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We have previously shown that crushing the optic nerve induces death of retinal ganglion cells by apoptosis, but suppression of
CASP2, which is predominantly activated in retinal ganglion cells, using a stably modified short interfering RNA CASP2, inhibits
retinal ganglion cell apoptosis. Here, we report that combined delivery of short interfering CASP2 and inhibition of CASP6 using
a dominant negative CASP6 mutant activates astrocytes and Miiller cells, increases CNTF levels in the retina and leads to
enhanced retinal ganglion cell axon regeneration. In dissociated adult rat mixed retinal cultures, dominant negative CASP6
mutant + short interfering CASP2 treatment also significantly increases GFAP™* glial activation, increases the expression of CNTF
in culture, and subsequently increases the number of retinal ganglion cells with neurites and the mean retinal ganglion cell
neurite length. These effects are abrogated by the addition of MAB228 (a monoclonal antibody targeted to the gp130 compo-
nent of the CNTF receptor) and AG490 (an inhibitor of the JAK/STAT pathway downstream of CNTF signalling). Similarly, in the
optic nerve crush injury model, MAB228 and AG490 neutralizes dominant negative CASP6 mutant + short interfering CASP2-
mediated retinal ganglion cell axon regeneration, Miiller cell activation and CNTF production in the retina without affecting
retinal ganglion cell survival. We therefore conclude that axon regeneration promoted by suppression of CASP2 and CASPé6 is
CNTF-dependent and mediated through the JAK/STAT signalling pathway. This study offers insights for the development of
effective therapeutics for promoting retinal ganglion cell survival and axon regeneration.
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CASP2 and -6 promote RGC survival and axon regeneration

Introduction

Unlike PNS axons, CNS axons fail to regenerate after injury. Many
growth-limiting factors have been implicated, including apoptosis
of axotomized neurons, limiting supplies of neurotrophic factors
and the presence of an axon growth inhibitory environment in the
CNS neuropil. Optic nerve injury induces progressive retinal gan-
glion cell (RGC) death (Villegas-Perez et al., 1993; Berkelaar et al.,
1994; Kermer et al., 1998), so that 70-75% of RGCs are lost
within 7 days (Berry et al., 1996, 1999; Agudo et al., 2008;
Ahmed et al., 2011; Vigneswara et al., 2012) and 80-90% by
28 days, primarily as a result of apoptosis (Garcia-Valenzuela
et al., 1994; Rabacchi et al., 1994; Isenmann et al., 1997).
Caspases are a family of cysteine-dependent proteases well
known for their orchestration of apoptosis, although they also
have non-apoptotic roles. They are expressed as pro-caspases
and activated by either proximity-induced dimerization (initiator
caspases) or proteolytic cleavage (effector caspases) (Pop and
Salvesen, 2009). This enables active caspase enzymes to cleave
regulatory proteins that have roles in DNA replication (Casciola-
Rosen et al., 1994; Song et al., 1996), DNA repair (Lazebnik
et al., 1994), cell survival signalling (Leist et al., 1997), cytoskel-
etal reorganization and cellular disassembly (Porter et al., 1997;
Bokoch, 1998).

CASP3 and CASP9 are regarded as crucial in apoptosis of RGC
after axotomy (Kermer et al., 1998, 1999, 2000; Chaudhary et al.,
1999; Weishaupt et al., 2003); however, after optic nerve crush,
cleaved CASP3 is expressed in cells of the inner nuclear layer of
the retina but is not present in RGCs. Instead, RGCs exclusively
express cleaved CASP2 (Ahmed et al., 2011; Vigneswara et al.,
2012) and suppression of CASP2, by either a chemically stabilized
CASP2 short interfering RNA (siCASP2) or a pharmacological in-
hibitor, significantly protects RGCs from death for at least 14 days
after injury (Ahmed et al., 2011; Vigneswara et al., 2012). Despite
significant RGC neuroprotection by both of these pharmacological
strategies, RGC axon regeneration is unaffected, suggesting that
different signalling pathways regulate neuron survival and axon
regeneration.

It was recently claimed that CASP6 and CASP8 are upregulated
in RGCs after optic nerve transection and that inhibition of both
caspases with pharmacological inhibitors promotes RGC survival
and axon regeneration (Monnier et al., 2011). This suggests a
possible role for CASP6 and CASP8 in the cellular pathways that
regulate both RGC survival and axon regeneration. However,
pharmacological caspase inhibitors lack specificity and may lead
to spurious conclusions (Berger et al.,, 2006; Timmer and
Salvesen, 2007; McStay et al., 2008). In addition, our previous
attempts to demonstrate immunolocalization of cleaved CASP6
or cleaved CASP8 in RGC after optic nerve crush, using the
same antibody sources as previously described (Monnier et al.,
2011), have failed to yield positive results (Ahmed et al., 2011;
Vigneswara et al., 2012). Despite the absence of cleaved CASP6
and cleaved CASP8 in RGCs and their low abundance in the
retina, we have observed slight increases in retinal levels after
optic nerve crush (Vigneswara et al., 2012). This suggests that
CASP6 and CASP8 are modulated in response to optic nerve
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crush in other cells of the retina, such as Mdller cells and astro-
cytes, thereby producing indirect effects on RGCs.

Muiller cells and astrocytes of the retina undergo reactive gliosis
after optic nerve crush, which is characterized by proliferation,
changes in cell shape caused by altered intermediate filament pro-
duction and changes in gene expression (MacLaren, 1996; Dyer
and Cepko, 2000; Kirsch et al., 2010). In addition, Mdller cells and
astrocytes produce CNTF and LIF, key anti-apoptotic and axogenic
factors for RGC, in areas affected by injury, which in turn activate
downstream JAK/STAT3 signalling locally by autocrine or paracrine
mechanisms (Winter et al., 1995; Escartin et al., 2006, 2007).
Both of these cytokines share the signal transduction subunits
gp130 and LIF receptor B (LIFRB), which constitute a functional
LIF receptor complex along with the CNTF receptor to activate the
JAK/STAT3 pathway. Increased CNTF levels reinforce Miiller cell
and astrocyte hypertrophy and GFAP expression, in turn enhan-
cing the endogenous levels of CNTF (DeChiara et al., 1995; Kahn
et al., 1995; Winter et al., 1995; Escartin et al., 2006, 2007,
Kirsch et al., 2010).

As CASP6 activity is required for axon degeneration of other
neuron types induced by trophic factor deprivation and cerebral
ischaemia (Nikolaev et al., 2009; Akpan et al., 2011; Simon et al.,
2012), it is possible that it may also take part in indirectly blocking
RGC axon regeneration by attenuating glial activation and CNTF
production. Hence, we hypothesize that suppression of CASP6,
leading to increased levels of CNTF in the retina as a consequence
of enhanced glial activation after optic nerve crush, will enhance
RGC axon regeneration. Here, we delivered a specific inhibitor of
CASP6 (CASP6 dominant negative, C6DN), coupled to a cell
penetrating peptide, Penetratin 1 (Pen1) either alone or in com-
bination with a chemically stabilized siRNA to CASP2 (siCASP2)
and measured the effects on RGC neuroprotection and axon
regeneration. We showed that CASP2 inhibition provided signifi-
cantly more RGC neuroprotection after optic nerve crush than
CASP6 inhibition. Moreover, the combination of C6DN and
siCASP2 did not potentiate RGC survival over that observed
with siCASP2 alone. However, when both caspases were simul-
taneously inhibited, RGC axon regeneration was indirectly and
significantly increased through activation of retinal glial-dependent
CNTF secretion. We have, therefore, elucidated a novel mechan-
ism by which combined inhibition of CASP2 and CASP6 promotes
both RGC survival and axon regeneration after optic nerve injury.

Materials and methods

Optic nerve crush

All animal procedures were licensed and approved by the UK Home
Office and the University of Birmingham Ethical Review Committee.
Adult, female 6-8-week-old Sprague-Dawley rats (180-220g) were
anaesthetized with isofluorane inhalation anaesthesia (Janssen
Pharmaceuticals), the optic nerve was exposed through a supra-orbital
approach and crushed bilaterally 2mm from the globe using watch-
maker's forceps as described previously (Berry et al., 1996, 1999;
Ahmed et al., 2005, 2006, 2010; Logan et al., 2006; Douglas et al.,
2009; Vigneswara et al., 2012). None of the animals developed cata-
racts, confirming that the lens had not been injured during surgery.
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Penetratin 1-CASP6 dominant negative

The mutant CASP6 (Cys163Ala) dominant negative (C6DN) expression
construct was a kind gift of G. S. Salvesen, Sanford-Burnham Institute,
La Jolla, CA. C6DN was purified in our laboratories as previously
described (Denault and Salvesen, 2003). Pen1 was custom synthesized
by PolyPeptide Laboratories. Pen1 and CE6DN were linked by incubat-
ing equimolar amounts at 37°C for 24 h to generate disulphide bonds.
Linkage was confirmed by non-reducing 20% PAGE with western
blotting using anti-His antibodies.

