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Implications of GSK3 activity for axon regeneration are often incon-
sistent, if not controversial. Sustained GSK3 activity in GSK3S/A

knock-in mice reportedly accelerates peripheral nerve regeneration
via increased MAP1B phosphorylation and concomitantly reduces
microtubule detyrosination. In contrast, the current study shows that
lens injury-stimulated optic nerve regeneration was significantly
compromised in these knock-in mice. Phosphorylation of MAP1B
and CRMP2 was expectedly increased in retinal ganglion cell (RGC)
axons upon enhanced GSK3 activity, but, surprisingly, no GSK3-
mediated CRMP2 inhibition was detected in sciatic nerves, thus reveal-
ing a fundamental difference between central and peripheral axons.
Conversely, genetic or shRNA-mediated conditional KO/knockdown
of GSK3β reduced inhibitory phosphorylation of CRMP2 in RGCs
and improved optic nerve regeneration. Accordingly, GSK3β KO-
mediated neurite growth promotion and myelin disinhibition
were abrogated by CRMP2 inhibition and largely mimicked in WT
neurons upon expression of constitutively active CRMP2 (CRMP2T/A).
These results underscore the prevalent requirement of active CRMP2
for optic nerve regeneration. Strikingly, expression of CRMP2T/A in
GSK3S/A RGCs further boosted optic nerve regeneration, with
axons reaching the optic chiasm within 3 wk. Thus, active GSK3
can also markedly promote axonal growth in central nerves if
CRMP2 concurrently remains active. Similar to peripheral nerves,
GSK3-mediated MAP1B phosphorylation/activation and the reduc-
tion of microtubule detyrosination contributed to this effect. Over-
all, these findings reconcile conflicting data on GSK3-mediated
axon regeneration. In addition, the concept of complementary
modulation of normally antagonistically targeted GSK3 substrates
offers a therapeutically applicable approach to potentiate the regen-
erative outcome in the injured CNS.
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Mature neurons of the CNS such as retinal ganglion cells
(RGCs) are normally unable to regenerate injured axons

because of the inhibitory environment for axonal growth cones
(e.g., myelin) as well as their insufficient intrinsic capability to enter
a regenerative axonal growth program (1–3). Thus, CNS injuries
normally lead to an irreversible functional loss, such as paralysis
after spinal cord injury or blindness after optic nerve damage, re-
spectively. During the past two decades, various treatments have
been identified to transfer adult RGCs into an active regenerative
state. For example, induction of an inflammatory stimulation (IS)
via lens injury is neuroprotective and enables moderate axon
growth beyond the injury site of the optic nerve (4–9). These ef-
fects are mostly mediated by increased retinal expression of cyto-
kines, such as CNTF, LIF, and IL-6 (4, 5, 8). These cytokines then
activate or modulate signaling pathways in injured RGCs relevant
for regeneration, such as JAK/STAT3 and mTOR (10–13). Despite
this activation of the intrinsic state, RGCs are still sensitive toward
inhibitory myelin (10, 14). Thus, combinatorial approaches that
overcome inhibitory myelin signaling further improve IS-mediated
axon regeneration into the optic nerve (10, 14–16).
It is now undisputed that glycogen synthase kinase 3 (GSK3) is

crucially involved in regenerative processes upon axonal injury.

However, data from several laboratories are conflicting, and the
exact role of GSK3 in CNS axon regeneration remains contro-
versial. Whereas some studies reported that inhibition of GSK3
would promote axonal growth or myelin disinhibition, others
claimed exactly the opposite (17–22). It is conceivable that the role
of GSK3 might differ depending on cell type, neuronal age, or
axonal environment, which impedes comparisons of results from
different studies (23). In addition, GSK3 is known to influence the
activity of multiple downstream targets and could hence adopt not
just one, but several, potentially diverse functions in the context of
nerve regeneration. For instance, many microtubule-binding pro-
teins, such as collapsin response mediator protein 2 (CRMP2)
and microtubule-associated protein 1B (MAP1B), are validated
GSK3 substrates and may affect microtubule assembly and dy-
namics differently. CRMP2, which is inhibited by GSK3-mediated
phosphorylation, reportedly promotes microtubule polymerization
and myelin disinhibition (20, 24, 25). As for most GSK3 substrates,
CRMP2 inactivation via GSK3 requires prior priming by distinct
kinases, such as cyclin-dependent kinase 5 (CDK5) (26). In con-
trast, MAP1B is directly activated by GSK3-mediated phosphor-
ylation without prior priming and has been suggested to promote
axon growth (22, 27, 28). Moreover, investigations into the role of
GSK3 in axon regeneration are full of potential pitfalls. Pharma-
cological GSK3 inhibitors with different mechanisms of action
might yield inconsistent results, and even the extent of GSK3 in-
hibition seems to influence experimental outcomes, not to men-
tion off-target effects (29, 30). Finally, ectopic expression might
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result in nonphysiological GSK3 activity levels with potentially
adverse effects, and the focus upon one of the two GSK3 isoforms,
most notably GSK3β, could elicit compensatory responses of
GSK3α and vice-versa.
We previously used well-defined mice with phosphorylation-

resistant GSK3αS21A/βS9A [GSK3(α/β)S/A] double knock-in as well
as respective single knock-ins (31) to unambiguously investi-
gate the effect of GSK3 on peripheral nerve regeneration (32).
Elevated GSK3 activity in these mice led to markedly accelerated
axon regeneration after sciatic nerve injury (22, 32). This effect
was based on a phospho-MAP1B (pMAP1B)-associated inhibition
of microtubule detyrosination and subsequent increase of micro-
tubule dynamics in axonal growth cones (22, 32). Thus, elevated
GSK3 activity promotes axon regeneration in the adult peripheral
nervous system (PNS).
Here, we used the same transgenic animals as well as conditional

RGC-specific GSK3α and GSK3β KOs to study the role of both
GSK3 isoforms on adult optic nerve regeneration. Surprisingly,
elevation of GSK3 activity in GSK3S/A mice compromised, and
GSK3β KO (GSK3β−/−) potentiated, IS-stimulated regeneration.
These effects were associated with varying levels of inactive
CRMP2 in optic nerve axons, whereas CRMP2 phosphorylation
was barely detectable in PNS axons. The essential role of CRMP2
in GSK3-mediated RGC axon regeneration was confirmed by using
various in vivo and in vitro assays. However, as in the PNS, elevated
GSK3 activity enhanced neurite growth of RGCs in experimental
settings with constant CRMP2 activity, indicating that CRMP2

inhibition masks the positive effect of MAP1B activity in CNS
neurons. Consequently, RGC-specific expression of constitutively
active CRMP2, combined with enhanced GSK3 activity, boosted
IS stimulated optic nerve regeneration considerably more than
GSK3β−/−, with some axons reaching the optic chiasm as soon as
3 wk after injury. Thus, differential regulation of selected GSK3
targets can markedly improve the regenerative outcome and could
therefore provide treatment strategies for the injured CNS.

