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Retinal ganglion cells (RGCs) do not normally regenerate 
injured axons, but die upon axotomy. Although IL-6-like 
cytokines are reportedly neuroprotective and promote 
optic nerve regeneration, their overall regenerative effects 
remain rather moderate. Here, we hypothesized that 
direct activation of the gp130 receptor by the designer 
cytokine hyper-IL-6 (hIL-6) might induce stronger RGC 
regeneration than natural cytokines. Indeed, hIL-6 stim-
ulated neurite growth of adult cultured RGCs with sig-
nificantly higher efficacy than CNTF or IL-6. This neurite 
growth promoting effect could be attributed to stronger 
activation of the JAK/STAT3 and PI3K/AKT/mTOR signal-
ing pathways and was also observed in peripheral dor-
sal root ganglion neurons. Moreover, hIL-6 abrogated 
axon growth inhibition by central nervous system (CNS) 
myelin. Remarkably, continuous hIL-6 expression upon 
RGC-specific AAV transduction after optic nerve crush 
exerted stronger axon regeneration than other known 
regeneration promoting treatments such as lens injury 
and PTEN knockout, with some axons growing through 
the optic chiasm 6 weeks after optic nerve injury. Combi-
nation of hIL-6 with RGC-specific PTEN knockout further 
enhanced optic nerve regeneration. Therefore, direct 
activation of gp130 signaling might be a novel, clinically 
applicable approach for robust CNS repair.

Received 2 March 2016; accepted 28 April 2016; advance online  
publication 28 June 2016. doi: 10.1038/mt.2016.102

INTRODUCTION
The adult mammalian central nervous system (CNS) shows lit-
tle capacity to regenerate injured axons. This regenerative fail-
ure has been attributed to an inhibitory environment for axonal 
growth cones as well as an insufficient intrinsic capacity for axo-
nal regrowth.1–3 As a clinical consequence, functional loss after 
injuries to the brain or spinal cord is often irreversible and only 
insufficiently treatable to date. For this reason, new clinically 
applicable treatment strategies promoting axon regeneration are 
highly desirable.

Retinal ganglion cells (RGCs) are typical CNS neurons and as 
such do not normally regenerate injured axons after optic nerve 
injury. Upon axotomy, more than 80% of murine RGCs undergo 
apoptotic cell death within 21 days.4–6 However, significant neuro-
protection and axonal regeneration is achieved by inflammatory 
stimulation (IS), which can be induced in rodents, for example, by 
lens injury or intravitreal application of Pam3Cys or zymosan.7–13 
Besides several cell types of the innate immune response, IS also 
activates astrocytes and Müller cells to increase retinal expression 
of IL-6-type cytokines such as CNTF, LIF, and IL-6.5,14–16 Depletion 
of these cytokines using the respective genetic knockout compro-
mises or even completely abolishes the regeneration-promoting 
effects of IS, thereby verifying their essential contribution to this 
approach.5,16 Similarly, application of exogenous CNTF is neuro-
protective and stimulates axon regeneration in the injured optic 
nerve, particularly upon continuous release from virally trans-
duced cells.16–20 However, cytokine-induced signaling is normally 
attenuated via intracellular negative feedback loops. For instance, 
PTEN inhibits PI3K activity, while SOCS3 compromises JAK/
STAT3 pathway activation.6,21,22 Consequently, removal of these 
intrinsic brakes, e.g. by PTEN knockout, is sufficient to promote 
remarkable axon regeneration.6 Ancillary activation of gp130 
signaling upstream of PTEN with either CNTF bolus injections or 
IS further increases the number and length of regenerating axons 
of PTEN-depleted RGCs.23–25 However, this approach is unfavor-
able as therapeutic treatment, since it requires neuronal trans-
duction weeks prior to CNS injury and might increase the risk of 
cancer development post-treatment.17–19

Instead of genetically deleting intracellular inhibitors, we 
hypothesized that it might be possible to boost axon regen-
eration by directly enhancing the cytokine-induced stimu-
lus. In order to elicit a cellular response, CNTF and IL-6 first 
need to bind to their respective high affinity, but nonsignaling 
α-receptors (CNTFRα, IL-6Rα), which then recruit further sig-
naling receptor subunits. In case of IL-6/IL-6Rα, these consist 
of a gp130 homodimer, while CNTF/CNTFRα signals via the 
gp130/LIFR heterodimer.26 The response to CNTF or IL-6 is 
generally limited by low expression of the respective α-receptor 
subunits rather than gp130 expression.26 In addition, CNTFRα 

28June2016

1712

1725

Boosting CNS Axon Regeneration by Circumventing Limitations of Natural Cytokine Signaling

Molecular Therapy

10.1038/mt.2016.102

original article

00oct2016

24

10

2March2016

28April2016

© The American Society of Gene & Cell Therapy

Correspondence: Dietmar Fischer, Division of Experimental Neurology, Medical Faculty, Heinrich-Heine-University Düsseldorf, Merowingerplatz 1a, 
40225 Düsseldorf, Germany. E-mail: dietmar.fischer@uni-duesseldorf.de

Boosting Central Nervous System Axon 
Regeneration by Circumventing Limitations of 
Natural Cytokine Signaling
Marco Leibinger1, Anastasia Andreadaki1, Philipp Gobrecht1, Evgeny Levin1, Heike Diekmann1 and 
Dietmar Fischer1

1Division of Experimental Neurology, Medical Faculty, Heinrich-Heine-University, Düsseldorf, Germany

1712� www.moleculartherapy.org  vol. 24 no. 10, 1712–1725 oct. 2016



© The American Society of Gene & Cell Therapy
Boosting CNS Axon Regeneration by Circumventing Limitations of Natural Cytokine Signaling

is reportedly downregulated in RGCs upon axotomy, which 
would further decrease the responsiveness of these cells towards 
CNTF.27 Alternatively, CNTF could signal via low-affinity bind-
ing to IL-6Rα on mature rat RGCs, which would however require 
much higher CNTF concentrations.28 For these reasons, direct 
activation of gp130, which in the adult retina is mainly expressed 
in RGCs,29 might be more efficacious than naïve cytokine applica-
tion in eliciting robust neuroprotection and axon regeneration. 
Indeed, the current study demonstrates that direct stimulation 
of gp130 with hyper-IL-6 (hIL-6), a designer cytokine consist-
ing of the covalently linked bioactive parts of IL-6 and soluble 
IL-6Rα,30,31 potently induces activation of regeneration-relevant 
signaling pathways. Accordingly, hIL-6 supported longer neurite 
growth than CNTF or IL-6 in culture. More importantly, AAV-
mediated retinal hIL-6 expression after optic nerve injury in vivo 
promoted stronger optic nerve regeneration than observed after 
either IS or RGC-specific PTEN knockout. To our knowledge, 
gp130 activation with hIL-6 is hence a single treatment with one 
of the so far strongest regeneration-promoting effects, which can 
be applied after axon injury. Thus, direct stimulation of gp130 
with hIL-6 might be a clinically applicable approach to markedly 
improve regeneration after CNS injury.

RESULTS
Induction of gp130 signaling upon hIL-6 stimulation 
in CNS neurons
In non-neuronal cells, direct activation of gp130 with the designer 
cytokine hIL-6 induces stronger and longer-lasting intracellular 
signaling than naive IL-6-type cytokines.31 We therefore intended 
to test whether hIL-6 might also induce stronger signaling in 
primary adult neurons and lead to increased axon regeneration. 
As continuous, longer-term release of natural cytokines has previ-
ously been shown to promote axon regeneration more effectively 
than intravitreal injections of high doses,16–18 we opted for direct 
RGC-specific AAV transduction. This way, hIL-6 would be con-
tinuously released and could rapidly stimulate neurons via auto- 
and/or paracrine signaling in vivo. To this end, we cloned hIL-6 
cDNA into an AAV2-GFP expression vector and initially evalu-
ated hIL-6 expression and secretion in HEK293 cells. Expression 
of hIL-6 was detected post transfection by immunocytochemis-
try and Western Blot analysis using an antibody recognizing the 
IL-6-domain (Figure 1a,b). In addition, hIL-6 was efficiently 
secreted into the cell culture supernatant, which did not contain 
detectable levels of cytoplasmic proteins such as actin (Figure 
1b). Conditioned medium was collected at 24 hours and used as a 
source of hIL-6 in subsequent experiments.