In vivo experiments

In the preliminary Pen1-C6DN dose-finding experiment, groups com-
prised six rats/treatment (i.e. 12 eyes/treatment): (i) intact; (i) optic
nerve crush (ONC) + Pen1 (vehicle control) (Pen1, OpuM C6DN); (iii)
2 uM Pen1-C6DN; (iv) 4 uM Pen1-C6DN; (v) 5uM Pen1-C6DN; and
(vi) 7uM Pen1-C6DN. To monitor CASP2 and CASPé activation over
the first 7 days, groups of six rats/treatment (12 eyes/treatment) were
sacrificed at 4 and 7 days after optic nerve crush, whereas a further
three rats (six eyes) were used as intact controls. In further experi-
ments, groups of six rats/treatment (12 eyes/treatment) were used to
determine the effects of siCASP2 (gift from Quark Pharmaceuticals)
and pre-optimized Pen1-C6DN on the levels of CASP2 and cleaved
Lamin A/C, a substrate for active CASP6 and comprised: (i)
ONC + Pen1; (ii) ONC + Pen1-C6DN; (iii) ONC + Pen1 + siCASP2;
and (iv) ONC + Pen1-C6DN + siCASP2. To determine the effects of
siCASP2 and pre-optimized Pen1-C6DN singly and in combination on
RGC survival, groups of six rats/treatment (12 eyes/treatment) were
used and groups comprised: (i) ONC + PBS; (i) ONC + Pen1; (iii)
ONC + Pen1-C6DN; (iv) ONC + Pen1 + siCASP2; (v) ONC + Pen1-
C6DN + siCASP2: and (vi) intact controls. To determine the effects
of siCASP2 and pre-optimized Pen1-C6DN on RGC axon regeneration
and Mdller cell activation in the retina six rats/treatment (12 eyes/
treatment) were used and groups comprised: (i) ONC + Pen1; (ii)
ONC + Pen1-C6DN; (i) ONC + Pen1 + siCASP2; and  (iv)
ONC + Pen1-C6DN + siCASP2. To determine the levels of CNTF in
the eye, groups of six rats/treatment were used and groups comprised:
(i) ONC + Pen1; (ii) ONC + Pen1-C6DN; (iii) ONC + Pen1 + siCASP2;
and (iv) ONC + Pen1-C6DN + siCASP2. To determine the effects of
MAB228 and AG490 on RGC survival, axon regeneration, retinal
Miuiller cell activation and CNTF localization, groups of 12 rats/treat-
ment (six rats for Fluoro-Gold™ labelling and six rats for GAP43 and
GFAP/CNTF immunohistochemistry) were used and groups com-
prised: (i) ONC + Pen1-C6DN + siCASP2 + 1gG; (i) ONC + Pen1-
C6DN + siCASP2 + MAB228; and (iii) ONC + Pen1-C6DN +
siCASP2 + AG490. Finally, to determine the levels of CNTF in the
eye after treatment with MAB228 and AG490, groups of six rats/
treatment were used and groups comprised: (i) ONC + Pen1-
C6DN + siCASP2 + IgG; (ii) ONC + Pen1-C6DN + siCASP2 +
MAB228; and (iii) ONC + Pen1-C6DN + siCASP2 + AG490.

Intravitreal injections

In a preliminary experiment, Pen1-C6DN was titrated to determine the
optimal dose required to promote maximal RGC survival. Immediately
after optic nerve crush, animals (n =12 eyes/group) received Pen1
vehicle or increasing concentrations of C6DN from 2, 4, 5 and 7 uM
Pen1-C6DN using glass micropipettes. In further experiments, 5 uM of
Pen1 or Pen1-C6DN was injected. Intravitreal injections were repeated
every 7 days based on previous experiments with other caspase inhibi-
tors (Ahmed et al., 2011). Twenty micrograms per eye of siCASP2 was
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injected along with either 5 M Pen1 or Pen1-C6DN. The optimal dose
of MAB228 was predetermined by its ability to reduce CNTF levels in
treated eyes, with optimal concentrations determined as 5 pg/eye (not
shown), the inhibitor of Janus kinase 2 (JAK) AG490 was injected at
17 mM/eye (Muller et al., 2007) and CNTF was injected at a dose of
1.5 ug/eye (Muller et al., 2007). All intravitreal injections were made
up in a final volume of 5pl/eye and repeated every 7 days.

Retinal whole mounts

At 19 days after optic nerve crush, 2ul of 4% Fluoro-Gol
(Cambridge Bioscience) in PBS was injected into the optic nerve, be-
tween the lamina cribrosa and the site of optic nerve crush in all
experimental groups (Berry et al., 1996, 1999; Ahmed et al., 2010,
2011; Vigneswara et al., 2012). Animals were sacrificed 48 h later and
intracardially perfused with 4% formaldehyde (TAAB Laboratories) in
PBS. Retinae were harvested and flat mounted onto Superfrost™ Plus
microscope slides (VWR International). Retinal whole mounts
were dried onto glass slides and mounted in VectaMount™ (Vector
Laboratories). Samples were then randomized by a second investiga-
tor and photographs were captured using a Zeiss Axioplan 2 fluores-
cent microscope equipped with a digital Axiocam HRc camera,
controlled through Axiovision 4 software (all from Zeiss). The
number of Fluoro-Gold™!-labelled RGCs was counted using the auto-
mated particle counting software in ImagePro (Version 6.0) (Media
Cybernetics) from photographs of 12 rectangular (0.36 x 0.24 mm)
areas/retina, three from each retinal quadrant, placed radially at
inner (1/6 eccentricity), mid-periphery (1/2 eccentricity) and outer
retina (5/6 eccentricity) from the centre of the optic disc. The
number of Fluoro-Gold™-labelled RGCs in the 12 images/retina
were divided by the counting area and resultant numbers were
pooled to calculate mean densities of Fluoro-Gold™-labelled RGCs/
mm? for each retina (Peinado-Ramon et al., 1996; Vigneswara et al.,
2012).

dTM

Anterograde labelling of regenerating
retinal ganglion cell axons with
rhodamine B isothiocyanate

Anterograde labelling of regenerating axons using rhodamine B iso-
thiocyanate (RITC; Sigma) was performed as described previously
(Thanos et al., 1987). Briefly, 5ul of a 2.5% solution of RITC was
intravitreally injected using glass micropipettes 2 days before sacrifice.
Animals were killed by overdose of CO,, perfused with 4% formalde-
hyde in PBS and the optic nerves were prepared for cryosectioning as
described below.

Tissue preparation and sectioning

After intracardiac perfusion with 4% formaldehyde in PBS, eyes and
optic nerve were removed and prepared as described previously
(Douglas et al., 2009; Ahmed et al., 2010; Vigneswara et al.,
2012). Briefly, eyes and optic nerves were post-fixed in 4% formalde-
hyde (TAAB) in PBS, incubated in a graded series of sucrose solutions
in PBS and then embedded in O.C.T. mounting medium (Raymond A
Lamb Ltd) before freezing at —80°C. Later, 15-um thick parasagittal
and longitudinal sections of eye and optic nerve, respectively, were cut
on a cryostat (Bright Instruments), adhered onto glass slides and stored
at —20°C until required.



CASP2 and -6 promote RGC survival and axon regeneration

Immunohistochemistry

Immunohistochemistry was performed on sections of retina and optic
nerve as described previously (Douglas et al., 2009; Ahmed et al.,
2010, 2011; Vigneswara et al., 2012). Briefly, sections were washed
in PBS and non-specific binding was blocked for 20 min before incu-
bation with the relevant primary antibody. Monoclonal anti-GAP43
(1:500 dilution in PBS containing 3% bovine serum albumin and
0.05% Tween-20; Invitrogen) was used to localize regenerating
axons; monoclonal anti-GFAP and a polyclonal anti rat-CNTF (1:500;
Promega) was used to stain for astrocytes and CNTF in retinal sections
and in retinal cultures; monoclonal anti-BllI-tubulin (1:200; Sigma) was
used to stain for RGC and their neurites in retinal cultures. Sections
were washed in PBS and incubated with appropriate Alexa Fluor® 488
and Texas Red®-labelled secondary antibody (Invitrogen) for 1h at
room temperature, washed, mounted in Vectashield® mounting
medium with DAPI (Vector Laboratories) and examined under an
Axioplan2 epifluorescent microscope (Zeiss).