Results
Inhibition of GSK3 in Injured RGCs. Sciatic nerve crush reportedly
induces inhibitory GSK3 phosphorylation in adult dorsal root
ganglion (DRG) sensory neurons (22). To test whether GSK3 is
similarly inhibited in injured CNS neurons, we first examined the
levels of phosphorylated GSK3 in RGCs before and after optic
nerve crush (ONC). Although retinal flat-mounts of untreated
WT mice showed only few phospho-serine-21-GSK3α (pGSK3α)-
and phospho-serine-9-GSK3β (pGSK3β)-positive RGCs, numbers
and intensities of pGSK3-stained neurons were obviously in-
creased 5 d after ONC, whereas levels of total GSK3 remained
unaffected (Fig. 1A). Costaining with a βIII-tubulin antibody
localized pGSK3α and pGSK3β in RGCs and their axons in the
ganglion cell layer, whereas other retinal layers revealed only weak
staining unaltered by ONC. Absence of pGSK3 signals in reti-
nal flat-mounts of nonphosphorylatable GSK3(α/β)S/A knock-in
mice (31) verified the staining specificity of these pGSK3 anti-
bodies (Fig. 1A). Western blot analyses confirmed induction

Fig. 1. ONC elicits inhibitory GSK3α and GSK3β phosphorylation in RGCs. (A) Retinal flat-mounts and cross-sections of WT mice isolated 5 d after ONC and
ONC+IS, respectively. Compared with untreated mice (con), S21-phosphorylation of GSK3α (pGSK3α; red) and S9-phosphorylation of GSK3β (pGSK3β; red)
were similarly increased in βIII-tubulin–positive RGCs (green) after ONC and ONC+IS. Retinal cross-sections reveal that GSK3α/β phosphorylation occurred in
RGCs in the ganglion cell layer (GCL). Total GSK3α/β (red) remained unchanged. Phospho-GSK3 staining was absent in retinae of GSK3(α/β)S/A knock-in [(α/β)S/A]
mice, indicating antibody specificity. Nuclei were labeled by DAPI (blue). INL, inner nuclear layer; ONL, outer nuclear layer. (Scale bars: 50 μm.) (B) Western
blots of retinal lysates from WT mice untreated (con), 5 d after ONC or ONC+IS. pGSK3α and pGSK3β signals increased after ONC compared with untreated
controls, but additional IS did not further enhance GSK3 phosphorylation. No pGSK3 signals were detected in retinal lysates from (α/β)S/A mice, verifying
antibody specificities. Levels of T308-phosphorylated AKT (pAKT) were elevated after injury in WT and (α/β)S/A mice. Total GSK3α and GSK3β levels were
comparable in all experimental groups. βIII-tubulin served as a loading control. (C–G) Densitometric quantification of pGSK3α (C), pGSK3β (D), pAKT (E), total
GSK3α (F), and total GSK3β (G) relative to βIII-tubulin and normalized to WT control on different Western blots as depicted in B. Significances of intergroup
differences were evaluated by one-way ANOVA with Tukey post hoc test. Treatment effects compared with WT control: **P < 0.01 and ***P < 0.001. n.s.,
nonsignificant. Values represent means ± SEM of n = 3–4 retinae per group.
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of GSK3α and GSK3β phosphorylation upon nerve injury,
whereas total expression of both isoforms remained unchanged
(Fig. 1 B–D, F, and G). Phosphorylation of AKT, an upstream
mediator of this inhibitory GSK3 phosphorylation, was simi-
larly increased upon ONC (Fig. 1 B and E). However, neither
AKT nor GSK3 phosphorylation were further increased in the
proregenerative condition of IS compared with ONC alone
(Fig. 1 A–G). Furthermore, ONC- and particularly IS-mediated
induction of the regeneration-associated genes growth-associ-
ated protein 43 (gap43), galanin, and small proline-rich protein
1 a (sprr1a) were unaffected by GSK3(α/β)S/A knock-in or
GSK3β−/− (Fig. S1). Thus, the IS-mediated increase of the re-
generative capacity of RGCs is seemingly independent of
GSK3 activity.

Compromised RGC Axon Regeneration upon Sustained GSK3 Activity.
By using GSK3(α/β)S/A knock-in mice, we recently showed that
sustained GSK3 activity reduced microtubule detyrosination,
thereby markedly accelerating axon regeneration and functional
recovery of the regeneration-competent sciatic nerve (22, 32). The
findings that regeneration-stimulatory IS did not affect the levels
of GSK3 phosphorylation in RGCs (Fig. 1) and, on the contrary,
GSK3S/A or GSK3β−/− did not influence IS-induced expression of
regeneration-associated genes provided us the unique opportunity
to use this approach to investigate the contribution of GSK3 in
CNS regeneration. To this end, we subjected WT, GSK3αS/A,
GSK3βS/A, and GSK3(α/β)S/A mice to ONC or ONC+IS. We then
(i) cultured dissociated retinal cells 5 d after surgery for 24 h to
investigate spontaneous neurite growth (reflecting the regenerative
state) or (ii) quantified regenerating axons in the distal optic nerve
at 3 wk after surgery to test the effect on axon regeneration in vivo
(Fig. 2). Unexpectedly, spontaneous neurite growth of in vivo-
stimulated RGCs was markedly reduced in cultures of all three
GSK3 knock-in genotypes compared with WT controls (Fig. 2 A
and B), even though levels of phospho-MAP1B were enhanced in
neurite growth cones of GSK3αS/A and GSK3βS/A RGCs and even
stronger in neurons with GSK3(α/β)S/A compared with WT con-
trols (Fig. 2C). Similarly, optic nerve regeneration, particularly at

long distances, was significantly reduced in these transgenic mice
compared with respective IS-treated WT controls (Fig. 2 D–I and
Fig. S2). Quantification of surviving RGCs 3 wk after ONC+IS in
retinal flat-mounts revealed similar numbers for all genotypes (Fig.
S3 A and B), indicating that differences in optic nerve regeneration
were not attributable to distinct effects on neuroprotection. After
ONC alone, neurite growth of cultured RGCs as well as optic
nerve regeneration in vivo was generally strongly limited. There-
fore, we were not able to detect significant differences in GSK3αS/A,
GSK3βS/A, and GSK3(α/β)S/A genotypes compared with respec-
tively treated WT controls.