To test the biological activity of our hIL-6, we exposed dis-
sociated mouse retinal cells including RGCs to increasing con-
centrations (10 pmol/l-1,000 nmol/l) and determined its effect 
on gp130-dependent signaling pathways (Figure 1c). In non-
neuronal cells, hIL-6 can reportedly activate JAK/STAT, PI3K/
AKT as well as MAPK/ERK signaling.32 Consistently, STAT3 
phosphorylation was already induced after 15 minutes incuba-
tion with 10 pmol/l hIL-6, but much stronger activation was 
achieved at concentrations ≥10 nmol/l. Similarly, increased 
AKT phosphorylation was detected ≥1 nmol/l (Figure 1c). 

Figure 1  Generation of biologically active hIL-6. (a) HEK293 cells 
were transfected with either hIL-6 (right panel) or empty expression 
plasmid (green fluorecent protein; GFP, left panel) and stained with 
an antibody recognizing the IL-6 domain. Hyper-IL-6-positive cells 
were only detected upon hIL-6 transfection. Transfected cells were 
identified by GFP expression. Scale bar = 50 µm. (b) Hyper-IL-6 was 
specifically detected as a single band of ~60 kDa in lysates and super-
natants of hIL-6 transfected HEK293 cells at 2, 6, and 24 hours after 
medium change, but not in untransfected cells (-) using an antibody 
recognizing the IL-6-domain. Recombinant hIL-6 was increasingly 
secreted into the supernatant. Actin served as loading control for cell 
lysates and its absence from supernatants ascertained hIL-6 secretion 
from intact cells. Numbers to the right indicate molecular weight 
markers. (c) Cultures of dissociated mouse retinal cells including 
retinal ganglion cells (RGCs) were either untreated (-) or exposed to 
various concentrations of hIL-6 (10 pmol/l–1 µmol/l) for 15 minutes. 
The respective cell lysates were subjected to Western blot analysis 
using antibodies against phosphorylated STAT3 (pSTAT3) and pAKT. 
Beta III-tubulin (Tubulin) served as loading control. (d,e) Western 
blots of retinal cultures either untreated (-) or incubated with 10 
nmol/l CNTF or hIL-6 for 15 minutes (d) or 6 hours (e) and ana-
lyzed with antibodies against pSTAT3, pAKT, and pERK1/2, respec-
tively. Beta III-tubulin served as loading control. (f)  Densitometry 
of Western blots as shown in d and e. Incubation with 10 nmol/l 
hIL-6 stimulated stronger phosphorylation of pSTAT3 and AKT at 15 
minutes compared to equimolar concentration of CNTF, whereas 
pERK1/2 levels were neither increased at 15 minutes nor at 6 hours. 
Treatment effects: *P ≤ 0.05, **P ≤ 0.01, n.s. = nonsignificant com-
pared to untreated control.
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Induction of STAT3 and AKT phosphorylation by hIL-6 (10 
nmol/l) was stronger compared to equimolar concentrations 
of CNTF (Figure 1d,f), suggesting higher efficacy of hIL-6. 
Quantification of pSTAT3- and pAKT-positive RGCs in reti-
nal cultures confirmed stronger induction of the respective 
signaling pathways by hIL-6 compared to equimolar CNTF 
(Figure 2a–d). Interestingly, hIL-6 and CNTF both completely 
prevented the axotomy-induced decline of phosphorylated 

ribosomal protein S6, which serves as an indicator for mTOR 
activity6,33 in cultured RGCs (Figure 2e,f). In contrast to STAT3- 
and AKT-phosphorylation, MAPK/ERK-signaling in dissoci-
ated RGCs remained unaffected by both CNTF and hIL-6 at 15 
minutes and 6 hours after cytokine application (Figure 1d–f). 
Altogether, these data indicate that hIL-6 stimulates the JAK/
STAT3- and PI3K/AKT-signaling pathways in mature RGCs 
more efficaciously than CNTF.

Figure 2 Activation of gp130-dependent signaling pathways in retinal ganglion cells (RGCs). (a,c) Representative pictures of mouse retinal cultures 
treated for 60 minutes with 10 nmol/l CNTF and hIL-6, respectively. RGCs were identified by βIII-tubulin antibody (green) and co-stained for either 
pSTAT3 (a) or pAKT (c). Both CNTF and hIL-6 induced phosphorylation of STAT3 and AKT in RGCs compared to untreated controls (-), but staining was 
significantly stronger (in numbers and intensity) in hIL-6-treated cultures. Scale bar = 50 µm, 15 µm for insets, showing selected cells (arrows) at higher 
magnification. (b,d) Quantification of RGCs positive for pSTAT3 (b) and pAKT (d), respectively, in retinal cultures as described in a and c. Treatment 
effects compared to untreated controls: **P ≤ 0.01, ***P ≤ 0.001. (e) Dissociated RGCs either untreated (-) or incubated with 10 nmol/l CNTF or hIL-6 
and stained for phosphorylated ribosomal protein S6 (pS6, red) and βIII-tubulin (green) at 2 hours and 3 days in culture. Scale bar = 50 µm, 15 µm for 
insets showing selected cells at higher magnification. (f) Quantification of retinal cultures as described in e. Treatment with either 10 nmol/l CNTF or 
hIL-6 prevented axotomy-induced downregulation of S6 phosphorylation. ***p<0.001; **p<0.01; n.s.= non-significant.
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HIL-6 markedly promotes neurite growth of mature 
RGCs
We next investigated whether increased gp130-mediated signal-
ing upon hIL-6 application might translate into enhanced neu-
rite growth of adult RGCs. Compared to untreated controls, 
neurite length was significantly increased by hIL-6, while super-
natant from cells transfected with empty vector had no effect 
(Figure 3a,b). Remarkably, 0.1 nmol/l hIL-6 or CNTF were suf-
ficient to induce ~2-fold longer neurites compared to controls. In 
comparison, 1 nmol/l IL-6 was required to induce similar neu-
rite growth, indicating the lower potency of the native cytokine. 
Whereas this doubling was the maximum growth level for CNTF 
and IL-6 even at higher concentrations, 10 nmol/l hIL-6 further 
increased neurite length up to >3.5-fold (Figure 3a,b). Thus, hIL-6 
was more efficacious in activating gp130 signaling and stimulat-
ing neurite growth. To verify the dependence of hIL-6-stimulated 
neurite growth on gp130 signaling, we exposed RGC cultures to 
chemical inhibitors of the induced downstream signaling path-
ways JAK/STAT3 (AG490), PI3K/AKT (LY294002) and mTOR 
(rapamycin). Expectedly, all inhibitors significantly reduced hIL-6 
stimulated neurite growth (Figure 3c), without affecting the sur-
vival of RGCs (data not shown).

We also cultured dissociated mouse RGCs on growth-inhibi-
tory myelin to test whether hIL-6, similar to IL-6 might exert dis-
inhibitory effects (Figure 3d). Neurite length of RGCs grown on 
myelin was reduced compared to laminin in untreated controls 
as well as in CNTF-treated cultures. In contrast, comparable out-
growth irrespective of the culture substrate was observed upon 
hIL-6 treatment (Figure 3d). Specificity of the myelin effect was 
verified by complete disinhibition in the presence of the ROCK 
inhibitor Y27632. Thus, compared to CNTF and IL-6, hIL-6 was 
more efficacious in promoting neurite growth and additionally 
able to overcome myelin inhibition.