Quantification of Miiller cell processes

Retinal Muller cell activation was quantified as described previously
(Ahmed et al., 2010). Briefly, after GFAP immunohistochemistry,
GFAP* Miiller cell processes were counted along a 250 um horizontal
line in retinal sections, placed orthogonal to the radial plane through
the middle of the internal plexiform layer. The mean GFAP* cell
counts for each condition (n = 12 retinal sections/condition) were cal-
culated and expressed as mean + SEM.

Adult rat retinal cultures

Five days after optic nerve crush and intravitreal treatments of pre-
optimized reagents (concentrations detailed above), animals (n=6
eyes/group) were sacrificed by CO, overdose, retinae harvested and
dissociated using a Papain dissociation system following the manufac-
turer's instructions (Worthington Biochemical), as described previously
(Ahmed et al., 2006, 2010; Logan et al., 2006; Douglas et al., 2009;
Vigneswara et al., 2013). Retinal cells from untreated rats were also
prepared in a similar way. Retinal cells were plated at a density of
125 x 10°/well into 8-well chamber slides precoated with laminin
and poly-D-lysine and cultured in 300 pl Neurobasal®-A medium sup-
plemented with B27 supplement and gentimicin (all from Invitrogen).
Cells were cultured for 4 days at 37°C and 5% CO, before either
removal of culture medium and cells for ELISA (see below for descrip-
tion) or fixation in 4% formaldehyde in PBS for immunocytochemistry.
Experiments comprised of n =3 wells/treatment and each experiment
was repeated on three separate occasions and hence results for each
data point are the mean & SEM from nine wells/treatment.

Immunocytochemistry

Fixed cells were immunostained for GFAP and Blll-tubulin to deter-
mine the number of GFAP™ astrocytes and Mdiller cells and to meas-
ure the number of RGC with neurites and the neurite lengths, as
described previously (Ahmed et al., 2010). Briefly, cells were washed
in PBS, permeabilized and blocked using PBS containing 3% bovine
serum albumin and 0.1% Triton™ X-100 for 30 min at room tempera-
ture before incubation with the mouse anti-GFAP (1:500 dilution,
Sigma) or mouse anti-BllI-tubulin antibodies (1:200 dilution, Sigma)
for 1h at room temperature in a humidified chamber. Cells were
then washed in PBS and incubated for 1h at room temperature with
Alexa Fluor® 488 anti-mouse IgG (1:400 dilution; Invitrogen). After
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further washes in PBS, sections were mounted under coverslips using
Vectamount® containing DAPI (Vector Laboratories) and viewed under
a Zeiss Axioplan 2 fluorescent microscope equipped with an Axiocam
HRc and Axiovision software, as described earlier. Immunocytochem-
istry controls with primary antibody omitted were included in each run
and the negative control slides were used to set the background
threshold levels for non-specific staining (not shown) during image
capture.

Retinal ganglion cell survival and
neurite outgrowth and quantification
of astrocyte activation

The mean number of surviving Blll-tubulin® RGCs, mean neurite
length, the number of RGCs with neurites and the number of
GFAP* astrocytes/Mliller cells were quantified as described previously
(Ahmed et al., 2006, 2010; Logan et al., 2006; Douglas et al., 2009;
Vigneswara et al., 2013). Briefly, each anonymized chamber slide was
divided into nine quadrants and images of RGCs, their neurites and
GFAP™ astrocytes/Miiller cells were captured randomly from each
quadrant. Axiovision (Zeiss) was then used to measure the neurite
lengths, whereas ImagePro (Version 6.3; Media Cybernetics) was
used to quantify the number of Blll-tubulin® RGC with neurites
longer than the RGC diameter and the number of GFAP* astro-
cytes/Mdller cells. Neurite outgrowth from at least 180 RGCs/
treatment was measured, except in untreated and Pen1-vehicle trea-
ted cultures in which 100 RGCs were assessed (i.e. all RGCs that grew
neurites longer than the RGC diameter).

Enzyme-linked immunosorbent assay
for CNTF

For detection of CNTF in vitro, cultured cells and culture medium were
homogenized in cell lysis buffer and clarified by centrifugation. Lysates
were then assayed for CNTF and compared to culture medium-only
conditions to account for any background CNTF. Retinae harvested
from in vivo experiments were homogenized in cell lysis buffer, clar-
ified by centrifugation and the supernatant was frozen at —20°C until
required for assay. A commercially available rat CNTF ELISA kit
(R&D Systems) was used to detect CNTF in cultured retinal cell lysates,
following the manufacturer's instructions.

Protein extraction and western blotting

Six rats (12 eyes/treatment) were sacrificed by an overdose of CO,
and total protein from retinae and where appropriate, optic nerve,
were extracted in cell lysis buffer and processed for western blotting
as previously described (Ahmed et al., 2005, 2006, 2010). Western
blots were probed overnight at 4°C with antibodies against: rabbit
anti-human CASP2 (Abcam); rabbit anti-Lamin A/C and rabbit anti-
human GAPDH, all from Cell Signalling Technology. Relevant protein
bands were detected with an appropriate HRP-labelled secondary
antibody (GE Healthcare) and detected using an enhanced chemilu-
minescence system (ECL) (GE Healthcare). Blots were stripped and
re-probed as required.

Densitometry

Western blots were quantified by densitometry as described previously
(Ahmed et al., 2006, 2010; Douglas et al., 2009). Briefly, blots were
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scanned into Adobe Photoshop and TIFF files were analysed in
Scionlmage (version 4.0.2, Scion Corp.) using the built-in gel plotting
macros. The integrated density of each band of interest in each lane
was calculated for three separate blots from three independent
experiments.

Statistical analysis

The significance of differences between sample means were calculated
using GraphPad Prism (GraphPad Software Inc., Version 4.0) by one-
way ANOVA followed by post hoc testing with Dunnett's method.

Results

Characterization of a specific inhibitor
of CASP6

To determine the functional relevance of the upregulation of
cleaved CASP6 expression after optic nerve crush we inhibited
CASP6 activity in the retina. Currently available small molecule
caspase inhibitors are not specific enough to dissect the contribu-
tion of individual caspases (McStay et al., 2008). We used a pre-
viously characterized C6DN construct (Edgington et al., 2012) to
block activation/activity of CASP6. For access into the retina,
C6DN was disulphide-linked to Pen1, a cell-penetrating peptide
(Davidson et al., 2004), the disulphide bond is broken by the
reducing environment of the cell cytoplasm, thus releasing the
peptide cargo and allowing it to act at its cellular target.

The neuroprotective efficacy of this construct was examined by
assessing RGC survival after optic nerve crush and intravitreal de-
livery of a range of doses of Pen1-C6DN, by counting the number
of Fluoro-Gold™ back-labelled RGCs in retinal whole mounts.
Compared to the vehicle treatment (Pen1), which left 400 + 45
Fluoro-Gold™-labelled RGCs/mm?, Pen1-C6DN (2, 4 and 5puM)
caused a dose-dependent statistically significant increase in the
numbers of surviving Fluoro-Gold™-labelled RGC, to a maximal
level of 987 +65 RGCs/mm? (Fig. 1A-F). Concentrations of
Pen1-C6DN >5uM did not significantly increase the number of
Fluoro-Gold™-labelled RGC; thus, maximal RGC protection
(60%) was observed with 5pM Pen1-C6DN. These results dem-
onstrate that specific blockade of CASP6 activity, using Pen1-
C6DN, significantly enhances RGC survival.

To ensure that each intervention was affecting only the targeted
caspase, we examined the expression of CASP2 in retinae treated
with Pen1 and Pen1-C6DN by western blot and detected no de-
crease in CASP2 levels (Fig. 2A and B). Pen1-C6DN decreased
basal cleaved Lamin A/C (a substrate of CASP6; Orth et al.,
1996; Takahashi et al., 1996; Ruchaud et al., 2002; Mintzer
et al., 2012) levels whereas, in Pen1 and Pen1 + siCASP2-treated
retinae, basal cleaved Lamin A/C levels were unaffected (Fig. 2A
and B), indicating constitutive CASP6 activity in non-RGCs as we
were previously unable to demonstrate immunoreactive CASP6 in
RGCs after optic nerve crush (Ahmed et al., 2011; Vigneswara
et al., 2012). These results demonstrate that our CASP2 and
CASP6-specific inhibitors do not have cross reactivity but that
each specifically regulates their targeted caspase.