Potentiation of IS-Induced Optic Nerve Regeneration upon GSK3β KO.
As sustained GSK3 activity compromised optic nerve re-
generation, we investigated next whether inhibition of GSK3 by
conditional KOmight have the opposite effect. To this end, AAV-
Cre was injected into eyes of adult GSK3α- or GSK3β-floxed mice
to specifically delete GSK3α (GSK3α−/−) or GSK3β (GSK3β−/−)
in RGCs, whereas WT controls received AAV-GFP. Generally,
more than 90% of RGCs were successfully transduced, and spe-
cific KO of GSK3α or GSK3β was verified by immunohisto-
chemical staining (Fig. S4 A and B). Axon regeneration 3 wk after
ONC alone was only moderately increased upon GSK3β−/−
compared with the WT (Fig. 3 A and E and Fig. S5 A and B),
whereas GSK3α−/− had no effect. In parallel, we also analyzed the
effect of this genetic manipulation in mice with IS-mediated in-
creased RGC growth capacity. In comparison with sole ONC,
additional IS treatment expectedly elicited moderate nerve re-
generation, which was strikingly potentiated upon GSK3β−/− but
not GSK3α−/− (Fig. 3 A–C and E and Fig. S5 C–E). To confirm
this effect of reduced GSK3β activity in WT animals, we also
generated a GSK3β-shRNA–encoding AAV. This AAV showed a
somewhat generally lower transduction rate (∼70%) compared
with AAV-Cre, but efficiently and specifically suppressed endog-
enous GSK3β in transduced RGCs (Fig. S4C). Significantly,
shRNA-mediated GSK3β knockdown also markedly increased IS-
induced optic nerve regeneration (Fig. 3 A, D, and E and Fig. S5F).
This proregenerative effect of reduced GSK3β activity was again

Fig. 2. GSK3S/A reduces IS-induced optic nerve regeneration. (A) Representative images of βIII-tubulin–positive RGCs from WT, GSK3αS/A (αS/A), GSK3βS/A (βS/A),
and GSK3(α/β)S/A [(α/β)S/A] knock-in mice, respectively, after 24 h in culture. Animals received ONC and IS 5 d before culture preparation to transform neurons
into an axon growth mode. (Scale bar: 50 μm.) (B) Quantification of spontaneous neurite growth in cultures as described in A. RGC neurite length of WT mice
that received ONC but no IS was included to visualize the growth-promoting effect of IS. In comparison with WT RGCs, neurite growth of αS/A, βS/A, and (α/β)S/A

RGCs was markedly compromised. Values represent means ± SEM from n = 3 independent experiments. (C) Quantification of the percentage of phospho-
MAP1B (pMAP1B)-positive axon tips in RGC cultures as depicted in A. αS/A and βS/A significantly increased the percentage of positive tips, with the strongest
effects in (α/β)S/A RGCs compared with WT controls. Data represent means ± SEM of n = 3 independent experiments. (D) Representative longitudinal optic
nerve sections (collages of single photos) from WT, αS/A, βS/A, and (α/β)S/A knock-in mice with regenerating, cholera toxin β-subunit (CTB)-labeled axons 21 d
after ONC+IS. A nerve from a WT mouse 21 d after sole ONC was included as reference for IS-mediated regeneration. Lesion sites are indicated by asterisks.
(Scale bar: 200 μm.) (E–H) Higher magnifications of respective optic nerve sections 1 mm distal to the injury site as indicated in D. (Scale bar: 200 μm.) (I)
Quantification of regenerating axons per millimeter of optic nerve width at 0.5, 1, 1.5, 2, and 2.5 mm beyond the lesion site in treatment groups as in D.
Compared with WT animals, IS-triggered optic nerve regeneration was distinctly compromised in αS/A, βS/A knock-in mice and more slightly upon α+β knock-in
(α/β)S/A. Values represent means ± SEM of n = 6–8 animals per experimental group. Significances of intergroup differences in B, C, and I were evaluated by
one-way ANOVA with Tukey or Holm–�Sídák post hoc test. Treatment effects: *P < 0.05, **P < 0.01, and ***P < 0.001.
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independent of RGC survival, as their numbers were comparable
between respective experimental groups (Fig. S6 A and B).
To elucidate conceptual mechanism(s) that might underlie the

markedly increased regeneration mediated by GSK3β inactivation,
axon growth of in vivo-stimulated RGCs was analyzed in more
detail in cell culture. Plating RGCs on different substrates allowed
us to distinguish between effects on neurite growth per se and
disinhibition toward inhibitory molecules present in the optic
nerve, such as CNS myelin (11, 15). When retinal cells were dis-
sociated 5 d after sole ONC and cultured for 24 h, neurite growth
was expectedly limited, and no significant difference in neurite
length was determined between RGCs from WT and GSK3β−/−
mice (Fig. 3G). However, growth inhibition mediated by CNS
myelin extract was observed only for WT, but not GSK3β−/−
RGCs, suggesting that GSK3β−/− mostly acts in a disinhibitory
manner rather than increasing the regenerative capacity. As in
vivo, growth in culture was significantly increased upon ONC+
IS in both genotypes and ∼1.5 times higher for GSK3β−/− than in
WT RGCs (Fig. 3 F and G). In addition, neurite extension was
again significantly reduced in WT, but not GSK3β−/− RGCs on
myelin. Similarly, treatment of cultures with the ROCK inhibitor
Y27632, which reportedly overcomes myelin inhibition (15, 33, 34),
rescued myelin-mediated growth reduction in WT, but did not fur-
ther increase neurite growth of GSK3β−/− RGCs (Fig. 3G). Thus,
GSK3β−/− moderately further promoted neurite elongation of IS-
stimulated RGCs on a growth-permissive substrate and was dis-
inhibitory toward CNS myelin, suggesting that these features un-
derlie the potentiating effect on IS-stimulated optic nerve
regeneration and explain the rather moderate effects after ONC
alone (Fig. 3 A and E).

GSK3 Effects on Optic Nerve Regeneration Depend on CRMP2
Phosphorylation. As our results on optic nerve regeneration op-
posed our previous findings in the PNS (22, 32) and most GSK3