HIL-6 potently promotes neurite growth of adult 
DRG neurons
Compared to adult RGCs, peripheral neurons have a higher 
intrinsic capacity for axon regeneration and a different cytokine 
receptor repertoire. To test their responsiveness towards hIL-6, 
we exposed dissociated DRG neurons to different concentrations 
of hIL-6 (Figure 4). We used only recombinant IL-6 as positive 
control in these experiments,34 as CNTF did not significantly 
increase axon growth of murine DRG neurons. Both IL-6 and 
hIL-6 elicited a pronounced and concentration-dependent growth 
response. However, hIL-6 was again more potent than the naive 
cytokine, since maximum growth was observed at 0.1 nmol/l 
hIL-6, but 10 nmol/l IL-6 (Figure 4a,b). Similar to RGCs, gp130 
signaling was transduced via JAK/STAT3 and PI3K/AKT/mTOR 
cascades, as LY294002, AG490 and rapamycin all significantly 
impaired hIL-6-induced axon growth (Figure 4c). Likewise, the 
inhibitory effect of myelin was abrogated by either hIL-6 or IL-6, 
similar to ROCK inhibition using the chemical inhibitor Y27632 
(Figure 4d). The survival of DRG neurons was not affected by any 
of these treatments (data not shown). Thus, hIL-6-mediated gp130 
signaling not only promoted neurite growth of mature RGCs with 
higher efficacy than CNTF and IL-6, but also stimulated growth 

Figure 3 Efficient neurite growth of mature retinal ganglion cells 
(RGCs) upon hIL-6 stimulation. (a) Representative pictures of dis-
sociated adult mouse RGCs cultured for 4 days either untreated (-) 
or in the presence of IL-6, CNTF or hIL-6 at 104 pmol/l and visual-
ized by βIII-tubulin staining. Scale bar = 50 µm. (b) Quantification of 
RGC neurite length in retinal cultures treated with control-supernatant 
from empty plasmid-transfected HEK293 cells (GFP), various concen-
trations of hIL-6 supernatant, recombinant IL-6 or CNTF as depicted 
in a). Whereas control-supernatant showed no effect compared to 
untreated cultures (-), incubation with hIL-6 increased neurite growth 
concentration-dependently. In comparison to IL-6 and CNTF, hIL-6 was 
more efficacious (###P ≤ 0.001), as ~3.5 increased neurite growth was 
observed with 10 nmol/l hIL-6 compared to twofold increase with 10 
nmol/l IL-6 and CNTF, respectively. Data were normalized to untreated 
controls (-) with an average axon length of 10.5 µm/neuron and rep-
resent means ± SEM of three independent experiments. Treatment 
effects compared to untreated controls: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 
0.001, n.s.=non-significant. (c) Quantification of neurite length of dis-
sociated RGCs treated with 10 nmol/l hIL-6 either alone or in combi-
nation with 5 µmol/l PI3K inhibitor LY294002 (ly), 7 µmol/l JAK/STAT3 
inhibitor AG490 (ag) or 10 nmol/l mTOR inhibitor rapamycin (rap). 
All signaling inhibitors significantly impaired neurite growth of hIL-6 
treated RGCs, indicating that hIL-6 induced neurite growth depended 
on PI3K/AKT/mTOR and JAK/STAT3 signaling. Data were normalized 
to untreated controls with an average axon length of 8.6  µm/neu-
ron and represent means ± SEM of three independent experiments. 
Treatment effects: **P ≤ 0.01, ***P ≤ 0.001. (d) Quantification of neu-
rite length of mouse RGCs cultured either on laminin or myelin in 
the presence of 10 nmol/l CNTF and hIL-6, respectively. The ROCK 
inhibitor Y27632 (y27) was used as positive control for disinhibition 
on myelin. Neurite growth on myelin was reduced compared to lam-
inin in untreated control (-) and CNTF-treated cultures, but not after 
hIL-6 incubation, indicating a disinhibitory effect of hIL-6. Data were 
normalized to untreated controls on laminin with an average axon 
length of 9 µm/neuron and represent means ± SEM of three indepen-
dent experiments. Treatment effects: **P ≤ 0.01, ***P ≤ 0.001, n.s., = 
nonsignificant.
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of peripheral, regeneration-competent DRG neurons with higher 
potency than IL-6.

Strong and sustained activation of gp130 signaling 
in vivo
We next generated AAV2 particles for exogenous hIL-6 expres-
sion in vivo using the previously cloned expression plasmid (see 
Figure 1). Consistent with previous reports,4,6 transduction rates 
of more than 90% were reproducibly achieved with this virus, 
based on AAV-driven coexpression of GFP in RGCs 3 weeks 
after virus injection (Figure 5a). Western blot analysis of retinal 
lysates revealed elevated phosphorylation of STAT3 upon AAV-
hIL-6 transduction compared to AAV-GFP controls as early as 
5 days after intravitreal injection (Figure 5b). This implies that 
gp130 signaling would be stimulated prior to the initiation of 
RGC death after an axotomy.35 However, levels of pSTAT3 kept 
increasing at 14 and 21 days after intravitreal injection, indi-
cating prolonged gp130 activation upon hIL-6 overexpression. 

On the other hand, increased phosphorylation of AKT and 
ERK1/2 was only detected at 14 and 21 days after AAV appli-
cation (Figure 5b). In comparison to hIL-6 expression, RGC-
specific PTEN knockout in AAV-Cre treated PTEN-floxed mice 
predominantly induced PI3K/AKT signaling and only negligible 
STAT3 phosphorylation (Figure 5f). Immunostaining of retinal 
cross sections confirmed upregulation of pSTAT3 in RGCs upon 
hIL-6 expression, while AAV-GFP had no effect (Figure  5c). 
This strong STAT3 activation upon AAV-hIL-6 transduction was 
observed despite expectedly increased expression of SOCS3, a 
known negative regulator of STAT3 (Figure 5g). Induction of 
AKT phosphorylation occurred specifically in RGCs, albeit later 
than for STAT3 (Figure 5d). In comparison, ERK1/2 activation 
was predominantly observed in glial cells rather than RGCs 
as indicated by co-staining with glial fibrillary acidic protein 
(GFAP) (Figure 5e). Overall, AAV transduction with biologi-
cally active hIL-6 promptly induced pronounced and sustained 
activation of gp130 signaling in vivo over at least several weeks.