V. Vigneswara et al.
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Figure 1 Dose response for Pen1-C6DN. Optic nerves were
crushed and the retinae treated with a range of doses of Pen1-
C6DN from 0-7 pM C6DN at Days 0, 7 and 14 after optic nerve
crush. At 19 days after optic nerve crush Fluoro-Gold™ (FG)
was injected into the proximal optic nerve stump and allowed to
retrogradely fill surviving RGCs. Two days later, animals were
killed, retinae were harvested, whole mounts were made and the
number of Fluoro-Gold™ labelled RGCs was quantified by
image analysis. (A—E) Representative photomicrographs of
Fluoro-Gold™-labelled RGC showing increased RGC survival
with increasing concentrations of Pen1-C6DN up to 5 pM. (F)
Quantification to demonstrate that 5 pM Pen1-C6DN promoted
optimal RGC survival. *P < 0.05, ***P < 0.0001. Scale

bar =50 um.

To assess the neuroprotective properties of the combined Pen1-
C6DN and siCASP2, we intravitreally injected optimal doses of
Pen1-C6DN together with our previously optimized dose of
siCASP2 (Ahmed et al., 2011) after optic nerve crush, and 21
days later assessed the number of Fluoro-Gold™ backfilled surviv-
ing RGCs. In eyes treated with the vehicle control (Pen1),
405 + 34 RGCs/mm? remained at 21 days after optic nerve
crush (Fig. 2C and D), whereas in Pen1-C6DN treated eyes
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Figure 2 C6DN and siCASP2 promote significant RGC survival. Five micromolar Pen1-C6DN was intravitreally delivered either alone or in
combination with siCASP2 immediately after ONC and at 7 and 14 days after optic nerve crush. At 21 days, animals were killed and
retinae were harvested either for western blot analysis or to count the number of Fluoro-Gold™ (FG)-labelled RGC in retinal whole
mounts. (A and B) Western blot and subsequent densitometry to show that suppression of CASP6 using 5 uM Pen1-C6DN prevents
cleavage of Lamin A/C whereas siCASP2 suppresses the levels of CASP2 in treated eyes. (C and D) Fluoro-Gold™ labelling of RGC to
demonstrate that Pen1-C6DN protects ~50% of RGC from apoptosis whereas intravitreal delivery of either Pen1 + siCASP2 or Pen1-
C6DN + siCASP2 promoted >95% of RGC survival. GAPDH was used as a protein loading control. ***P < 0.0001. Scale bar: C = 50 um.

979 +34 RGCs/mm? remained (Fig. 2C and D). However,
Pen1 + siCASP2 protected 2145454 RGCs/mm?, whereas
Pen1-C6DN + siCASP2 did not significantly improve RGC neuro-
protection over that observed for siCASP2 alone (Fig. 2C and D).
Compared to intact controls, Pen1-C6DN promoted 60% RGC
neuroprotection =~ whereas  siCASP2 alone or  Pen1-
C6DN + siCASP2 protected >95% of RGC from apoptosis at 21
days after optic nerve crush. These results suggest that both
Pen1 + siCASP2 and Pen1-C6DN + siCASP2 promote optimal
RGC survival.

Pen1-C6DN + siCASP2 promote retinal
ganglion cell axon regeneration

Most work supports the contention that active CASP2 and CASP6
modulate different signalling pathways, thus we tested whether
simultaneous blocking of these caspases using a combined treat-
ment of Pen1-C6DN and siCASP2 would promote RGC axonal
regeneration. We have previously shown that siCASP2 decreased
CASP2 expression by almost 90% after optic nerve crush but
there was little associated RGC axonal regeneration (Ahmed
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et al., 2011). In other models of axonal degeneration (trophic
factor deprivation and stroke) CASP6 activation initiates axonal
degeneration (Nikolaev et al., 2009; Akpan et al., 2011). To de-
termine whether CASP6 might have a similar function in RGC
degeneration, we inhibited CASP6 function using C6DN and com-
bined this with delivery of siCASP2 to promote optimal RGC sur-
vival and thus enhance the possibility of reduced RGC loss and
axon degeneration. At 7 and 14 days after optic nerve crush,
animals received intravitreal injections of siCASP2 and/or Pen1-
C6DN, and we analysed RGC axon regeneration through the
crush site at 21 days after optic nerve crush using antibodies
against GAP43, a marker for regenerating axons (Berry et al.,
1996; Leon et al., 2000).

When the optic nerve of Pen1-treated animals were sectioned
longitudinally and immunostained for GAP43 (Fig. 3A and E) after
ONC, few GAP43™ axons were seen in the proximal optic nerve
segment, and none traversed the lesion site to enter the distal
optic nerve segment. In Pen1-C6DN treated optic nerve (Fig. 3B
and E), more GAP43™ axons occupied the proximal optic nerve,
but few traversed the lesion site, although some of these pene-
trated into the distal optic nerve up to 1500 um from the lesion
centre. The mean number of axons/optic nerve were low after the
monotherapies, so that the numbers of GAP43™ axons were simi-
lar in the Pen1 + siCASP2-treated and Pen1-C6DN-treated
groups, with only occasional axons penetrating > 1000 um from
the lesion centre and into the distal optic nerve (Fig. 3C and E).
The greatest numbers of GAP43* axons were present in the
Pen1-C6DN + siCASP2-treated groups, with 195 +9 and 72 + 8
axons/section growing at 1000pum and 2500 pm, respectively,
from the lesion (Fig. 3D and E). These results suggest that, al-
though Pen1-C6DN or siCASP2 alone promote little RGC axon
regeneration, combined delivery of Pen1-C6DN + siCASP2 pro-
motes significant RGC axon regeneration.

Anterograde labelling with rhodamine B isothiocyanate con-
firmed similar numbers of regenerating RGC axons emerging
from the lesion site and growing through the distal optic nerve
stump (arrowheads) to 1000 and 2000 um from the lesion site
(Fig. 3F-H). For example, the number of RITC-labelled axons at
250, 1000 and 2000pm from the lesion site were, 200 + 14,
210 + 12 and 30 + 10 axons/section, respectively (not shown).

Pen1-C6DN + siCASP2 delivery

enhanced retinal glia activation and
upregulated CNTF production in glia
and occasional retinal ganglion cells

Studies of retinal glial activation in models of RGC axon regener-
ation have shown that glial activation is correlated with axon re-
generation (Berry et al., 1996; Leon et al., 2000; Lorber et al.,
2002, 2005, 2008, 2009, 2012; Yin et al., 2003; Pernet and Di
Polo, 2006; Muller et al., 2007; Ahmed et al., 2010). We have
also shown that after optic nerve crush, inflammation-mediated
glial activation in either the vitreous or in the optic nerve injury
site promoted significant RGC survival, but that only vitreal inflam-
mation with associated retinal glial activation was correlated with
axon regeneration. This observation suggests that activated retinal
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glia secrete factors that are conducive for RGC axon regeneration
(Ahmed et al., 2010). Moreover, activated retinal astrocytes express
CNTF in response to lens injury or intravitreal zymosan injections;
the downstream JAK/STAT3 pathway is strongly activated in regen-
erating RGCs and the lens injury-induced switch of RGCs to a re-
generative state is dependent on CNTF and JAK/STAT3 signalling
(Muller et al., 2007). Thus, we investigated whether intravitreal
delivery of Pen1-C6DN + siCASP2 after optic nerve crush also pro-
moted retinal glial activation and CNTF expression.

GFAP™ astrocytes/Mdller cell end-feet were similarly activated and
low levels of CNTF appeared in the nerve fibre layer after optic
nerve crush in vehicle control Pen1-treated (Fig. 4A-C) and in
Pen1-C6DN-treated eyes (Fig. 4D and E). In Pen1 + siCASP2-treated
eyes (Fig. 4G-1), more GFAP* astrocytes/Miiller cells and CNTF
were observed in the nerve fibre layer compared with Pen1 and
Pen1-C6DN treated eyes. The greatest levels of GFAP*™ and
CNTF* staining were observed in Pen1-C6DN + siCASP2-treated
eyes, with more numerous GFAP™ Miiller cell processes spanning
the entire radial width of the retina (Fig. 4J-L), reflected by two
times more activated Mdiller cell processes counted in these eyes
compared to the numbers in other treatments (Fig. 4M). In addition,
occasional RGC were immunopositive for CNTF only after combined
suppression of CASP2 and -6, suggesting that some RGC may also
respond to the effects of the combined treatments (Fig. 4N and O).