substrates require prior priming/phosphorylation by other kinases,
we speculated that GSK3 substrates might be differentially regu-
lated in the CNS and PNS. We previously noted that CRMP2 is
hardly phosphorylated in sciatic nerves of WT and even GSK3
(α/β)S/A mice with higher GSK3 kinase activity (32), and therefore
tested whether CRMP2 phosphorylation may be differently reg-
ulated in axons of the optic nerve. Indeed, Western blot analysis
revealed >10-fold higher phospho-CRMP2 (pCRMP2) levels in
WT optic nerves than in sciatic nerves from the same animals or
from GSK3(α/β)S/A mice relative to βIII-tubulin, whereas levels of
total CRMP2 protein were similar (Fig. 4 A–C). Immunohisto-
chemical staining of optic nerve sections from WT and GSK3
(α/β)S/A verified pCRMP2 expression in RGC axons (Fig. S7C),
making CRMP2 a potential candidate to explain the opposite
effects of GSK3 activity in the central and peripheral nervous
system. We therefore analyzed CRMP2 phosphorylation in all
GSK3 genotypes in more detail. Western blot analyses and im-
munohistochemistry verified similar levels of total CRMP2 in
RGCs and their axons in WT and all GSK3S/A knock-in and GSK3
KO mice used in this study before and after ONC (Fig. 4 D and F
and Figs. S7 A and B and S8 D and E). Expectedly, all constitu-
tively active GSK3S/A genotypes showed increased axonal levels of
pCRMP2 compared with WT mice (Fig. 4 D and E and Fig. S8A).
As ONC reduced GSK3 activity (Fig. 1), pCRMP2 levels were
expectedly decreased upon ONC and ONC+IS in WT mice. Al-
though reductions were also observed in retinal axons and optic
nerves of all three knock-in genotypes upon nerve injury, absolute
pCRMP2 levels remained significantly higher compared with re-
spective WT nerves (Fig. 4 D and E and Fig. S8A). Thus, modu-
lation of GSK3 activities affected pCRMP2 levels in injured axons.
Consistently, in KO mice, levels of pCRMP2 were reduced upon
depletion of GSK3β and GSK3(α/β), but not GSK3α (Fig. 4 F and
G and Fig. S8B). Axotomy expectedly reduced CRMP2 phos-
phorylation also in optic nerves of KO mice, whereas levels were

Fig. 3. Conditional RGC-specific GSK3β KO potentiates IS-induced optic nerve regeneration and confers disinhibition. (A) Longitudinal optic nerve sections
(collages of single photos) with regenerating, CTB-labeled axons prepared from WT mice, upon conditional, RGC-specific GSK3α (α−/−) or GSK3β (β−/−) KO, or
upon shRNA-mediated GSK3β knockdown (β-sh) 21 d after ONC or ONC+IS. Lesion sites are indicated by asterisks. (Scale bar: 200 μm.) (B–D) Higher mag-
nifications of respective optic nerve sections 1.5 mm beyond the lesion site as indicated in A. (Scale bar: 200 μm.) (E) Quantification of regenerating axons per
millimeter of optic nerve width at 0.5, 1, 1.5, 2, 2.5, and 3 mm beyond the lesion site from treatment groups as in A. RGC-specific β−/− only moderately
increased axonal regeneration, but strongly potentiated IS-induced optic nerve regeneration, whereas α−/− had no effect. β-sh reproduced the effect of β−/−.
Values represent means ± SEM of n = 6–8 animals per group. (F) Representative images of in vivo pretreated (ONC+IS 5 d before tissue preparation),
βIII-tubulin–positive RGCs from WT mice or animals with β−/− after 1 d in culture on a growth-permissive (con) or inhibitory (myelin) substrate. Some of the
cultures were additionally treated with Y27632 (Y27; 10 μM), which served as a positive control for disinhibition. (Scale bar: 50 μm.) (G) Quantification of
neurite length per RGC as described in F in comparison with ONC-treated RGCs (−). β−/− significantly enhanced neurite growth on permissive substrate (con)
only after ONC+IS treatment and not after ONC, but overcame myelin-mediated growth inhibition in both conditions, similar to Y27. Values were normalized
against the WT IS control group with an average neurite length of 6.94 μm per RGC and represent means ± SEM of at least three independent experiments
per experimental group. Significances of intergroup differences in E and G were evaluated using two-way (E) or three-way (G) ANOVA with Tukey post hoc
test. Treatment effects: *P < 0.05 and ***P < 0.001. n.s., nonsignificant.
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significantly lower in retinae and optic nerve lysates of GSK3β−/−
and GSK3(α/β)−/− mice, but not in GSK3α−/− mice, compared
with WT (Fig. 4 F and G and Fig. S8B). Immunohistochemical
analysis of retinal flat-mounts upon GSK3(α/β) KO in AAV-Cre-
transduced RGCs showed no detectable pCRMP2 signal in RGC
somata and axons (Fig. S8 B and C), indicating that GSK3 activity
is essential for CRMP2 phosphorylation. Thus, overall, this anal-
ysis of diverse GSK3 genotypes reveals a strong inverse correlation
of pCRMP2 levels and the measured optic nerve regeneration
in vivo.
To confirm a direct contribution of active CRMP2 to GSK3-

mediated nerve regeneration, in vivo ONC+IS-stimulated retinal
cells from WT, GSK3β−/−, and GSK3(α/β)S/A mice were cultured
on growth-permissive substrate or inhibitory CNS myelin in the
presence of the well-characterized CRMP2 inhibitor lacosamide
(LCM) (35, 36). The disinhibitory effect of GSK3β−/− on neurite
growth on myelin was already significantly reduced by 0.5 μM
LCM, whereas 5 μM decreased the length of WT and GSK3β−/−
neurites on growth-permissive substrate (Fig. 4H). On the con-
trary, LCM (5 μM) did not further compromise neurite elongation
of GSK3(α/β)S/A RGCs in similar cultures (Fig. 4I), as CRMP2
was already strongly phosphorylated and thereby inhibited after
(α/β)S/A knock-in. These data indicate that improved neurite ex-
tension and myelin disinhibition in GSK3β−/− RGCs depend on

elevated CRMP2 activity (i.e., less phosphorylation), while en-
hanced CRMP2 inhibition by GSK3(α/β)S/A compromises neurite
growth of RGCs.

Potentiated Optic Nerve Regeneration upon Combinatorial Modulation
of GSK3 Substrates.As the beneficial effects of GSK3β−/− depended
on CRMP2 activity, we next tested whether exogenous expression
of active CRMP2 may mimic the growth-potentiating effect of
GSK3β−/− and reverse the negative effect of GSK3(α/β)S/A on
neurite growth in culture as well as axon regeneration in vivo. To
this end, we expressed constitutively active CRMP2Thr514/Ala

(CRMP2T/A), which cannot be phosphorylated by GSK3, in WT
and transgenic GSK3(α/β)S/A mice. Intravitreal injection of this
AAV transduced >70% of RGCs after 3 wk (Fig. S4D). Animals
were then subjected to ONC+IS. First, we analyzed neurite
growth of RGCs that had been isolated 5 d after surgery and
cultured for 24 h on permissive substrate vs. inhibitory CNS myelin
extract. As GSK3β−/− (Fig. 3G), expression of CRMP2T/A in WT
RGCs slightly increased neurite growth per se and induced disin-
hibition toward myelin (Fig. 5A), providing further evidence that
the effects of GSK3β−/− were predominantly mediated via in-
creased CRMP2 activity. On the contrary, GSK3(α/β)S/A expect-
edly reduced neurite growth, whereas myelin showed no additional
inhibitory effect (Fig. 5A; similar as inWTRGCs treated with high

