the corresponding in vivo phenotype (Cor-
ness et al., 1996; Sun and Zigmond, 1996; Murphy et al., 1999).
Again, experiments with the conditional DBH-gp130 mutant
strain finally confirmed that gp130 cytokine-signaling is required
for neuropeptide regulation following axotomy in adult sympa-
thetic neurons (Habecker et al., 2009). Finally, a third study with
the same conditional mutant demonstrated that the conditioning
lesion response of sympathetic neurons also depends on neuro-
nal gp130 and its ligands (Hyatt Sachs et al., 2010).

In view of these previous key findings in the sympathetic ner-
vous system, we decided to study the effect of gp130 and its li-
gands on functional and morphological recovery of axons after
injury in the peripheral sensory nervous system in a conditional
gp130 mutant mouse strain. In this mouse model, the receptor is
selectively targeted in nociceptor neurons expressing the NaV1.8
sodium channel. We identified a severe delay of functional recov-
ery and cutaneous reinnervation after experimental nerve crush.
These findings demonstrate that at least some of the nerve regen-
eration promoting effects of neuropoietic cytokines are mediated
via gp130 expressed on neurons and are not indirectly via gp130-
bearing Schwann cells or macrophages. However, although func-
tional recovery and morphological regeneration of sensory axons
were delayed after sciatic nerve crush in our model, there was no
general failure of sensory neuronal regeneration. The reasons for
this and potential redundancies or compensatory effects in vivo
remain to be explored.

To obtain insight in potential cellular mechanisms we used
cultures of adult sensory neurons as an in vitro injury model.
Corresponding well to our in vivo results, the number of neurite-
bearing DRG neurons, as well as the average neurite length, was
significantly reduced in neurons lacking gp130. Interestingly, a
reduction was observed in the presence as well as in the absence of
added gp130 cytokines including HIL6, IL-6, CNTF, and LIF.
Therefore, it is likely that gp130 has a basal level of activity in
untreated cultures presumably due to the presence of endoge-
nously expressed gp130 ligands. It is of note that in our mouse cell
culture model IL-6 and the designer peptide HIL-6 were similarly
efficient in increasing the neurite length in control neurons. This
suggests that the soluble IL-6 receptor � subunit (sIL-6R) is not
essential for neurite regeneration in the mouse. The capability of
IL-6 to produce cellular effects in the absence of ligand binding
sIL-6R in rat and mouse is currently controversially discussed
(Obreja et al., 2002b, 2005; Cafferty et al., 2004; Cao et al., 2006).

An unexpected result of our study was that the prominent and
well documented stimulating effect of NGF on neurite outgrowth
in cultures of adult sensory neurons is reduced in the absence of
gp130 (Lindsay, 1988). This factor is not known to bind to gp130
containing complexes, and our finding is not explained by alter-
ations in the expression levels of the NGF receptors or reduced
potential of NGF to activate the ERK pathway. Therefore, al-
though the NGF signaling is intact at the level of the receptor, it
cannot exert its full effect without basic levels of concomitant
gp130 activity. Crosstalk between gp130 and NGF signaling ap-

Table 2. Total neurite length and percentages of n.b.c.s in SNS-gp130 �/� cultures
after leptin or NGF/leptin treatment

Neurite length (�m) p
n.b.c.
% p

Ctrl 169.13 � 36.43 6.21 � 1.54
NGF 346.06 � 34.58 0.031a 18.28 � 2.03 �0.000001a

Leptin 627.63 � 145.94 0.031a 20.04 � 1.20 �0.000001a

0.545725b

NGF � leptin 1589.62 � 148.63 0.000006a 39.46 � 0.82 �0.000001a

0.000005b �0.000001b

0.000004c 0.000051c

NGF � leptin �
1.5 �M Stattic

696.82 � 137.79 6.19 � 2.16 0.965988a

0.000008b

0.000008c

0.0226d �0.000001d

Mann–Whitney U test with Holm correction or �2 test.
aComparison versus Ctrl.
bComparison versus NGF.
cComparison versus leptin.
dComparison versus NGF � leptin.
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pears to be context-specific in neurons. Several studies on pri-
mary neurons reported opposing effects of gp130 cytokines and
NGF. This includes for one the neuropeptide expression after
axotomy in DRG and sympathetic SCG. And in the developing
sympathetic nervous system, cholinergic differentiation is pro-
moted by gp130 cytokines, whereas NGF stabilizes the noradren-
ergic phenotype (Brodski et al., 2002). With respect to neurite
outgrowth, gp130 signaling has been reported to inhibit NGF in
PC12 (Ng et al., 2003) but in adult sensory neuronal cultures
CNTF and LIF, like NGF, stimulate outgrowth (Cafferty et al.,
2001; Sango et al., 2008).