ELISA confirmed higher titres of CNTF in the retina of eyes
treated with Pen1-C6DN + siCASP2 than that measured in the
eyes from any other treatments (Fig. 4P). Together, these results
suggest that the bi-therapy of Pen1-C6DN + siCASP2 activates
retinal astrocytes/Muller cells to produce high titres of CNTF and
that this may explain the enhanced RGC axon regeneration
observed after this combined treatment.

We next investigated another possible mechanism of the
enhanced CNTF production by retinal glia and RGCs, as CASP6
suppression can upregulate proinflammatory cytokine release by
microglia that may then facilitate enhanced CNTF release from
activated retinal cells. Immunohistochemistry for OX42, a marker
of microglia, demonstrated higher levels of microglial activation
after CASP2 and CASP6 monotherapy suppression, and that com-
bined suppression of CASP2 and CASP6 synergistically increased
this microglial activation (Supplementary Fig. 1A-E). These results
suggest that microglial activation and subsequent proinflammatory
cytokine production may contribute to the activation of retinal glia
and subsequent CNTF release.

Retinal ganglion cell cultures prepared
from ONC + Pen1-C6DN + siCASP2-
treated eyes show enhanced glial acti-
vation and significant titres of CNTF in
culture medium

Many of the responses observed in vivo after optic nerve crush
and treatment may be studied in vitro using adult retinal cultures.
To further assess whether Pen1-C6DN + siCASP2 promoted glial
activation and indirectly enhanced neurite outgrowth of surviving
RGCs, retinal cultures from intact untreated eyes and from eyes 5
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Figure 3 Intravitreal delivery of optimized Pen1-C6DN + siCASP2 promotes RGC axon regeneration. After ONC, optimized Pen1-C6DN
either alone or in combination with siCASP2 was intravitreally injected at O, 7 and 14 days. Animals were killed at Day 21, optic nerves
dissected out and processed for immunohistochemistry. GAP43 stained images to show regenerating RGC axons in (A) Pen1, (B), Pen1-
C6DN, (C) Pen1 + siCASP and (D) Pen1-C6DN + siCASP2. Inset shows high power magnification of boxed region in D. (E) Quantification
to show significant numbers of RGC axons at different distances beyond the lesion epicentre in Pen1-C6DN + siCASP2-treated optic
nerve. *P < 0.0001 compared with Pen1 or Pen1-C6DN/Pen1 + siCASP2, Scale bars = 100 pm. Anterograde rhodamine B labelling to
confirm regenerating RGC axons in the distal optic nerve stump (examples shown by arrowheads) after treatment with Pen1-

C6DN + siCASP immediately past the lesion site (F), at 1000 um (G) and at 2000 um from the lesion site (H). Red arrows show lesion site.

days after optic nerve crush and treatment with Pen1 vehicle, untreated eyes (Fig. 5A and I). In retinal cell cultures prepared
Pen1-C6DN, Pen1 + siCASP2 and Pen1-C6DN + siCASP2 treat- after optic nerve crush (Fig. 5B and 1) and optic nerve crush
ment were prepared. After 3 days in culture, there were no acti- before Pen1 treatment (Fig. 5C and 1), 1396 +259 and

vated GFAP™ glia detected in retinal cell cultures derived from 1367 £379 activated GFAP* glia were present, respectively.
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Figure 4 Intravitreal delivery of optimized Pen1-C6DN + siCASP2 activates retinal astrocytes and Mdller cells and increases CNTF in
treated eyes. At 21 days after ONC and treatment with C6DN alone or in combination with siCASP2, eyes were processed for immu-
nohistochemistry. (A-L) Representative images of the retinae of Pen1, Pen1-C6DN and Pen1 + siCASP2 treated eyes, demonstrating
GFAP + activated astrocytes and Mliller cells with associated CNTF. (M) Combined Pen1-C6DN + siCASP2 treated eyes showed the
highest numbers of activated astrocytes/Mdller cells and CNTF localization in the retina. Immunolocalization of CNTF in Blll-tubulin* RGC
in (N) Pen1 and (O) Pen1-C6DN + siCASP2-treated retinae. (P) ELISA detected increased levels of retinal CNTF in eyes treated with
combined Pen1-C6DN + siCASP2. ***P < 0.0001. Scale bars: A-L = 100 um; N and O = 50 um.
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Figure 5 Adult retinal cultures prepared 5 days after ONC and intravitreal treatment with optimized Pen1-C6DN or Pen1-

C6DN + siCASP2 show increased numbers of GFAP* glia that co-localize CNTF. (A and 1) Untreated retinal cultures do not contain
GFAP™ glia, while increasing numbers of GFAP* glia were observed in retina dissociated after 5 days with intravitreal treatment of (B and
I) Pen1, (C and I) Pen1-C6DN, (D and 1) Pen1-siCASP2 and (E and I) Pen1-C6DN + siCASP2. (F and I) Retinal cell cultures prepared from
Pen1-C6DN + siCASP2-treated eyes that have also had suppression of CNTF signalling with either the MAB228 (5 ug/eye) (G and I) or
the JAK/STAT pathway inhibitor AG490 (17 mM/eye) (H and I), contain significantly reduced numbers of GFAP* glia to the baseline levels
observed after optic nerve crush or ONC + Pen1 treatment. (H) The numbers of GFAP* glia positively correlated with the levels of CNTF
production in culture, whereas treatment with MAB228 or AG490 suppressed CNTF production to baseline levels. ***P < 0.0001, Scale
bar = 50um.
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Cultures prepared from eyes after optic nerve crush and mono-
therapy with Pen1-C6DN and Pen1 + siCASP2, contained
enhanced numbers of activated GFAP™ glia (2867 +379 and
2433 + 208, Fig. 5D, E and |), respectively, whereas cultures pre-
pared from Pen1-C6DN + siCASP2-treated eyes contained the
greatest numbers of GFAP* glia (4900 + 355 glia, Fig. 5F and
I). These results demonstrate that Pen1-C6DN + siCASP2 treat-
ment led to the survival of enhanced numbers of activated
GFAP™ glia in retinal cell cultures and this confirmed the in vivo
findings.

As reactive astrocyte gliosis can be induced by elevated levels of
CNTF (Winter et al., 1995; Escartin et al., 2007; Kirsch et al.,
2010) we next investigated if blockade of the gp130 signalling
component of the CNTF receptor complex using MAB228 or of
the JAK/STAT3 pathway using AG490 suppressed the Pen1-
C6DN + siCASP2-mediated survival of activated glia in retinal
cell cultures. In cultures prepared from eyes after optic nerve
crush and treatment for 5 days with MAB228 and AG490, we
observed that the Pen1-C6DN + siCASP2-mediated enhancement
of GFAP™* glia numbers in retinal cultures was depressed to control
optic nerve crush and ONC + Pen1 levels (Fig. 5G, | and H and |,
respectively) by the inhibitors of CNTF signalling.

As we observed high levels of CNTF after ONC and treatment
with Pen1-C6DN + siCASP2 in vivo, we used ELISA to monitor
CNTF titres in defined cell culture medium after treatment. We
demonstrated that in the media of cultures prepared from un-
treated, ONC- and Pen1-treated retinae, low levels of CNTF
were detected (Fig. 5J) but, in cultures from both Pen1-C6DN
and Pen1 + siCASP2-treated retinae, ~38 +8ng/mg of CNTF
protein were present in the media. The levels of released CNTF
were 3-fold higher in cultures prepared from retinae after Pen1-
C6DN + siCASP2  bi-therapy (115 +12ng/mg of protein).
However, addition of the inhibitors of CNTF signalling, MAB228
or AG490, depressed the numbers of Pen1-C6DN + siCASP2 acti-
vated glia and the released CNTF levels to those observed in the
cultures from control optic nerve crush and Pen1-treated eyes.
These results suggest that Pen1-C6DN + siCASP2 activates retinal
glia and CNTF production, whereas blockade of CNTF signalling
not only suppresses the numbers of activated glia, but also CNTF
production in culture.