Fig. 4. CRMP2 phosphorylation in optic nerves of GSK3S/A or conditional GSK3 KOs correlates with axon regeneration. (A) Western blot analysis of T514-
phosphorylated (pCRMP2) and total CRMP2 in sciatic nerves (SN) from untreated WT or GSK3(α/β)S/A knock-in mice [(α/β)S/A] in comparison with untreated WT
optic nerves (ON). βIII-tubulin (tubulin) was used as loading control. (B and C) Densitometric quantification of Western blots as in A. Relative to βIII-tubulin,
approximately 10 times more pCRMP2 (B), but only approximately twice as much total CRMP2 (C), was detected in optic nerves compared with sciatic nerves.
Values represent means ± SEM of n = 3 nerves per group. (D) Western blot analysis of pCRMP2 and total CRMP2 in optic nerve lysates from WT, GSK3αS/A (αS/A),
GSK3βS/A (βS/A), and (α/β)S/A knock-in mice that were left untreated (con) or subjected to ONC or ONC+IS, respectively, 5 d before tissue isolation. Only optic
nerve segments proximal to the lesion site were used for the analysis. Levels of pCRMP2 were considerably decreased upon ONC and ONC+IS in WT animals
but remained higher in αS/A, βS/A, and (α/β)S/A mice. Tubulin was used as loading control. (F) Western blot analysis of pCRMP2 and total CRMP2 in optic nerve
lysates from GSK3α, GSK3β, or GSK3(α/β) floxed mice that were intravitreally injected with AAV-Cre [α−/−, β−/−, (α/β)−/−] or AAV-GFP (WT). Three weeks
thereafter, animals were subjected to treatments as described in D. RGC-specific β−/− or (α/β)−/−, but not α−/− KO, reduced pCRMP2 levels compared with WT
optic nerves in all three experimental conditions (control, ONC, and ONC+IS). Levels of total CRMP2 were unchanged among all treatment groups. Tubulin
was used as loading control. (E and G) Densitometric quantification of pCRMP2 relative to tubulin on Western blots as depicted in D and F. To facilitate
comparison between different genotypes, groups were arranged in a different order as in D and E (sorted by treatment, not by genotype). Values represent
means ± SEM of n = 3–4 optic nerves per group. (H) Quantification of neurite growth of cultured RGCs fromWT and β−/− mice treated with ONC+IS 5 d before
culture preparation. Cultures were untreated (−) or incubated with Y27632 (Y27; 10 μM) or different concentrations of the CRMP2 inhibitor lacosamide (LCM,
0.5 or 5 μM) as indicated. Spontaneous neurite growth was evaluated in the absence (con) or presence of CNS myelin after 24 h in culture. Low concentrations
of LCM (0.5 μM) did not affect RGC neurite growth on permissive substrate, but significantly compromised the disinhibitory effect of GSK3β−/−. Higher LCM
concentrations (5 μM) reduced neurite growth on permissive substrate in WT and GSK3β−/− RGCs, but showed no additional effect on myelin. Values represent
means ± SEM of n = 4 independent experiments per group and were normalized to the WT control (−) with an average neurite length of 6.39 μm per RGC.
(I) Quantification of neurite growth of RGCs from WT and (α/β)S/A mice. Animals were subjected to ONC+IS 5 d before culture preparation. Cultures were
untreated (−) or incubated with 5 μM LCM. LCM decreased neurite growth in WT but not (α/β)S/A RGCs. Values represent means ± SEM of n = 3 independent
experiments per group and were normalized to WT control (−) with an average neurite length of 12.27 μm per RGC. Significances of intergroup differences in
B, C, E, G, H, and I were evaluated by one-way (B and C), two-way (E, G, and I), or three-way (H) ANOVA with Tukey post hoc test. Treatment effects were
compared with WT control: #P < 0.05, ##P < 0.01, ###P < 0.001; WT ONC or as indicated: *P < 0.05, **P < 0.01, ***P < 0.001; and to WT ONC+IS: +++P < 0.001.
n.s., nonsignificant.
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LCM concentrations; Fig. 4H). Significantly, upon RGC-specific
CRMP2T/A expression in GSK3(α/β)S/A mice, neurite growth was
no longer decreased, but surprisingly rather increased on permis-
sive substrate (∼2.2-fold) and myelin extract (∼5.2-fold) in com-
parison with the respective WT, suggesting that sufficient levels of
active nonphosphorylated CRMP2 unmasked an otherwise hidden
growth-promoting effect of active GSK3. Consistently, CRMP2T/A

expression had no effect on MAP1B phosphorylation, as levels of
pMAP1B in neurite growth cones of GSK3(α/β)S/A were still
markedly increased compared with WT controls (Fig. 5B). We also
tested whether CRMP2T/A expression might similarly affect optic
nerve regeneration. To this end,WT andGSK3(α/β)S/A mice received
intravitreal injections of AAV-CRMP2T/A 3 wk before ONC+IS.
Similar to GSK3β−/−, CRMP2T/A expression inWT animals markedly
increased IS-stimulated axon regeneration (Fig. 5 C–H and Fig. S9).
Strikingly, CRMP2T/A expression also converted the negative
effect of GSK3(α/β)S/A into the strongest regeneration measured
in this study, with some axons reaching the optic chiasm as soon as
3 wk after injury (Fig. 5 I–L). The survival of RGCs was not sig-
nificantly affected by CRMP2T/A overexpression (Fig. S3 A and B).
Thus, as in the PNS, enhanced GSK3 activity significantly pro-

motes CNS axon regeneration if its inhibitory activity on CRMP2
is circumvented.

GSK3 Activity Promotes Neurite Growth of Naïve RGCs in Culture. As
CRMP2T/A expression converted the impact of GSK3 activity from
a negative to a growth-promoting effect in vivo, we wondered
whether enhanced GSK3 activity might also affect neurite growth
of naïve RGCs without prior ONC treatment in vivo. These naïve
RGCs were expected to display high pCRMP2 levels in the WT as
well, based on the immunostaining of retinal flat-mounts (Fig.
S8A). In contrast to conditions 5 d after axotomy in which
pCRMP2 was significantly lower in the WT, we noted that cultured
RGCs from untreated (naïve) WT, GSK3αS/A, GSK3βS/A, and
GSK3(α/β)S/A mice showed unaltered high pCRMP2 levels (Fig. S7
D and E). Total CRMP2 levels in RGCs remained unchanged
among all genotypes upon ONC and in naïve conditions (Fig. S7 F
and G). As pCRMP2 levels did not decrease in WT RGCs as early
as 3 d after culturing, these naïve cultures provided conditions to
test the effects of GSK3 activity mostly independently of its impact
on changes of endogenous CRMP2 activity (Fig. 6 A and B). We
therefore prepared naïve cultures fromWT, GSK3αS/A, GSK3βS/A,
and GSK3(α/β)S/A mice and incubated them with or without CNTF

Fig. 5. Constitutively active CRMP2 promotes optic nerve regeneration. (A) Quantification of neurite growth of RGCs in retinal cultures of WT and GSK3(α/β)S/A