Figure 4 Axon growth stimulation in adult sensory neurons. (a) Representative pictures of dissociated adult mouse dorsal root ganglion (DRG) 
neurons cultured for 2 days either with vehicle control (-) or 10 nM hIL-6, visualized by βIII-tubulin staining. Scale bar = 100 µm. (b) Quantification 
of axon length in DRG cultures treated with 10 nmol/l CNTF and various concentrations of recombinant IL-6 or hIL-6 supernatant, respectively. Both 
IL-6 and hIL-6 induced axon growth concentration-dependently, with hIL-6 being significantly more potent than IL-6. CNTF had no effect compared 
to non-treated cells (-). Data were normalized to untreated controls with an average axon length of 1376 µm/neuron and represent means ± SEM of 
three independent experiments. Treatment effects: *P<0.05, **P ≤ 0.01, ***P ≤ 0.001. (c) Quantification of axon length of dissociated DRG neurons 
treated with 10 nmol/l hIL-6 and either 5 µmol/l PI3K inhibitor LY294002 (ly), 5 µmol/l JAK/STAT3 inhibitor AG490 (ag) or 10 nmol/l mTOR inhibitor 
rapamycin (rap). All signaling inhibitors significantly impaired neurite growth in comparison to hIL-6-treated RGCs, indicating that hIL-6 activates 
PI3K/AKT/mTOR and JAK/STAT3 signaling. Data were normalized to untreated controls (-) with an average axon length of 374 µm/neuron and 
represent means ± SEM of three independent experiments. Treatment effects: **P ≤ 0.01, ***P ≤ 0.001. (d) Quantification of neurite length of adult 
mouse DRG neurons cultured either on laminin or myelin in the presence of 10 nmol/l hIL-6, IL-6, CNTF and 40 µmol/l ROCK inhibitor Y27632 (y27), 
respectively. Neurite growth on myelin was reduced compared to laminin in untreated control (-) and CNTF-treated cultures, but not after treatment 
with either hIL-6, IL-6 or y27, indicating their disinhibitory effect. Data were normalized to untreated controls (-) with an average axon length of 
1143 µm/neuron and represent means ± SEM of two independent experiments. Treatment effects: **P ≤ 0.01, ***P ≤ 0.001.
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Figure 5 AAV-mediated expression of biologically active hIL-6 in vivo. (a) Retinal flat-mount 3 weeks after intravitreal application of AAV2-hIL-6. 
Expression of GFP (green) was detected in ~90% βIII-tubulin-positive retinal ganglion cells (RGCs) (red), indicating efficient transduction. Scale bar 
= 50 µm. (b) Western blots of retinal lysates from animals either untreated (-) or 5, 14, and 21 days post intravitreal injection of either AAV-hIL-6 
(hIL-6) or AAV-GFP (GFP) with antibodies against phosphorylated STAT3 (pSTAT3), AKT (pAKT) and Erk1/2 (pERK). Beta III-tubulin served as loading 
control. Activation of STAT3, AKT and ERK upon hIL-6 expression occurred faster, stronger and longer compared to control-injected animals (GFP). 
(c) Immunohistochemical staining of cross-sections of untreated control retinae (-) and retinae isolated 5, 14, or 21 days after intravitreal injection of 
either AAV-GFP (GFP) or AAV-hIL-6 (hIL-6) with antibodies against pSTAT3 (red) and βIII-tubulin (green) to identify RGCs. AAV-mediated hIL-6 expres-
sion induced STAT3 phosphorylation in some RGCs already at 5 days after injection. At 21 days, almost all RGCs as well as some cells in the inner 
nuclear layer were pSTAT3-positive. Scale bar = 50 µm; GCL, ganglion cell layer; INL, inner nuclear layer. (d) Retinal cross-sections (as in c) stained 
with antibodies against pAKT (red) and βIII-tubulin (green). AAV-mediated hIL-6 expression markedly increased activation of AKT specifically in RGCs 
from 14 days after viral transduction. Scale bar = 50 µm; GCL, ganglion cell layer; INL, inner nuclear layer. (e) Retinal cross-sections (as in c) stained 
with antibodies against pERK1/2 (pERK, red) and glial fibrillary acidic protein (GFAP, green). pERK1/2 was predominantly induced in endfeet of Müller 
glia upon AAV-hIL-6 transduction. Moreover, GFAP expression was increased upon hIL-6 expression. Scale bar = 50 µm; GCL: ganglion cell layer; 
INL: inner nuclear layer. (f) Western blot analyses of retinal lysates from PTEN floxed mice 3 weeks after intravitreal injection of either AAV-GFP (GFP), 
AAV-hIL-6 (hIL-6) or AAV-Cre (PTEN-/-) to induce PTEN knockout with antibodies against pSTAT3, pAKT and βIII-tubulin. Expression of hIL-6 predomi-
nantly induced STAT3 phosphorylation, while PTEN knockout strongly induced AKT phosphorylation in comparison to control injected animals. (g) 
Quantitative polymerase chain reaction analysis of SOCS3 expression in retinae 3 weeks after intravitreal injection of either AAV-GFP or AAV-hIL-6 in 
comparison to untreated controls (-). As expected, STAT3 activation upon hIL-6 expression markedly increased SOCS3 expression. Treatment effect: 
***P ≤ 0.001.
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AAV-hIL-6 application after nerve injury is 
neuroprotective and promotes extensive optic nerve 
regeneration
The impact of increased gp130 signaling on CNS regeneration 
was tested using the optic nerve crush (ONC) paradigm. Since 
hIL-6 was evidently more efficacious than CNTF in culture and 
promptly activated signaling cascades relevant for neuroprotec-
tion and axonal regeneration, we tested whether AAV-hIL-6 
application directly after axonal lesion might be sufficient to elicit 
a positive response on neuronal survival and optic nerve regen-
eration in vivo (Figures 6 and 7). With respect to the develop-
ment of a potential therapeutic treatment, this application scheme 
would be advantageous compared to previous studies deploying 
AAV-transductions for cytokine expression 1–3 weeks prior to 
injury.17–19 At first, we analyzed potential neuroprotective effects 
of hIL-6 expression in comparison to AAV-GFP transduction 
as well as inflammatory stimulation (IS) and conditional PTEN 
knockout, two treatments reportedly protecting RGCs from 
injury-induced cell death.7,9 Three weeks after ONC, only ~20% 
of βIII-tubulin-positive RGCs survived in control-injected reti-
nae (353 ± 26 versus 1736 ± 45 RGCs/mm2 in uninjured retinae), 
while 529 ± 21 RGCs/mm2 were quantified in IS-treated retinae 
(Figure 6b,c). In comparison, hIL-6 expressing retinae contained 
702 ± 24 surviving RGCs/mm2, representing ~40% of original 
RGCs. Therefore, direct and sustained activation of gp130 upon 
delayed hIL-6 expression was significantly superior to IS in pro-
tecting RGCs upon ONC. However, RGC-specific PTEN deple-
tion showed an even stronger neuroprotective effect with ~70% 
surviving RGCs (1,236 ± 57 RGCs/mm2), which was not signifi-
cantly enhanced by additional hIL-6 expression (1,249 ± 82 RGCs/
mm2) (Figure 6b,c).

Next, we compared the extent of optic nerve regeneration 
upon these treatments by quantifying CTB-labeled regenerated 

axons at various distances from the crush site on longitudinal 
optic nerve sections (Figure 7). Consistent with previous stud-
ies,4,5 intravitreal injection of control AAV-GFP had no effect, as 
only very few axons were detected less than 1 mm distal to the 
lesion site 3 weeks after ONC (Figure 7b-g). Significant axon 
regeneration was observed upon IS, with a few axons extending 
beyond 2 mm past the lesion (Figure 7b-g), thereby confirming 
older reports.4,33 In comparison, AAV-hIL-6 transduction dra-
matically increased the number as well as the length of regenerat-
ing axons, with some axons detectable at 3.5 mm (Figure 7b–g). 
Thus, hIL-6 expression upon AAV-hIL-6 injection was consider-
ably more effective in promoting optic nerve regeneration than 
natural cytokines released upon IS. As the effect of direct gp130 
activation upon AAV-hIL-6 transduction was so unexpectedly 
strong, we also compared the extent of axon regeneration with 
RGC-specific conditional PTEN knockout, which in combination 
with IS elicits one of the strongest regenerative responses reported 
so far.24,25 Consistent with these previous reports, PTEN knockout 
via intravitreal AAV-Cre injection of floxed mice 2 weeks prior 
to ONC induced a strong regenerative response (Figure  7b-g).  
However, regeneration in the optic nerve remained signifi-
cantly weaker compared to AAV-hIL-6 transduction after ONC, 
despite the stronger neuroprotective effect of the PTEN knockout 
(Figure 6c). We also tested whether combination of PTEN knock-
out with either IS or AAV-hIL-6 would further increase axon 
regeneration after ONC. To this end, PTEN-floxed mice received 
intravitreal injections of AAV-Cre and 2 weeks later, at the time 
of ONC, they received either IS (lens injury) or intravitreal injec-
tion with AAV-hIL-6. While axon regeneration of IS-treated 
PTEN knockout mice (Figure  7b-g) was comparable to AAV-
hIL-6 treated wild-type mice, number and length of regenerating 
axons was further increased upon combination of AAV-hIL-6 and 
PTEN knockout (Figure  7b-g), with some axons reaching the 