Treatment of retinal cell cultures with
Pen1-C6DN + siCASP2 promotes RGC
neurite outgrowth

As Pen1-C6DN + siCASP2 treatment activates retinal glia and
secretion of CNTF in vivo and in vitro, we predicted that RGC
survival and neurite outgrowth would also be enhanced in these
cultures.  We  therefore  investigated  whether  Pen1-
C6DN + siCASP2 bi-therapy led to stimulated RGC survival and
neurite outgrowth in retinal cell cultures, and whether MAB228
and AG490 treatment impacted on the RGC survival and neurite
outgrowth. In retinal cultures from untreated and Pen1-treated
eyes (Fig. 6A and I-K), few RGCs survived and grew neurites.
After Pen1 + CNTF treatment, RGC survival was increased by
1.7-fold, whereas the number of RGC with neurites increased to
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25 + 5 RGCs with mean neurite lengths of 100 + 10 um recorded,
compared with Pen1 alone (Fig. 6B and I-K). The addition of
Pen1-C6DN (Fig. 6C, | and J) and Pen1 + siCASP2 on their
own (Fig. 6D, | and J) promoted 50% fewer RGCs with neurites
(10-12) than that seen with CNTF, with RGC neurite lengths of
between 45 and 50 um. RGC survival was similar in Pen1-C6DN
and Pen1 + CNTF treatment groups, whereas Pen1 + siCASP2
provided >2-fold more RGC survival than CNTF or Pen1-C6DN
(Fig. 6K). Combined Pen1-C6DN + siCASP2 treatment signifi-
cantly increased the number of RGC with neurites and the mean
neurite length to 130 + 8 um (Fig. 6E and I) compared with CNTF
(Fig. 6l and J). RGC survival in the Pen1-C6DN + siCASP2 and
Pen1 + siCASP2 groups was similar, but was significantly greater
than that seen with the CNTF, Pen1-C6DN or control groups
(Fig. 6K). Despite the observation that RGC neurite outgrowth
was completely suppressed to basal levels in Pen1-C6DN +
SiCASP2 cultures treated with MAB228 and AG490 (Fig. 6G-J),
RGC survival remained at the same high levels as other groups
containing siCASP2 (Fig. 6K). ELISA to detect the levels of CNTF
present in culture media from the different treatment groups
showed that cultures prepared from eyes treated with Pen1-
CNTF contained 23 +3ng/ml, whereas those treated with
Pen1-C6DN and Pen1 + siCASP2  contained 20+3 and
16 +2.5ng/ml, respectively (Fig. 6L). However, the highest
levels of CNTF (64 +5.5ng/ml) were detected in cultures pre-
pared from Pen1-C6DN + siCASP2-treated eyes, equating to
3-fold more CNTF than after treatment with Pen1-CNTF. These
results suggest that RGC survival is maximal in the presence of
siCASP2, whereas C6DN + siCASP2-mediated glial activation and
subsequent high titres of CNTF secretion enhances RGC neurite
outgrowth.

Blocking gp130 or the JAK/STAT
pathway prevents Pen1-C6DN +
siCASP2-mediated retinal ganglion cell
axon growth and suppresses glial
activation and CNTF production

As suppression of gp130 and the JAK/STAT pathway blocked
Pen1-C6DN + siCASP2-mediated RGC neurite outgrowth in vitro
without affecting RGC survival, we asked whether MAB228 and
AG490 could also attenuate Pen1-C6DN + siCASP2-induced RGC
axon growth in vivo and assessed the impact of these treatments
on RGC survival after optic nerve crush. We show that after intra-
vitreal injection of Pen1-C6DN + siCASP2, RGC survival was un-
affected by MAB228 or AG490 treatment and remained at the
same high levels as treatment with a control 1gG (Fig. 7A-D). RGC
axon regeneration in Pen1-C6DN + siCASP2 + IgG control treat-
ment group was the same as that observed earlier (cf. Fig. 7E and
H with Fig. 3). However, the Pen1-C6DN + siCASP2-stimulated
RGC axon regeneration was almost completely blocked by intra-
vitreal injection of either MAB228 (Fig. 7F and H) or AG490
(Fig. 7G and H), suggesting that the CNTF pathway was primarily
involved in  Pen1-C6DN + siCASP2-mediated RGC  axon
regeneration.
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Figure 6 Adult retinal cell cultures prepared 5 days after ONC and intravitreal treatment with Pen1-C6DN or Pen1-C6DN + siCASP2
show increased RGC neurite outgrowth. In (A) untreated cultures and (B) cultures prepared 5 days after Pen1 vehicle treatment, few if any
RGC grew neurites, whereas retinal cultures prepared from animals treated with (C) Pen1-CNTF (1.5 ug/eye) increased the (I) mean
neurite length, J) mean number of RGC with neurites and (K) RGC survival. In retinal cultures prepared from eyes treated with Pen1-
C6DN and (E and 1-K) Pen1-siCASP2, similarly increased mean neurite length and number of RGC with neurites were observed, whereas
RGC survival was 55% and 98%, respectively. In retinal cultures prepared from animals treated with (F and 1-K) Pen1-C6DN + siCASP2,
significantly more neurite outgrowth was observed in terms of RGC neurite length and the number of RGC with neurites, whereas RGC
neuroprotection was also 98%. However, simultaneous treatment with either (G and I-K) MAB228 or (H and I-K) AG490 in Pen1-
C6DN + siCASP2-treated cultures abrogated RGC neurite outgrowth without affecting RGC viability. (L) ELISA from medium treated with
Pen1-C6DN + siCASP2 showed significantly high levels of CNTF compared to those treated with CNTF or other monotherapies.

**P < 0.001, ***P < 0.0001, Scale bar = 40 um.
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Figure 7 In vivo demonstration that Pen1-C6DN + siCASP2-stimulated RGC axon regeneration is abrogated by MAB228 and AG490,
without affecting RGC survival. After ONC animals were intravitreally injected with optimized Pen1-C6DN + siCASP2 and rat 1gG (5 pg/
eye), MAB228 (5 ug/eye) and AG490 (17 mM/eye). (A-D) RGC survival was quantified by Fluoro-Gold™ (FG) counting in retinal whole
mounts and showed that blocking Pen1-C6DN + siCASP2-mediated RGC axon growth by MAB228 or AG490 did not impact on (A-D)
RGC survival but did block (E-H) RGC axon regeneration. *P < 0.0001 compared with Pen1-C6DN + siCASP2 + MAB228 or Pen1-
C6DN + siCASP2 + AG490. Scale bars: A-C = 50 um; E-G and insets (i) and (ii) = 100pm.

We then investigated whether MAB228 and AG490 also staining was markedly attenuated. The mean number of activated
blocked Pen1-C6DN + siCASP2-mediated glial activation and Miuiller glia processes in Pen1-C6DN + siCASP + IgG treated reti-
CNTF production in the retina. After intravitreal Pen1-C6DN + nae was 210 =5 processes/mm compared to only 45 +5 and
siCASP2 plus control 1gG injections, abundant GFAP and CNTF* 8 +3 processes/mm in Pen1-C6DN + siCASP2 + MAB228 and
staining was observed in astrocytes of the nerve fibre layer and Pen1-C6DN + siCASP2 + AG490, respectively (Fig. 8J). ELISA
Miuller cell radial processes (Fig. 8A-C). However, in Pen1- to quantify the levels of CNTF in Pen1-C6DN + siCASP2 +
C6DN + siCASP2 + MAB228 (Fig. 8D-F) and Pen1-C6DN + I1gG-treated retinae measured 223 +5ng/mg of CNTF but
siCASP2 + AG490-treated eyes (Fig. 8G-I), GFAP and CNTF™* the growth factor was barely detectable in both Pen1-C6DN +
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Figure 8 Blocking Pen1-C6DN + siCASP2-stimulated RGC axon regeneration by MAB228 and AG490 also blocks (A-J) glial activation
and reduces CNTF production in the eye (K). ***P < 0.0001. Scale bar = 50um. GCL = ganglion cell layer; INL = inner nuclear layer;

ONL = outer nuclear layer.

SiICASP2 + MAB228 and Pen1-C6DN + siCASP2 + AG490-treated
retinae (Fig. 8K).

Taken together, these results suggest that Pen1-C6DN +
siCASP2-mediated RGC axon regeneration is suppressed when
gp130 and JAK/STAT are blocked, and this correlates with
reduced retinal glial activation and CNTF levels. Thus, suppression
of CASP6 using the Pen1-C6DN, while capable of promoting op-
timum RGC survival when combined with CASP2 suppression),
might be a promising way of indirectly enhancing RGC axon re-
generation after optic nerve trauma.