[(α/β)S/A] mice that were intravitreally injected with AAV-GFP (−) or AAV-CRMP2T/A. Three weeks after AAV injection, animals were subjected to ONC+IS, and
cultures prepared 5 d thereafter. Some of the cultures were incubated with 10 μMY27632 (Y27). Spontaneous neurite growth was evaluated in the absence (con)
or presence of CNS myelin after 24 h in culture. In WT RGCs, CRMP2T/A promoted myelin disinhibition and slight neurite growth. In (α/β)S/A RGCs, CRMP2T/A re-
versed the neurite growth reducing effect of (α/β)S/A and strongly potentiated neurite growth compared with respective WT cultures. Values represent means ±
SEM of n = 3 independent experiments and were normalized to the WT control group (−) with an average neurite length of 4.52 μm per RGC. (B) Quantification
of pMAP1B-positive neurite tips of RGCs as depicted in A. (α/β)S/A significantly increased the percentage of pMAP1B-positive neurite tips compared with the WT.
Expression of CRMP2T/A did not affected pMAP1B levels in WT or in (α/β)S/A RGCs. Data represent means ± SEM of n = 3 independent experiments. (C) Repre-
sentative longitudinal optic nerve sections (collages of single photographs) with regenerating, CTB-labeled axons prepared from WT or (α/β)S/A mice that were
intravitreally injected with AAV-CRMP2T/A. Three weeks after AAV injection, animals were subjected to ONC+IS and killed 21 d thereafter. Asterisks indicate the
lesion site. (Scale bar: 200 μm.) (D–G) Magnifications of optic nerve sections as indicated in C at 2 and 4 mm beyond the lesion site. (Scale bar: 200 μm.) (H)
Quantification of regenerating axons at indicated distances beyond the crush site in optic nerves as described in C. In comparison with animals without AAV-
CRMP2T/A injection (dashed lines; data from Fig. 2), CRMP2T/A significantly improved optic nerve regeneration inWTmice, but the effect was potentiated in (α/β)S/A

mice. Values represent means ± SEM of at least n = 5 animals per group. (I–L) Two sections of the chiasm attached to the optic nerve from the same CRMP2T/A

-treated (α/β)S/A animal as shown in C, F, and G, with several axons reaching the chiasm. (J and L) Magnifications of the chiasm as indicated in I and K, respectively.
Arrows indicate axons in the chiasm. Significances of intergroup differences were evaluated by three-way (A) or two-way (B and H) ANOVA followed by Tukey
post hoc test. Treatment effects: **P < 0.01 and ***P < 0.001. n.s., nonsignificant.
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for 3 d to enable neurite growth. Indeed, under these conditions,
mean neurite growth was significantly longer for GSK3αS/A and
GSK3βS/A RGCs and strongest (∼2.5 fold) for GSK3(α/β)S/A

RGCs compared with WT controls. Similar relative effects were
observed upon additional treatment with CNTF, which was used to
stimulate the cell-intrinsic growth state, like IS in the previously
used paradigms (Fig. 6 G and H). Enhanced neurite growth cor-
related with the degree of MAP1B phosphorylation in neurite
growth cones, indicating increasing GSK3 activity in GSK3(α/β)S/A
compared with GSK3αS/A and GSK3βS/A and WT RGCs
(Fig. 6 C and D). Moreover, the growth-promoting effect of
GSK3(α/β)S/A was markedly compromised by SB415286, which di-
rectly inhibits GSK3 activity via blocking its substrate-binding site
(37), but not by lithium, which increases AKT-mediated inhibitory
phosphorylation of GSK3 (Fig. 6I). Thus, the kinase activity of
GSK3 is essential for the neurite growth-promoting effect of
GSK3(α/β)S/A. As pMAP1B reportedly increases microtubule
dynamics by inhibiting detyrosination (27, 32, 38, 39), GSK3(α/β)S/A

consistently reduced the percentage of axonal tips with detyrosinated
tubulin compared with WT controls (Fig. 6 E and F). These data
demonstrate that, as previously shown for peripheral sensory neu-
rons, elevated GSK3 activity can promote RGC neurite growth via
reduction of microtubule detyrosination and subsequent increase
in microtubule dynamics (32). However, this effect is normally

masked in the CNS by a dominant effect of endogenous CRMP2
inhibition.

Discussion
The present study investigated the role of both GSK3 isoforms
and two of their downstream targets in CNS axon regeneration,
taking advantage of various genetic mouse models and the
classical optic nerve injury paradigm. In contrast to improvement
of sciatic nerve regeneration (22, 32), the sustained GSK3 ac-
tivity in GSK3S/A mice compromised IS-stimulated optic nerve
regeneration without affecting the expression of regeneration-
associated genes or neuronal survival. This diverging outcome was
evidently based on much stronger GSK3-mediated CRMP2 in-
activation in axons of the central optic nerve than the peripheral
sciatic nerve, thus impeding axon regeneration. The negative effect
of GSK3 on CRMP2 activity superimposed its beneficial effect via
pMAP1B-associated reduction of microtubule detyrosination. Ac-
cordingly, optic nerve regeneration was dramatically improved in
GSK3S/A mice upon neutralization of CRMP2 inhibition. There-
fore, these insights into the antagonistic effects of GSK3 activity
reconcile the so far inconsistent reports on the role of GSK3 in PNS
and CNS axon regeneration. Moreover, combination of the positive
effects of activation and inhibition of GSK3 open promising options
for novel therapeutic interventions for CNS repair.