Figure 6 Neuroprotection upon hIL-6 expression. (a) Application scheme of the in vivo neuroprotection studies. Wild-type and PTEN floxed mice 
were intravitreally injected with either AAV-GFP or AAV-Cre. Two weeks afterwards, animals were subjected to optic nerve crush (ONC) and received 
intravitreal injections either with AAV-hIL-6 or AAV-GFP (-). Inflammatory stimulation (IS) and PTEN knockout (PTEN-/-) served as positive controls. 
Numbers of surviving retinal ganglion cells (RGCs) were assessed 21 days after ONC. (b) Representative pictures of surviving, βIII-tubulin-positive 
RGCs in retinal flat-mounts treated as described in a. In contrast to hIL-6 treatment, knockout of PTEN significantly increased the size of surviving 
RGCs. A retina from untreated mice (con) is shown for comparison. Scale bar = 50 µm. (c) Quantification of surviving RGCs per mm2 in retinal flat-
mounts of mice treated as described in a). The neuroprotective effect of hIL-6 expression was significantly stronger than IS, but weaker than PTEN-/-. 
Combination of hIL-6 and PTEN knockout had no additional neuroprotective effect. Treatment effects: ***P < 0.001, n.s., nonsignificant. Values 
represent means ± SEM of 5–8 retinae per treatment group.
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optic chiasm already 3 weeks after ONC. This additive effect was 
restricted to axon regeneration, as it was not observed for RGC 
survival (Figure 6c). Overall, these data indicate that hIL-6 is so 
far one of the strongest single treatments for the promotion of 
optic nerve regeneration, which on its own is even as effective as 
PTEN knockout in combination with IS.

Sustained neuroprotection and axon regeneration 
upon prolonged hIL-6 expression
To investigate whether sustained hIL-6 expression would continue 
to stimulate optic nerve regeneration, we also quantified regener-
ating axons and surviving RGCs 6 weeks after ONC (Figure 8). 
Longitudinal optic nerve sections revealed a further increase in 
regenerating axons compared to 3 weeks after surgery. In addition, 
more axons were detected at longer distance, with considerable 
numbers now reaching the optic chiasm 4.5 mm beyond the lesion 

site (Figure  8a,b). Some regenerating axons were also detected 
within the optic chiasm and the contralateral optic nerve, imply-
ing pathfinding errors at this point of the retino-tectal projection 
as previously described.24 In addition, hIL-6-transduced retinae 
still contained 2.6-fold more RGCs than control-injected animals 
(439 ± 35 versus 167 ± 13), representing a 25% survival rate 6 weeks 
after injury (Figure 8c,d). Therefore, continuous hIL-6 expression 
sustained axon regeneration and neuroprotection at prolonged 
time points after ONC.

DISCUSSION
Inflammatory stimulation or direct application of naïve IL-6 
type cytokines are known to promote some neuroprotection  
and axon regeneration upon optic nerve injury in 
rodents.2,5,17–19,36,37 However, these effects appear rather moderate 
in comparison to genetic depletion of SOCS3 or PTEN, which 

Figure 7 Markedly improved optic nerve regeneration upon hIL-6 expression. (a) Application scheme of the in vivo regeneration studies. Adult 
floxed PTEN mice were intravitreally injected either with AAV-Cre to induce RGC-specific PTEN deletion (PTEN-/-) or with AAV-GFP (-) as control treat-
ment 14 days prior to optic nerve crush (ONC). ONC was combined either with inflammatory stimulation (IS) or intravitreal injection of either AAV-
hIL-6 or AAV-GFP. Fluorescently labeled cholera toxin (CTB) was injected 2 days prior to sacrifice at 3 weeks post ONC. (b) Representative pictures of 
longitudinal sections of optic nerves isolated from mice treated as depicted in a) with regenerating axons visualized by fluorescent CTB. Asterisks indi-
cate the crush site. Scale bar = 200 µm. (c–f) Magnification of the respective optic nerve sections depicted in b), visualizing regenerating axons at 0.5 
(c), 1.5 (d), 2.5 (e), and 3.5 mm (f) from the crush site. Scale bar = 200 µm. At 3.5 mm, axons are only detected in optic nerves of hIL-6, PTEN-/- + IS, 
and PTEN-/- + hIL-6. (g) Quantification of regenerating axons at 1, 1.5, 2, 2.5, 3, and 3.5 mm beyond the crush site in adult mice treated as described 
in a. Axon numbers were standardized to the width of the optic nerve at the respective distance from the lesion. Values represent means ± SEM of 
five to eight animals per treatment group. Treatment effects: ***p ≤ 0.001, n.s. = nonsignificant.
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act as cell-intrinsic inhibitors of cytokine-induced signaling path-
ways.6,21–23 Consequently, naive IL-6-type cytokines, released after 
IS or applied at high and sustained levels, are seemingly insuffi-
cient to induce optimal gp130 signaling in injured neurons. We 
therefore tested whether direct stimulation of endogenous gp130 
receptors using the designer cytokine hIL-6 might be a superior, 
therapeutically applicable approach to induce robust signal path-
way activation and CNS axon regeneration. Consistent with our 
hypothesis, hIL-6 activated gp130 dependent signaling pathways 

more efficaciously and elicited stronger axonal growth of cul-
tured mature RGCs compared to CNTF and IL-6. Strikingly, sus-
tained delivery of hIL-6 upon intravitreal AAV application right 
after optic nerve crush induced a stronger regenerative response 
in vivo than other previously described single treatments, with 
axons growing through the optic chiasm at 6 weeks after optic 
nerve crush. Thus, direct activation of gp130 signaling by hIL-6 
is a novel approach with potential clinical relevance to robustly 
promote nerve regeneration.

Figure 8 Regenerating axons enter the optic chiasm. (a) Representative longitudinal optic nerve section of an AAV-hIL-6-injected mice 6 weeks 
after optic nerve crush (ONC), with several regenerating axons in the optic chiasm and the contralateral optic nerve (arrows). The asterisk indicates 
the crush site. Scale bar = 200 µm. (b) Quantification of regenerating axons at 1, 1.5, 2, 2.5, 3, 3.5, 4, and 4.5 mm beyond the crush site in mice 
6 weeks (w) after ONC and AAV-hIL-6 treatment. Axon numbers were standardized to the width of the optic nerve at the respective distance from 
the lesion and compared to regeneration at 3 weeks (dashed line, data from Figure 7) as reference. Treatment effects: ***P ≤ 0.001. (c) Representative 
pictures of retinal flat-mounts from mice intravitreally injected with either AAV-GFP (GFP) or AAV-hIL-6 (hIL-6) showing surviving, βIII-tubulin-positive 
RGCs 6 weeks after ONC. Scale bar = 50 µm. (d) Quantification of surviving RGCs per mm2 in retinal flat-mounts of mice treated as described in c). 
Retinae expressing hIL-6 still contain ~2.6 times more RGCs compared to AAV-GFP-injected control retinae. Data from untreated retinae (Con) are 
shown for comparison. Treatment effects: ***P < 0.001. Values represent means ± SEM of at least six retinae per treatment.
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Hyper-IL-6 reportedly activates various signaling cascades, 
including the JAK/STAT3, PI3K/AKT and MAPK/ERK pathways, 
in non-neuronal cells via direct binding to gp130.36–38 Consistent 
with these previous results, hIL-6 promptly induced phosphoryla-
tion of STAT3 and AKT in cultured RGCs. Signal intensity as well 
as the number of positive RGCs were significantly higher com-
pared to stimulation with CNTF. However, even stronger AKT 
phosphorylation was detected after RGC-specific PTEN knock-
out, indicating that direct gp130 stimulation via hIL-6, although 
more efficacious than CNTF, does not achieve maximum PI3K/
AKT activation in neurons. On the other hand, PTEN knockout 
only slightly induced STAT3 phosphorylation compared to hIL-6 
treatment. As both signaling pathways have been implicated in 
axon growth promotion,23 it is conceivable that combination of 
hIL-6 with PTEN knockout led to even stronger optic nerve regen-
eration than either treatment alone. In contrast to JAK/STAT3 and 
PI3K/AKT signaling, hIL-6 did not measurably affect ERK1/2 
phosphorylation in RGCs. Retinal ERK1/2 phosphorylation was 
restricted to astrocytes and the endfeet of Müller cells in vivo and 
earliest detected 2 weeks after viral injection. A similar activation 
pattern of the MAPK/ERK pathway was previously reported upon 
intravitreal injection of high doses of recombinant CNTF,39 sug-
gesting cell-specific gp130 activation profiles within the retina.26,40 
As MAPK/ERK pathway activation by AAV-mediated B-RAF 
overexpression reportedly promotes axon growth and enhances 
the effect of PTEN knockout on optic nerve regeneration,41 a 
combinatorial treatment with hIL-6 and B-RAF might also lead 
to increased neuroprotection and regeneration. The outcome of 
such additional combinatorial approaches awaits further analyses.