Discussion

The data presented here demonstrate that, despite low levels of
detectable CASP6 activation after optic nerve crush, inhibition of
CASP6 promoted 60% RGC survival whereas inhibition of CASP2
promoted >95% RGC survival. Combined inhibition of CASP6
and -2 protected the majority of RGCs from death but also pro-
moted extensive retinal gliosis and significant RGC neurite out-
growth/axon regeneration through the optic nerve lesion site
and along the distal optic nerve. RGC axon regeneration promoted
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by combined suppression of CASP6 and -2 was mediated by glial-
derived CNTF as blockade of the CNTF receptor or inhibition of
JAK/STAT signalling, suppressed the associated glial activation,
blocked CNTF production, inhibited RGC axon regeneration and
preserved RGC viability. Taken together, our results show that
combined suppression of CASP2 and CASP6 is RGC neuroprotec-
tive and activates a novel indirect RGC axogenic effect mediated
by caspase-dependent gliosis and subsequent release of CNTF and
JAK/STAT signalling.

Retinal ganglion cell survival and
caspases

Despite reports that retinal CASP3, -8, and -9 activity are import-
ant in mediating RGC survival after optic nerve transection
(Kermer et al., 1998, 1999; Chaudhary et al., 1999; Weishaupt
et al., 2003; Cheung et al., 2004), high levels of cleaved CASP2
were exclusively localized to RGC after optic nerve crush whereas
cleaved CASP3 was absent in RGC but present in other cells of the
inner nuclear layer (Ahmed et al., 2011). This led us to suggest
that CASP3 is not required for RGC death, but may be required
for death of other cells in the retina after optic nerve crush
(Ahmed et al., 2011). More recently, we reported increased
levels of cleaved CASP3 in retinal lysates after optic nerve crush
but little or no changes in cleaved forms of CASP7 or -8, while
there was a slight increase in cleaved CASP6 (Vigneswara et al.,
2012). Although retinal levels were increased after optic nerve
crush, cleaved CASP3 and CASP6 immunoreactivity was absent
from RGC (Ahmed et al., 2011; Vigneswara et al., 2012), sug-
gesting that the activation of CASP3 and -6 observed in retinal
lysates was unrelated to the death of RGC. Furthermore, we used
an unbiased caspase trapping assay to show that CASP2 was
activated in the retina after optic nerve crush (Vigneswara et al.,
2012) and suppression of CASP2 with a short interfering RNA
protected 98% of RGCs from apoptosis at 7 days (Ahmed
et al., 2011).

In our current study, the same siCASP2 maintained >95% RGC
protection from apoptosis, either alone or in combination with
suppression of CASP6 using the CASP6 dominant negative
(C6DN), for at least 21 days after optic nerve crush. Meanwhile,
suppression of CASP6 alone using C6DN protected 60% of RGC
from death at 21 days after optic nerve crush, similar to the levels
reported using the non-specific Z-VEID-FMK CASP6 inhibitor
(Monnier et al., 2011). Hence, we show here that inhibition of
CASP6 resulted in lower levels of RGC neuroprotection than
CASP2 inhibition, probably reflecting the muted responsiveness
of constitutive CASP6 levels after optic nerve crush (Vigneswara
et al., 2012). These results suggest that CASP6 is not the main
regulator of RGC apoptosis. Of relevance, Monnier et al. (2011)
have speculated CASP6 activation in a small RGC subpopulation,
and hence the effects of CASP6 suppression after optic nerve
crush are limited. By contrast, significantly increased levels of
CASP2 are found in most RGC of the retina after optic nerve
crush, which die by CASP2-dependent mechanisms (Ahmed
et al., 2011; Vigneswara et al., 2012). Accordingly, suppression
of CASP2 results in near 100% protection from post-optic nerve
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crush RGC death, suggesting that CASP2 is the principle regulator
of RGC death (Ahmed et al., 2011). Combined CASP6 and CASP2
suppression did not induce stronger neuroprotection than that
observed with CASP2 suppression alone, as we argue that RGC
death is predominantly mediated by CASP2 and not CASP6. This
assertion is given further credence by observations that suppres-
sion of other caspases after optic nerve crush, including CASP3, -6
or -8 cause only up to 35-60% RGC survival (Kermer et al., 1998,
1999; Monnier et al., 2011).

The suboptimal levels of RGC neuroprotection seen after C6DN
treatment suggest that the development of an effective short
interfering RNA to CASP6 may increase RGC survival by achieving
greater levels of CASP6 knockdown. For example, C6DN sup-
pressed Lamin A/C cleavage, a primary target of CASP6 activity,
by only 60% compared with treatment groups that did not con-
tain C6DN (Fig. 2A). Greater levels of CASP6 knockdown may
more effectively suppress Lamin A/C cleavage indicating a more
effective inhibition of CASP6 activity; more effective inhibition of
CASP6 could lead to a greater stimulation of CNTF production,
and better RGC survival and axon regeneration.

CASP2 activation has a multifaceted role in stress-induced apop-
tosis, including the induction of DNA damage, death receptor
stimulation, heat shock, cytoskeletal disruption and oxidative
stress (Troy et al., 2000; Ho et al., 2008), perhaps explained by
the predicted cleavage specificity of CASP2 which resembles that
of the effector CASP3, despite structural similarities to initiator
caspases (Chauvier et al., 2007). Other reports indicate that
CASP2-deficient neurons are resistant to apoptosis induced by
amyloid-B (Troy et al., 2000; Troy and Ribe, 2008) and that tran-
sient global ischaemia leads to activation of CASP2 in hippocampal
neurons (Niizuma et al., 2008). CASP2 mediates death of dorsal
root ganglion neurons after sciatic nerve transection in vivo and
also in a serum-withdrawal dorsal root ganglion neuron culture
model, where suppression of CASP2 and not CASP3 using short
interfering RNA significantly enhanced dorsal root ganglion neuron
survival (Vigneswara et al., 2013). This is similar to earlier studies
which showed that, although both CASP2 and CASP3 are acti-
vated by trophic factor withdrawal in sympathetic neurons, only
CASP2 is required for execution of neuronal death (Troy et al.,
1997, 2001). Retinal ischaemia induces activation of CASP2 in
RGC and BDNF-mediated neuroprotection is associated with
reduced CASP2 immunoreactivity (Kurokawa et al., 1999; Singh
et al., 2001).

The involvement of caspases in axon
regeneration

The possible involvement of caspases in mediating CNS axon in-
tegrity have been put forward based on the observations that
CASP3 and CASP6 contribute to axonal degeneration (Nikolaev
et al., 2009; Simon et al., 2012). For example, CASP6 was impli-
cated in orchestrating axonal degeneration and it has been sug-
gested that an extracellular fragment of amyloid-p protein (APP)
acts through death receptor (DR)-6 and CASP6 to cause the
axonal degeneration observed in Alzheimer's disease (Nikolaev
et al., 2009; Vohra et al., 2010). CASP3 is reported to orchestrate
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axon degeneration and as CASP6 is only effectively activated by
CASP3, CASP3 deletion in vitro is fully protective against sensory
axon degeneration and CASP3 and -6 knockout mice show
delayed pruning of retinocollicular axons (Simon et al., 2012).
However, Nikolaev et al. (2009) and Simon et al. (2012) both
use either embryonic Day 12.5 or Day 13 dorsal root ganglion
tissues for their assays, which are much more sensitive to NGF-
dependent effects compared with adult dorsal root ganglion neu-
rons that did not localize CASP3 or cleaved CASP3 in their neurites
in culture and neither did knockdown of CASP3 have any effect
on adult dorsal root ganglion neuron survival or neurite integrity
(Vigneswara et al., 2013). In fact, suppression of CASP2 in cul-
tured adult dorsal root ganglion neurons promoted significant sur-
vival of these neurons (Vigneswara et al., 2013), therefore
suggesting a differential requirement for caspases in embryos
compared to adults.

We determined whether CASP6 suppression in combination
with enhanced survival of adult rat RGCs, promoted by inhibiting
CASP2, could lead to enhanced RGC axon regeneration after optic
nerve crush. We showed that inhibition of CASP6 along with
downregulation of CASP2 promoted significant RGC axon regen-
eration and that this regeneration was ~10-fold greater than that
observed using a pseudopeptide caspase inhibitor in previous stu-
dies (Monnier et al., 2011). Although this represents a step in the
right direction in terms of axon regeneration, Pen1-
C6DN + siCASP2 only supported the regeneration of 1.4% of
the total number of RGC axons, assuming that the number of
axons in an intact optic nerve is 100000 (Joos et al., 2010).
Nevertheless, these levels of RGC axon regeneration are greater
than that observed with Zymosan + cAMP (Kurimoto et al., 2010)
and similar to that observed in Pten knockout mice (Park et al.,
2008). However, RGC axon regeneration in Pten/Socs3 double
mutant knockout mice was greater and represented regeneration
of 6% of the total RGC axon population (Sun et al., 2011).