Fig. 6. GSK3 activity enhances RGC neurite growth and MAP1B phosphorylation in naïve retinal cultures. (A) Representative pictures of dissociated RGCs
stained for T514-phosphorylated CRMP2 (pCRMP2; red) and βIII-tubulin (green) after 2 h or 3 d in culture. RGCs were isolated from untreated naïve WT
retinae. pCRMP2 levels did not change over a time period of 3 d in culture. (Scale bar: 50 μm.) (B) Quantification of pCRMP2 staining intensities of RGCs as
described in A. Values represent means ± SEM of n = 3 independent experiments per group. (C) Representative pictures of βIII-tubulin–positive RGCs (green)
from WT and GSK3(α/β)S/A [(α/β)S/A] mice costained for T1265-phosphorylated MAP1B (pMAP1B; red), which were cultured for 3 d in the presence of CNTF
(200 ng/mL). (Insets) Higher magnification of respective neurite tips. (Scale bars: 50 μm; Insets, 15 μm.) (D) Quantification of the percentage of pMAP1B-
positive neurite tips in RGC cultures as depicted in C. αS/A and βS/A significantly increased the percentage of pMAP1B-positive tips with strongest effects in
(α/β)S/A RGCs. Data represent means ± SEM of n = 3 independent experiments. (E) Representative pictures of βIII-tubulin–positive RGCs (green) as described in
C stained for detyrosinated α-tubulin (detyr.; red). (Insets) Neurite tips at greater magnification. (Scale bars: 50 μm; Insets, 15 μm.) (F) Quantification of RGC
neurite tips with detyrosinated α-tubulin staining as depicted in E. (α/β)S/A significantly reduced microtubule detyrosination. Data represent means ± SEM of
n = 3 independent experiments. (G) Representative pictures of βIII-tubulin–positive RGCs (tubulin; green) from untreated, naïve WT, αS/A, βS/A, and (α/β)S/A mice
cultured for 3 d in the presence of CNTF (200 ng/mL). (Scale bar: 50 μm.) (H) Quantification of neurite growth of RGCs as described in G cultured in the absence
and presence of CNTF. Neurite growth was increased in αS/A and βS/A RGCs to the same extent and further in (α/β)S/A RGCs compared with WT RGCs. Data
represent means ± SEM of n = 3 independent experiments normalized to WT control with an average length of 2.82 μm per RGC. (I) Quantification of neurite
growth of WT and (α/β)S/A RGCs cultured in the presence of CNTF and GSK3 inhibitors lithium (lith; 3 mM) or SB415286 (SB; 7.5 and 18.5 μM). Data represent
means ± SEM of n = 3 independent experiments normalized to only CNTF-treated WT RGCs with a neurite length of 8.17 μm per RGC. Significances of in-
tergroup differences were evaluated by using one-way (D) or two-way (H and I) ANOVA with Tukey post hoc test or Student’s t test (B and F). Treatment
effects: *P < 0.05, **P < 0.01, and ***P < 0.001. n.s., nonsignificant.
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GSK3 has long been implicated in axon regeneration, even
though its exact role has been controversial (23). Surprisingly,
only few previous studies analyzed the regulation of GSK3 itself
upon nerve injury. Inhibitory phosphorylation of GSK3αS21 and
GSK3βS9 is markedly increased in axotomized sensory neurons
and their regenerating axons (22, 40). In contrast to a previous
report (18), here we detected, similar to the PNS (22), sig-
nificant induction of GSK3 phosphorylation in somata and
axons of RGCs at 5 d after ONC using specificity-verified
antibodies. Consistent with axotomy-induced inhibition, GSK3-
mediated CRMP2 phosphorylation decreased after injury. Simi-
larly, pCRMP2 levels were reduced in GSK3β−/− mice, whereas
pCRMP2 and pMAP1B were expectedly increased in GSK3S/A

mice compared with WT controls, confirming the dependency of
their phosphorylation on overall GSK3 activity. The observed slight
decrease of pCRMP2 in optic nerves of GSK3(α/β)S/A mice after
ONC suggests that additional mechanisms might also be involved
in the injury-induced regulation of this substrate (41).
We recently demonstrated that the axon growth-promoting effect

of GSK3S/A in sensory neurons was attributed to reduced tubulin
detyrosination upon GSK3-mediated MAP1B activation, whereas
almost no pCRMP2 was detectable in sciatic nerves of WT or even
GSK3S/A animals (32). In contrast to the PNS, the present study
found relatively high levels of pCRMP2 in optic nerve axons of
uninjuredWTmice, which were further increased by active GSK3S/A

and compromised axonal regeneration in vivo. It is therefore likely
that priming kinases, such as CDK5, that are required for sub-
sequent CRMP2 phosphorylation by GSK3 (41–43) have different
activities in the CNS and PNS. Consistently, CDK5 is reportedly
active in the CNS and even in DRG harboring the somata, but
inactive in the sciatic nerve with the axons (44). Despite the
present lack of knowledge about whether CDK5-dependent
CRMP2 priming is involved in this process, our findings suggest
that GSK3-mediated inactivation of axonal CRMP2 is rather ir-
relevant for peripheral nerve regeneration, but plays a dominant
role in the CNS. In agreement with this idea, reduced CRMP2
phosphorylation correlated with improved axon regeneration
in GSK3β−/− mice, and increased CRMP2 phosphorylation re-
duced regeneration in GSK3S/A compared with WT mice.
Moreover, expression of nonphosphorylatable CRMP2T/A mostly
mimicked disinhibition and growth promotion of GSK3β−/−, while
a CRMP2 inhibitor abrogated these effects, thereby verifying its
functional relevance.
Overcoming myelin growth inhibition is an important aspect of

successful CNS regeneration, and CRMP2 has previously been
reported to counteract the negative effect of inhibitory mole-
cules, such as myelin-associated factors or chondroitin sulfate
proteoglycans (20, 25). Generally, disinhibitory treatments on
their own are not very effective, but can facilitate optic nerve
regeneration in combination with procedures elevating the re-
generative state of RGCs, such as IS (10, 14, 45). Accordingly,
GSK3β−/− as well as CRMP2T/A expression effectively promoted
optic nerve regeneration particularly in combination with IS. The
essential role of CRMP2 for neurite growth and disinhibition was
confirmed in cell-culture experiments with primary RGCs.
Application of the CRMP2 inhibitor LCM (35, 36) reduced
neurite growth of WT RGCs. However, RGCs had to be
prestimulated in vivo to increase the activity level of CRMP2
(reduction of CRMP2 phosphorylation). As RGCs isolated from
GSK3S/A mice showed high levels of inactive pCRMP2 despite
prestimulation, LCM was ineffective in these cells. On the
contrary, GSK3β−/− RGCs with highly active CRMP2 showed
increased neurite growth. This effect was therefore blocked by
LCM, particularly when RGCs were cultured on inhibitory
CNS myelin. Accordingly, CRMP2T/A expression also mainly
promoted RGC growth on inhibitory myelin, which is consis-
tent with the role of CRMP2 in disinhibition (20, 25). Thus,
the potentiating effect of GSK3β−/− or CRMP2T/A expression

on IS-induced optic nerve regeneration might be predomi-
nantly attributable to disinhibitory effects toward myelin or
potentially other inhibitors.