Application of hIL-6 induced neurite growth of adult RGCs 
as well as DRG neurons similar to postnatal, gastrointestinal neu-
rons in culture.42 The observations that the JAK/STAT3 and PI3K/
AKT/mTOR pathways were rapidly activated in low-density RGC 
cultures and that neurite growth promotion was compromised 
by the respective signaling pathway inhibitors strongly suggests a 
direct interaction of hIL-6 with gp130 on RGCs. In our assay, hIL-6 
significantly enhanced neurite growth of RGCs from 0.1 nmol/l, 
which was equivalent to the potency of CNTF, but more potent 
than IL-6, which is consistent with previous reports.31,43 However, 
only hIL-6 continued to increase neurite growth at concentrations 
≥1 nM, indicating its higher efficacy compared to naive cytokines. 
This observation is consistent with high-affinity binding of CNTF 
to CNTFRα and IL-6 to IL-6Rα, respectively, but limited expres-
sion of CNTFRα, IL-6Rα and/or LIFR at the cell surface pre-
venting maximal signal activation (Figure 9).26,27 In comparison, 
higher concentrations of hIL-6 can enhance the growth stimulus 
further due to the wealth of gp130 receptors (Figure 9). Mouse 
DRG neurons only slightly responded to CNTF, but hIL-6 was 
again more potent than IL-6 in inducing neurite growth, which 
is consistent with previous reports for non-neuronal cells. In 
those studies, the increased potency of hIL-6 was attributed to its 
higher receptor binding affinity and the impaired internalization 
of activated signaling complexes.31,43 The finding that hIL-6 was 
not more efficacious than IL-6 in DRG neurons could be due to 
the generally higher regenerative capacity of these PNS neurons 
that might require only moderate gp130 stimulation to maximally 
stimulate neurite growth. Detailed analysis of this aspect awaits 
further investigation.

Figure 9 Schematic cartoon of gp130 signaling in various experimental settings. Inflammatory stimulation (IS) induces the release of different 
IL-6-like cytokines such as CNTF, LIF, and IL-6. These cytokines need to bind to their respective non-signaling α-receptors in order to activate ubiqui-
tously expressed gp130. Activation of JAK/STAT3 and PI3K/AKT/mTOR signaling is restricted by the limited expression of α-and β-receptor subunits 
(leaving unbound gp130) and by the intrinsic inhibitors PTEN and SOCS3. Removal of the intrinsic brake on PI3K activity via PTEN knockout (PTEN 
ko, second panel) predominantly increases pAKT levels and promotes considerable axon regeneration. PTEN knockout in combination with increased 
release of native IL-6-like cytokines upon IS (PTEN ko + IS, third panel) stimulates gp130 signaling and accordingly increases the regenerative response 
after optic nerve injury in comparison to single PTEN knockout. Application of hIL-6 is expected to activate most gp130 receptors in neurons (lower 
panel), thereby causing a stronger stimulus. Despite ongoing presence of the intrinsic brakes PTEN and SOCS3, this strong activation of gp130-
dependent signaling leads to optic nerve regeneration comparable to PTEN deletion combined with IS. However, additional PTEN depletion can 
further enhance axon regeneration (right panel).

Neuroprotection/Axon regeneration
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Intravitreal application of AAV-hIL-6 after optic nerve crush 
markedly increased the number of surviving RGCs as well as 
optic nerve regeneration in vivo. As hIL-6 was efficiently secreted 
from HEK cells in culture, the induction of signaling cascades 
upon hIL-6 expression in vivo likely occurred via autocrine and 
paracrine activation of gp130 receptors. In support of this notion, 
pSTAT3 staining was detected only in few GFP-positive RGCs 
5 days after intravitreal AAV application. At later time points, 
however, STAT3 activation was detected in almost all, even non-
transduced RGCs as well as in some other retinal cells, most 
likely Müller cells and astrocytes. Concomitantly increased GFAP 
expression in these latter cells indicates their generally activated 
state, which might have indirectly contributed to the promotion of 
optic nerve regeneration in vivo at later stages. On the other hand, 
neurite growth stimulation and myelin disinhibition observed in 
cell culture rather support a direct effect of hIL-6 on RGCs.

Concerning the neuroprotective effect of hIL-6, about twice 
as many RGCs were still present in AAV-hIL-6-transduced com-
pared to AAV-GFP-treated retinae 3 weeks after optic nerve injury 
and this effect was even more pronounced (2.6-fold) after 6 weeks. 
Thus, hIL-6-mediated neuroprotection was superior to IS, but 
inferior to RGC-specific PTEN knockout.6 However, we did not 
address the possibility that AAV-hIL-6 application prior to optic 
nerve lesion, which would ensure higher hIL-6 expression levels 
upon injury, might lead to even stronger neuroprotection, as such 
an application scheme would be irrelevant for potential therapeu-
tic treatments.

Regarding axon regeneration in the optic nerve, AAV-hIL-6 
treatment after injury was significantly superior to IS or prophy-
lactic RGC-specific PTEN knockout, thereby classifying direct 
gp130 activation as one of the so far best single treatments to 
promote axon regeneration. The observed effect was stronger 
than anticipated from the rather moderate increase of axonal 
growth in vitro, which could be attributed to the sustained expres-
sion and/or the additional disinhibitory effect of hIL-6 in vivo. 
Although AAV-hIL-6 was applied right after optic nerve lesion 
instead of prior to injury as described for previous experimental 
manipulations, the regenerative response was even comparable to 
levels achieved upon PTEN deletion in combination with CNTF 
application/IS.6,23,41,44,45 Conceivably, it might be possible to further 
increase the number and length of regenerating axons by applying 
AAV-hIL-6 prior to injury or by using combinations with other 
previously reported genetic approaches,23,35,41,46–50 as demonstrated 
by the combination of hIL-6 expression with RGC-specific PTEN 
knockout.

We chose to apply hIL-6 in vivo via AAV2 transduction of 
RGCs, since previous studies indicated that continuously released 
IL-6-type cytokines are more efficient in stimulating axon regen-
eration in the optic nerve than intravitreal injections of high 
doses of recombinant proteins.5,16–20 In the future, this approach 
could be combined with an inducible system (e.g., Tet on/off) to 
enable transient hIL-6 expression only during the regenerative 
phase.51 Alternatively, hIL-6 delivery by encapsulated and there-
fore removable cells52 might represent a promising therapeutic 
concept to promote axon regeneration upon nerve injuries in 
human patients. In addition to its potential therapeutic use, hIL-6 
application also offers advantages for future regenerative research. 