Notably, combined inhibition of CASP2 and CASP6 significantly
activated retinal glia, including Muller cells and astrocytes, and
stimulated the production of high levels of CNTF both in vivo
and in vitro. Moreover, in combined CASP2 and CASP6 sup-
pressed retinal cultures and in eyes, blocking CNTF receptor func-
tion and JAK/STAT signalling both prevented glial activation,
suppressed CNTF production and blocked RGC neurite/axon re-
generation. These observations all suggest a link between CASP6
and retinal glia. Although in this study we failed to localize signifi-
cant levels of immunoreactive CASP6 to retinal glia, CASP6 was
detectable by western blot of whole retinae (Vigneswara et al.,
2012). However, Monnier et al. (2011) localized CASP6 in a sub-
population of RGCs and also to non-neuronal cells in the ganglion
cell layer and to cells in the inner nuclear layer, presumed to be
astrocytes and Milller cells, respectively.

GFAP™* glia were not present in retinal cell cultures prepared
from intact eyes, however, after optic nerve crush a small popu-
lation of GFAP™ astrocytes was present. Furthermore, inhibition of
CASP6 and CASP2 promoted GFAP and CNTF expression in the
glia present in the mixed retinal cultures, indicating an indirect
mechanism of enhancing RGC survival and axon regeneration.
Hence, our data imply that CASP6 is present in glia, where it
constitutively signals responses such as cleavage of GFAP
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intermediate filaments (Mouser et al., 2006), probably maintain-
ing glial quiescence and thus suppressed CNTF production. This
proposition is supported by our in vitro observations of low num-
bers of GFAP* glia in untreated retinal cultures where CASP6 is
presumed active, and the stimulation of glial activation and CNTF
production after CASP6 suppression (Fig. 5). Therefore, CASP6
suppression is likely to be beneficial for astrocyte activation and
survival.

Thus, the combination of CASP2 and CASP6 stimulates retinal
gliosis, which in turn upregulates the expression CNTF, and prob-
ably other neurotrophic factors, that then promote RGC survival
and axon regeneration. Although the ability of exogenous CNTF
to promote RGC axon regeneration is inconsistent, CNTF pro-
motes RGC axon regeneration, an effect that is enhanced when
combined with raised cAMP levels, whereas long-distance axon
regeneration is supported by CNTF gene transfer to RGCs
(Muller et al., 2009; Pernet et al., 2013). Furthermore, combin-
ations of neurotrophic factors such as CNTF, BDNF, NGF, NTF3
and FGF2, promote synergistic RGC survival and axon regener-
ation (Mey and Thanos, 1993; Mansour-Robaey et al., 1994,
Peinado-Ramon et al., 1996; Klocker et al., 2000; Logan et al.,
2006). Therefore it is likely that combinations of these neuro-
trophic factors, together with suppression of CASP2 and CASP6
activity, might promote more robust RGC axon regeneration than
observed with C6DN + siCASP2 alone.

We have shown previously that the cues for post-injury RGC
survival and axon regeneration, which are mediated by inflamma-
tion, are different, as both retinal and optic nerve inflammation
promoted RGC survival but only retinal inflammation was RGC
axogenic (Ahmed et al., 2010). Our current study also implies
differential mechanisms for RGC survival and axon regeneration
and suggests that retinal glia are important to both processes. For
example, we suggest that the activation of retinal glia that occurs
after optic nerve crush is enhanced by Pen1-C6DN + siCASP2,
increasing the release of CNTF. CNTF then acts not only on
RGC in a paracrine manner to increase their regenerative capacity,
but also induces by an autocrine mechanism further reactive gliosis
in astrocytes and Mliller cells (DeChiara et al., 1995; Kahn et al.,
1995; Winter et al., 1995; Escartin et al., 2006, 2007), which in
turn enhances CNTF production, contributing to an additional re-
generative ability of RGC (Fig. 9). CNTF is probably also released
by RGCs through autocrine mechanisms (Fig. 9) contributing to
the higher titres of CNTF in the combined Pen1-C6DN + siCASP2-
treated retinae. This proposed mechanism might explain why
enhanced RGC axon regeneration occurs after Pen1-C6DN +
siCASP2 treatment. In contrast, blocking gp130 or the JAK/STAT
pathway does not prevent the low levels of CNTF production by
injury-induced gliosis but seems to suppress the C6DN-induced
gliosis and subsequent high titre release of CNTF, which in turn
reduces the regenerative response of RGC.

Mechanisms of CASP6-modulated
retinal gliosis and CNTF expression

We hypothesize that constitutive CASP6 expression ‘clamps’ ret-
inal glia in a quiescent state, preventing their activation and
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Figure 9 Proposed mechanism of CNTF-induced gliosis in the retina after ONC and Pen1-C6DN + siCASP2 treatment. (A) After optic
nerve crush alone, the low levels of injury-induced CNTF bind to the CNTF receptor and suboptimally activate the JAK/STAT pathway and,
and hence little or no axon regeneration occurs. (B) After optic nerve crush and intravitreal delivery of Pen1-C6DN + siCASP2, however,
glial activation occurs in response to both injury and the presence of Pen1-C6DN + siCASP2. This gliosis leads to CNTF release, which
further stimulates reactive gliosis in an autocrine manner, enhancing CNTF release. In addition, treatment with Pen1-C6DN + siCASP2
also promotes release of proinflammatory cytokines from microglia that stimulate further release of CNTF from astrocytes and Mdller cells.
These high titres of CNTF activate the CNTF receptor and promote significant RGC axon regeneration through the JAK/STAT pathway. (C)
In contrast, blocking the gp130 component of the CNTF receptor with MAB228 or blocking the JAK/STAT signalling pathway with AG490
blocks the autocrine response, suppresses proinflammatory cytokine-induced CNTF release leading to reduced CNTF titres, depressed
reactive gliosis and hence RGC axon regeneration is prevented.
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production of CNTF. Optic nerve crush does not fully release the
glia from CASP6 control, and thus RGC axons do not regenerate
as CNTF titres remain low. Only after CASP6 inhibition are glia
able to become fully activated and produce axogenic titres of
CNTF (Fig. 9). Suppression of CASP6 increases the release of
pro-inflammatory cytokines from both astrocytes and microglia,
including interleukins, interferons and tumour necrosis factors as
well as chemokines (Hitchkiss and Nicholson, 2006). We have
observed that suppression of CASP6 activates retinal microglia
(Supplementary Fig. 1) and thus may contribute to the release
of pro-inflammatory cytokines. Receptor binding of proinflamma-
tory cytokines released from activated astrocytes and microglia
activates a variety of intracellular signalling pathways, including
the c-Jun N-terminal kinase (JNK), p38 mitogen activated protein
kinase (p38/MAPK), PI3 kinase, extracellular signalling-related
kinase (ERK) and activation of CASP1 and -3 (Van Eldik et al.,
2007; Anisman, 2009). Activation of JNK and p38/MAPK is
known to contribute to the accumulation of GFAP in astrocytes
(Tang et al., 2006) and thus release from retinal glia of gp130
receptor ligands (LIF and IL6) that interact with CNTF to signal
RGC survival through the JAK/STAT pathway. Indeed, CNTF is
normally released by astrocytes and Mdller cells of the retina
after ONC, probably mediated by the release of inflammation-
induced cytokines such as IL1p and TNFq, all of which enhance
CNTF release (Kamiguchi et al., 1995; Muller et al., 2007; Lorber
et al., 2008, 2012). CNTF induces changes in astrocyte responses
including upregulation of GFAP, cellular hypertrophy and meta-
bolic changes that lead to the expression of further CNTF
(Winter et al., 1995; Escartin et al., 2007).

In conclusion, our findings demonstrate that bi-therapies that
suppress CASP2 and CASP6 inhibit RGC apoptosis and promote
retinal gliosis, leading to the release of high titres of CNTF, which
promotes RGC axon regeneration. These studies suggest that the
collective targeting of CASP2 and CASP6 has therapeutic potential
in treating human adult CNS trauma and disease.
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