Fig. 7. Complementary modulation of antagonistic effects of GSK3 synergisti-
cally promotes CNS axon regeneration. (A) IS activates the intrinsic growth pro-
gram of RGCs andmoderately promotes optic nerve regeneration independent of
GSK3 activity (green box). Phosphorylation of GSK3 regulates its kinase activity
(red triangle), which in turn controls the activity of the microtubule-binding pro-
teins CRMP2 and MAP1B. GSK3-mediated phosphorylation inactivates CRMP2,
thereby abolishing its microtubule (MT) polymerization promoting and dis-
inhibitory effects (blue triangle). On the contrary, GSK3 phosphorylation activates
MAP1B, increasing microtubules dynamics in axonal growth cones by reducing
tubulin detyrosination (brown triangle). Increased MT polymerization, disinhibi-
tion, and MT dynamics all improve axon regeneration, but are inversely regulated
by GSK3 activity. As shown by the present study, GSK3 depletion (GSK3−/−) in-
creases CRMP2 activity, resulting in enhanced axon regeneration. Moreover, the
role of active CRMP2 appears to be dominating in this context in the CNS. The
positive effect of constitutively active GSK3 (GSK3S/A) on pMAP1B/microtubule
detyrosination is masked and can only partially compensate the negative
impact of GSK3-mediated CRMP2 phosphorylation. (B) Overexpression of non-
phosphorylatable CRMP2 (CRMP2T/A) enhances MT polymerization and disinhibi-
tion independent of GSK3 activity. Thus, inactivation of endogenous CRMP2 upon
constitutively active GSK3 (GSK3S/A) becomes irrelevant, and the increase of MT
dynamics under these conditions further promotes axon regeneration.
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Interestingly, only GSK3β−/−, but not GSK3α−/−, decreased
CRMP2 phosphorylation, which was particularly evident upon ONC.
This result is consistent with a previous study describing reduced
CRMP2 phosphorylation in CNS neurons upon GSK3β−/−, but not
GSK3α−/− (46). Although both isoforms are reportedly able to
phosphorylate primed CRMP2, GSK3α is considered less active in
vivo (46, 47) and can apparently not substitute for GSK3β in re-
spective KO animals. In contrast, constitutively active GSK3αS/A was
seemingly as active as GSK3βS/A, because CRMP2 andMAP1B were
comparably phosphorylated in the two single knock-in mice. Overall,
our data demonstrate an inverse correlation between GSK3 activity,
CRMP2 phosphorylation, and axon regeneration in vivo.
Strikingly, increased GSK3 activity also promoted axon regen-

eration of RGCs, most likely similar to DRG neurons via pMAP1B-
associated inhibition of tubulin detyrosination, when the influence of
CRMP2 activity was experimentally neutralized (i.e., balanced
pCRMP2 levels in naïve cell cultures or expression of constitutively
active CRMP2T/A). This effect on microtubule detyrosination is also
likely the underlying cause for the less pronounced reduction of
optic nerve regeneration in GSK3S/A double compared with single
knock-in mice (Fig. 2 D and I), as CRMP2 inhibition was seemingly
already maximal upon single knock-in. Thus, the beneficial effect of
MAP1B activation in GSK3S/A mice on CNS axon regeneration
is normally superimposed by the negative effect of CRMP2 phos-
phorylation, and unmasked by CRMP2T/A overexpression (Fig. 7).
In fact, combination of active CRMP2 and inhibition of tubulin
detyrosination markedly potentiated IS-mediated optic nerve re-
generation in GSK3S/A mice, enabling stronger regeneration than
GSK3β−/− or CRMP2T/A expression alone (Fig. 7). In comparison
with our previously published data on the regenerative effects of
PTEN KO and PTEN KO+IS, respectively, in the same mouse
background (48), regeneration achieved here by GSK3β−/− or
CRMP2T/A+IS was distinctly stronger. Whether additional neuro-
protective treatments or longer than 3 wk of regeneration would
enable growth beyond the optic chiasm and ultimately lead to
reinnervation of RGC targets needs to be addressed in the future.
Moreover, PTEN depletion activates AKT, which acts upstream of
GSK3 and CRMP2, leaving the possibility that both proteins par-
ticipate in axon growth stimulation by PTEN KO (18, 49). Studies
addressing these potential interactions are currently under way.
Despite these remaining questions, the concept of complemen-

tary modulation of normally antagonistically targeted GSK3 sub-
strates might open new therapeutic strategies for CNS repair. In this
respect, it might be more feasible to combine parthenolide, which
mimics the effects of GSK3 activation by direct inhibition of tu-
bulin detyrosination (32), with pharmacological GSK3 inhibition,
for example, by lithium, to reduce CRMP2 inactivation and effi-
cient activation of the intrinsic growth potential, for example, with
IS or hyper–IL-6 (48). Future studies will address the feasibility and
outcome of such combinatorial pharmacological strategies to pro-
mote optic nerve and more general CNS regeneration.

Materials and Methods
Animals and surgical procedures were approved by the local animal care
committee (Landesamt für Natur, Umwelt, und Verbraucherschutz Reck-
linghausen) and conducted in compliance with federal and state guidelines

for animal experiments in Germany. Housing conditions, mouse strains, and
surgical procedures are described in SI Materials and Methods.

Western Blot Assays. For protein lysate preparation, mice were killed, and
tissues were isolated and dissected. Retinae, optic nerves, or sciatic nerves
were homogenized in lysis buffer, and cleared by centrifugation. Proteins
were separated by SDS/PAGE according to standard protocols and transferred
to nitrocellulose membranes (0.2 μm; Bio-Rad). Details on Western blot
analysis, antibodies, and signal quantification are described in SI Materials
and Methods.

Immunohistochemistry. Animals were intracardially perfused with cold saline
solution followed by PBS solution containing 4% paraformaldehyde (PFA).
The tissue was then embedded in KP-cryo compound (Klinipath), and sections
were cut on a cryostat. Details on the protocol and antibodies used are
described in SI Materials and Methods.

Quantification of Axons in the Optic Nerve. Regeneration of axons was
quantified over the entire length of the optic nerve for all animals as pre-
viously described (11, 12). Details on quantification are described in SI Ma-
terials and Methods.

Quantification of RGCs in Retinal Whole-Mounts. For quantification of sur-
viving RGCs, retinal whole-mounts were immunohistochemically stained, and
the average density of RGCs was determined. Details are described in SI
Materials and Methods.

Preparation of AAV2. Details on recombinant AAV2 (afterward referred to as
AAV) production are described in SI Materials and Methods.

RNA Isolation and Quantitative Real-Time PCR. Total RNA was isolated from
mouse retinae and reverse-transcribed. Expression of Gap43, Galanin, Sprr1a,
and GAPDH was then quantified by real-time PCR. Details and primers are
described in SI Materials and Methods.

Dissociated Retinal Cell Cultures. For experiments requiring in vivo pre-
treatment, mice were subjected to ONC or ONC+IS. Five days thereafter, retinal
cultures were prepared as described previously (50). In experiments without
prior in vivo treatment, retinal cells of respective genotypes were isolated as
described earlier. After trituration, the cell suspension of one retina was im-
mediately washed with 50 mL DMEM to remove cell fragments or factors re-
leased from the cells and centrifuged for 7 min at 500 × g. Details on culture
preparation, factors and antibodies, as well as quantification of neurite growth
are described in SI Materials and Methods.

Quantification of pMAP1B- and Detyrosinated Tubulin-Positive Axon Tips in
Retinal Cultures. Details on the methods and antibodies used are described
in SI Materials and Methods.

Quantification of CRMP2 and pCRMP2 Immunostaining in Cultured RGCs.
Methodological details and antibodies used are described in SI Materials
and Methods.

Statistical Analysis. Significances of intergroup differences were evaluated by
using Student’s t test or ANOVA followed by Holm–�Sídák or Tukey post hoc
test by using GraphPad Prism software.
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