For one, viral transduction after nerve injury significantly short-
ens the length of experimental studies. Moreover, the lens and vit-
reous body remain translucent upon AAV-hIL-6 transduction as 
opposed to zymosan injection or lens injury,9,53 which is a prereq-
uisite for future behavioral studies testing recovery of vision. Last, 
but not least, as hIL-6 also provoked strong growth promotion in 
regeneration-competent DRG neurons, this approach might be 
transferable to various other PNS and CNS injury paradigms. In 
particular, we are currently investigating whether direct activation 
of gp130 signaling would also improve the regenerative outcome 
upon spinal cord injury.

In conclusion, this study demonstrates that direct activation 
of gp130 signaling with hIL-6 is so far one of the most effective 
single treatments for the promotion of optic nerve regeneration. 
Robust neurite growth was elicited from different neuronal cell 
types in culture and the strong neuroprotection and remarkable 
axon elongation observed in vivo was comparable to previously 
described combinatorial treatments. In the future, this novel 
approach could not only enable broadened experimental regen-
eration studies, but also hold exciting promise for the develop-
ment of clinically applicable therapeutic treatments to markedly 
improve regeneration after CNS injuries in human patients.

MATERIALS AND METHODS
Generation of biologically active hIL-6. The hIL-6 sequence was poly-
merase chain reaction (PCR)-amplified from a pCDM8 vector (kindly pro-
vided by Prof. Rose-John, Kiel, Germany) using primers 5′-GCC TAC CGC 
GGG TCG ACG CAT GGA-3′ and 5′-TAT AAT GCG GCC TAC ATT TGC 
CGA-3′ and cloned into an AAV2 expression vector under the control of a 
CMV promoter in front of an IRES:eGFP sequence (AAV-hIL-6). HEK293 
cells were transfected with either AAV-hIL-6 or empty vector (AAV-GFP) 
as control. Cells were transferred to Dulbecco’s modified Eagle medium 
(DMEM) without serum one day after transfection. Conditioned superna-
tants were collected after further 24 hours incubation and supplemented 
with 0.1% bovine serum albumin to stabilize hIL-6 protein. Concentrations 
of hIL-6 in supernatants were determined by Western blot analysis in com-
parison to serial dilution of human recombinant IL-6 (Serotec) using a 
polyclonal IL-6 antibody (ab6672, Abcam) with calculations as previously 
described.31 Dilutions of hIL-6-conditioned medium were used for all sub-
sequent cell culture experiments, with respective volumes of supernatant 
from GFP-transfected cells as negative controls.

Retinal cell cultures. Low-density retinal cultures were prepared as pre-
viously described.54 In brief, dissected retinae were digested in DMEM 
(Invitrogen) containing 16.4 U/ml papain (Worthington) and 0.3 µg/ml 
L-cysteine (Sigma) at 37 °C for 30 minutes. Triturated retinae were washed 
with 50 ml DMEM to remove cell fragments and secreted factors. After 
centrifugation (500 g, 7 minutes) retinal cell pellets were resuspended in 
DMEM (1.5 ml/retina) containing B27-supplement (1:50, Invitrogen) and 
200 U/ml penicillin/streptomycin (Biochrom) and plated into four-well 
tissue culture plates (Nunc) (300 µl/well) coated beforehand with poly-
D-Lysine (0.1 mg/ml, molecular weight < 300,000 Da, Sigma) and laminin 
(20 µg/ml, Sigma). For some experiments, culture plates were addition-
ally coated with inhibitory CNS-myelin extract as described before.46,55 
Cultures were treated with either control (GFP) or hIL-6 supernatant or 
with purified CNTF (Biotrend) or IL-6 (Peprotech) at various concentra-
tions, 7 µmol/l JAK inhibitor AG490 (Calbiochem), 5 µmol/l PI3-kinase 
inhibitor LY294002 (Sigma), 10 nmol/l mTOR inhibitor rapamycin (LC 
Laboratories), or 10  µmol/l ROCK inhibitor Y27632 (Sigma) as indi-
cated. Retinal cells were cultured for 4 days for neurite length analy-
sis or as indicated for immunocytochemistry prior to fixation with 4% 
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paraformaldehyde (PFA) (Sigma). For Western blot analysis, cells were 
collected 15 minutes or 6 hours after treatment.

For neurite outgrowth assays, dissociated retinal cultures were stained 
with βIII-tubulin antibody (1:2,000 TUJ-1; BioLegend), a phenotypic 
marker for RGCs, as previously described.12,16,35,47,56 All RGCs with neurites 
at least twice the length of the soma diameter were photographed under 
a fluorescent microscope (200×, Observer.D1, Zeiss) and neurite length 
was determined using ImageJ software. In addition, the total number of 
βIII-tubulin-positive RGCs with an intact nucleus, as judged by DAPI 
staining, was quantified per well to assess potential neurotoxic effects. 
Survival of RGCs was unaffected by any of the treatments. The average 
neurite length per RGC was determined by dividing the sum of neurite 
length by the total number of RGCs per well. Values were then normalized 
to the control group as indicated. Data represent the mean axon length 
per RGC ± SEM of four replicate wells per experiment and at least three 
independent experiments. Significances of intergroup differences were 
evaluated using one- or two-way analysis of variance (ANOVA), followed 
by multiple post hoc tests (Holm-Sidak, Tukey).

DRG cultures. DRG neurons were isolated from adult C57/BL6 mice as 
previously described.57 In brief, DRG were harvested, digested with 0.25% 
trypsin/EDTA and 0.3% collagenase type IA (Sigma) in DMEM and 
mechanically dissociated. Cells were resuspended in DMEM containing 
10% fetal bovine serum (GE Healthcare) and 500 U/ml penicillin/strep-
tomycin (BioChrom) and cultured on 96-well plates coated beforehand 
with poly-D-Lysine (0.1 mg/ml, molecular weight < 300,000 Da, Sigma) 
and 20 µg/ml laminin (Sigma). Some of the culture plates were addi-
tionally coated with CNS-myelin extract.46,58 Cell cultures were treated 
with 10 nmol/l CNTF, hIL-6 supernatant or purified IL-6 (Peprotech) 
at various concentrations, 5 µmol/l JAK inhibitor AG490 (Calbiochem), 
5 µmol/l PI3-kinase inhibitor LY294002 (Sigma), 10 nmol/l mTOR inhibi-
tor rapamycin (LC-Laboratories), or 40 µmol/l ROCK inhibitor Y27632 
(Sigma) for 48 hours. Survival of DRG neurons was unaffected by any of 
these treatments. Cells were fixed in 4% PFA and stained with antibod-
ies against NeuN (1:2,000 ab177487; Abcam) and βIII-tubulin (1:2,000; 
Covance). Quantifications of DRG neuron numbers and total axon length 
were automatically performed with the pathway microscope system 
(Biosciences) and corresponding Attovision software in six replicate wells 
per experimental group. Data represent mean axon length per DRG neu-
ron ± SEM from at least two separate experiments, normalized to controls 
as indicated. Significances of intergroup differences were evaluated using 
ANOVA, followed by Holm-Sidak post hoc test.