After ligand binding, the gp130 receptor activates receptor
associated Janus kinases and recruits and phosphorylates tran-
scription factors of the STAT family, in particular STAT1 and
STAT3 (for review, see Heinrich et al., 1998). In our experiments,
we identify STAT signaling as the intracellular mediator on which
NGF and neuropoietic cytokines converge downstream of their
signaling receptors.

Phosphorylation of STAT3 was significantly reduced in neu-
rons lacking gp130 in the presence, as well as in the absence, of
added neuropoietic cytokines, confirming the presence of basal
gp130 activation in untreated cultures. The observation that
STAT inhibitor causes a reduction of outgrowth in cultures of all
tested genotypes, demonstrates that gp130-dependent activation
of STAT3 is important for regulation of neurite outgrowth in
peripheral sensory neurons. Our results are consistent with re-
ports that already had indicated that STAT3 has a critical role in
the initiation phase of axonal outgrowth and in the early regen-
eration response (Bareyre et al., 2011; Ben-Yaakov et al., 2012).
Consistent with these findings STAT signaling and in particular
STAT3 phosphorylation is a close correlate of regeneration in
adult DRG neurons. STAT activation in DRG was reported after
PNS lesion but not CNS lesion (Schwaiger et al., 2000; Qiu et al.,
2005). In axotomized DRG neurons in vivo, STAT phosphoryla-
tion occurs rapidly; it peaks after 6 h and remains elevated for
weeks during regeneration. The JAK inhibitor AG490 blocks
DRG outgrowth (Liu and Snider, 2001) in vitro and in vivo (Qiu
et al., 2005). In gain of function experiments, it could be shown
that hyperactivation of Stat3 by overexpression increases sprout-
ing after spinal cord injury (Bareyre et al., 2011).

Furthermore, STAT3 was picked up in two recent screens
identifying transcription factors regulated during regeneration
(Michaelevski et al., 2010; Smith et al., 2011). Interestingly
STAT3 seems to have transcription-independent local effects in
degenerating axons of motoneurons where it modifies microtu-
bule stability via interaction with stathmin (Selvaraj et al., 2012).

With respect to STAT activation, NGF has been described to
inhibit axotomy induced activation of STAT3 (Rajan et al., 1998),
but to stimulate STAT3 in PC12 and embryonic cortical neurons
(Ng et al., 2006; Zhou and Too, 2011) by, as yet, undefined mech-
anisms. STAT3 phosphorylation occurs in DRGs and sciatic
nerve upon NGF injection in rats (Donnerer et al., 2005). We
found that NGF treatment causes slightly elevated levels of
pSTAT3 in control cultures and a reduction in phopsho-STAT3
(but not total STAT3 protein) was associated with reduced NGF
stimulated neurite outgrowth in gp130-deficient neurons. In our
experiments with wild-type neurons, the JAK inhibitor JAKI and,
in particular, the STAT inhibitor Stattic not only reduced neurite
outgrowth in response to gp130 ligands but also significantly
impaired the effect of NGF. Stattic seems to be more selective for
STAT3 over other members of the STAT family (Schust et al.,
2006). However, other STATs are also activated after injury and
may possibly contribute to the regeneration process (Dziennis

and Alkayed, 2008). The impairment in NGF-mediated neurite
outgrowth in gp130-deficient neurons was rescued when STAT3
was activated by a gp130-independent mechanism via leptin.

Together, the present study demonstrates that gp130-dependent
activation of STATs in axotomized adult sensory neurons integrates
neurite outgrowth promoting extracellular stimuli including gp130
cytokines and the neurotrophin NGF.
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