Western blot analysis. Dissected mice retinae were homogenized in 75 
µl lysis buffer (20 mmol/l Tris/HCl pH 7.5, 10 mmol/l KCl, 250 mmol/l 
sucrose, 10 mmol/l NaF, 1 mmol/l DTT, 0.1 mmol/l Na3VO4, 1% 
TritonX-100, 0.1% SDS) with protease inhibitors (Calbiochem) and phos-
phatase inhibitors (Roche) using five sonification pulses at 40% power 
(Bandelin Sonoplus). Dissociated RGCs were left untreated or incubated 
with either 10 nmol/l CNTF or hIL-6 at various concentrations for 15 min-
utes or 6 hours at 37 °C and 5% CO2, pelleted by centrifugation (5 minutes 
at 900 g) and homogenized in 60 µl lysis buffer by sonication. HEK293 cell 
cultures medium was changed 24h after transfection. Cells were collected 
2, 6, and 24 hours thereafter and homogenized in 100 µl lysis buffer. Cell 
lysates were centrifuged at 8,000 g for 10 minutes to remove cellular debris. 
Approximately 10 µg protein was separated per lane on 10% Mini TGX gels 
(BioRad) and transferred to nitrocellulose membranes (0.2 µm, BioRad) 
using the Trans-Blot Turbo system (BioRad). Blots were blocked in 5% 
dried milk in either Tris- or phosphate-buffered saline with 0.5% Tween-20 
(TBS-T, PBS-T) for at least 1 hour at room temperature and then incubated 
either with polyclonal antibodies against IL-6 (1:1,000, ab6672, Abcam), 
phosphorylated (Tyr705) STAT3 (1:1,000, Cell Signaling Technology), 
phosphorylated (Thr308) AKT (1:1,000, Cell Signaling Technology), phos-
phorylated ERK1/2 (1:1,000, Cell Signaling Technology), β-actin (1:5,000; 
Sigma), or βIII-tubulin (1:1,000; BioLegend) in 5% bovine serum albumin 

in TBS-T at 4 °C overnight. Bound primary antibodies were visualized 
with anti-rabbit (1:80,000), anti-goat (1:20,000) or anti-mouse (1:80,000; 
all Sigma) immunoglobulin G (IgG) secondary antibodies conjugated to 
horseradish peroxidase using enhanced chemiluminescence substrate 
(Biozyme) on a FluoChemE detection system (ProteinSimple). Western 
Blots were repeated at least twice to confirm results and were densitomet-
rically quantified using ImageJ software. For comparative quantification, 
band intensities were normalized to βIII-tubulin used as loading control 
and to respective untreated control groups.

RNA isolation and quantitative real-time PCR. Total RNA was isolated 
from mouse retinae using the RNeasy kit (Qiagen) according to the manu-
facturer’s protocol. Retina-derived RNA (40 ng) was reverse transcribed 
using the superscript II kit (Invitrogen). Quantification of SOCS3 and  
glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH) expressions was 
performed using SYBR Green PCR Master Mix (Applied Biosystems) and 
QuantiTect primers (Mm_SOCS3_2_SG, Mm_Gapdh_3_SG; QuantiTect 
Primer Assay, Qiagen) on an Applied Biosystems 7500 real-time PCR sys-
tem. Retina-derived cDNA was amplified during 50 cycles according to the 
manufacturer’s protocol. All reactions were performed in duplicate, and 
at least two independent samples (from different eyes) were analyzed per 
experimental group. The specificity of the PCR product was verified with 
the dissociation curve analysis feature.

Retinal and optic nerve cross sections. Mice were anesthetized and per-
fused through the heart with cold PBS followed by 4% PFA in PBS. Isolated 
eyes with attached optic nerve segments were post-fixed in 4% PFA for 
6 hours, transferred to 30% sucrose at 4 °C overnight and embedded in 
Tissue-Tek (Sakura). Longitudinal sections of the optic nerve or retina  
(14 µm) were cut on a cryostat (Leica), thaw-mounted onto Superfrost plus 
slides (ThermoFisher) and stored at −80 °C until further use. Retinal sec-
tions were thawed, washed in PBS for 15 minutes and permeabilized by 10 
minutes incubation in 100% Methanol (Sigma). Sections were stained with 
antibodies against pSTAT3 (1:200), pAKT-Thr308 (1:500), pERK1/2 (1:500) 
(all Cell Signaling Technology), GFAP (1:50; Santa Cruz Biotechnology) 
and βIII-tubulin (1:2,000; BioLegend). Secondary antibodies included 
anti-mouse and anti-rabbit Alexa Fluor 488 or 594, respectively (1:1,000, 
Invitrogen). Sections were embedded in Moviol and analyzed using a fluo-
rescent microscope (Observer.D1, Zeiss). Representative pictures of each 
experimental group were taken on LSM510 confocal microscope (Zeiss).

Immunocytochemistry. Transfected HEK293 cells and primary neuronal 
cell cultures were fixed with 4% PFA for 30 minutes at room temperature, 
permeabilized by 10 minutes incubation in 100% Methanol (Sigma) and 
blocked with 2% bovine serum albumin/5% donkey serum in PBS-T. 
Cells were stained with antibodies against pSTAT3 (1:200), pAKT-Thr308 
(1:500), pS6 (1:500), (all Cell Signaling Technology) and βIII-tubulin 
(1:2,000; BioLegend). Secondary antibodies included anti-mouse and 
anti-rabbit Alexa Fluor-488 or -594, respectively (1:1,000, Invitrogen) and 
staining was analyzed using fluorescent microscopy (Observer.D1, Zeiss).

Preparation of AAV2. AAV plasmids carrying either cDNA for Cre-HA 
(AAV-Cre, kindly provided by Dr. Zhigang He), hIL-6 or GFP downstream 
of a CMV promoter were cotransfected with pAAV-RC (Stratagene) encod-
ing the AAV genes rep and cap and the helper plasmid (Stratagene) encod-
ing E24, E4, and VA into AAV-293 cells (Stratagene) for recombinant AAV2 
generation. Purification of virus particles was performed as described pre-
viously.4 Mainly, RGCs are transduced upon intravitreal injection of AAV2 
as this virus serotype is highly neurotropic and RGCs are the first neurons 
to be encountered by the virus upon intravitreal injection.

Optic nerve crush (ONC), inflammatory stimulation (IS), and intravit-
real injection. All surgical procedures were approved by the local authori-
ties (LANUV Recklinghausen) and conducted in compliance with federal 
and state guidelines for animal experiments in Germany as previously 
described.5,39 In brief, 2–3 months old, homozygous PTEN floxed mice on 
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C57BL/6j background (Jackson Laboratories) (20–25 g) or correspond-
ing wild type mice were anesthetized by intraperitoneal injection of ket-
amine (120 mg/kg) and xylazine (16 mg/kg). The optic nerve was surgically 
exposed under an operating microscope and crushed 1 mm behind the eye 
for 10 seconds using jeweler’s forceps. The integrity of the retinal vascula-
ture was verified by funduscopic examination after each surgery.

Inflammatory stimulation (IS) was induced by lens injury using a 
retrolenticular approach, puncturing the lens capsule with the tip of a 
microcapillary tube as described previously.9 Mice received 2 µl intravitreal 
injections of either AAV-Cre or AAV-GFP 2 weeks prior to ONC, while 
AAV-hIL-6 or AAV-GFP were intravitreally injected directly after optic 
nerve crush. Each experimental group consisted of six to eight mice. 
Two days before the end of the study, 2 µl fluorescently labeled (Alexa 
Flour-555) cholera toxin subunit B (CTB, 0.5% in PBS; Invitrogen) was 
intravitreally injected as an anterograde tracer to visualize regenerated 
axons.

Assessment of neuroprotection. Surviving RGCs were quantified in 
retinal flat-mounts stained with βIII-tubulin antibody (1:1,000 TUJ-1, 
BioLegend) as previously described.33 Four nonoverlapping pictures were 
taken in each retinal quadrant, proceeding from the center to the periph-
ery. The number of βIII-tubulin-positive RGCs was determined from each 
picture and divided by the area size. Values were averaged per retina and 
across all similarly treated animals to obtain a group mean ± SEM. At least 
five retinae were analyzed per experimental group. Significances of inter-
group differences were evaluated using two-way ANOVA, followed by cor-
rections for multiple post hoc tests (Holm-Sidak, Tukey).

Optic nerve regeneration. Axon regeneration was quantified as described 
previously.4,6 In brief, numbers of CTB-labeled axons were counted every 
half millimeter from the injury site on at least five longitudinal optic nerve 
sections per animal and normalized to the cross-sectional width of the 
optic nerve at this distance. Each experimental group included data from 
at least five mice. Significances of intergroup differences were evaluated 
using two-way ANOVA, followed by the Holm-Sidak post hoc test using 
GraphPad Prism software.
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