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Neurobiology of Disease

Involvement of Caspase-6 and Caspase-8 in Neuronal
Apoptosis and the Regenerative Failure of Injured Retinal
Ganglion Cells
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To promote functional recovery after CNS injuries, it is crucial to develop strategies that enhance both neuronal survival and regenera-
tion. Here, we report that caspase-6 is upregulated in injured retinal ganglion cells and that its inhibition promotes both survival and
regeneration in these adult CNS neurons. Treatment of rat retinal whole mounts with Z-VEID-FMK, a selective inhibitor of caspase-6,
enhanced ganglion cell survival. Moreover, retinal explants treated with this drug extended neurites on myelin. We also show that
caspase-6 inhibition resulted in improved ganglion cell survival and robust axonal regeneration following optic nerve injury in adult rats.
The effects of Z-VEID-FMK were similar to other caspase inhibitory peptides including Z-LEHD-FMK and Z-VAD-FMK. In searching for
downstream effectors for caspase-6, we identified caspase-8, whose expression pattern resembled that of caspase-6 in the injured eye. We
then showed that caspase-8 is activated downstream of caspase-6 in the injured adult retina. Furthermore, we investigated the role of
caspase-8 in RGC apoptosis and regenerative failure both in vitro and in vivo. We observed that caspase-8 inhibition by Z-IETD-FMK
promoted survival and regeneration to an extent similar to that obtained with caspase-6 inhibition. Our results indicate that caspase-6
and caspase-8 are components of a cellular pathway that prevents neuronal survival and regeneration in the adult mammalian CNS.

Introduction
CNS injury results in permanent functional loss due to the inabil-
ity of adult CNS neurons to regenerate axons, and their suscep-
tibility to apoptosis. Optic nerve transection (axotomy) is a
highly reproducible model of apoptosis in adult mammalian
CNS neurons (Bihr, 2000; Koeberle and Bihr, 2004 ), resulting in
the degeneration of 90% of RGCs by 14 d after axotomy (Villegas-
Pérez et al., 1988; Berkelaar et al., 1994; Quigley et al., 1995).
Axonal regeneration in RGCs can also be studied using the optic
nerve crush model (Misantone et al., 1984; Barron et al., 1986;
Stevenson, 1987; Sautter and Sabel, 1993), in which RGCs regen-
erate axons through the myelinated optic nerve.

Caspases are a family of cysteine proteases that regulate apo-
ptosis (Baumgartner et al., 2009; Inoue et al., 2009; Yi and Yuan,
2009). Caspases are synthesized as precursors (procaspases) that

Received Jan. 10, 2011; revised May 24, 2011; accepted May 30, 2011.

Author contributions: P.P.M. and P.D.K. designed research; P.P.M., P.M.D., MM., A.CH., N.T., K.S., M.T., and
P.D.K. performed research; P.P.M. and P.D.K. analyzed data; P.P.M. and P.D.K. wrote the paper.

This work was supported by Canadian Institutes of Health Research Operating Grant MOP 86523 (P.D.K.). P.P.M.
received support from Heart and Stroke Foundation of Ontario Grant NA7067 as well as Canadian Institutes of Health
Research Grant MOP 106666. We thank Dr. Freda Miller and Asli Dedeagac for kindly providing the myelin used in our
experiments.

*P.P.M.and P.D.K. contributed equally to this work.

Correspondence should be addressed to Paulo D. Koeberle, Division of Anatomy, University of Toronto, MSB 1186,
1King’s College Circle, Toronto, ON M5S 1A8, Canada, E-mail: paulo.koeberle@utoronto.ca; or Philippe P. Monnier,
Toronto Western Research Institute, 399 Bathurst Street, MCL 6-412, Toronto, ON M5T 258, Canada, E-mail:
pmonnier@uhnres.utoronto.ca.

DOI:10.1523/JNEUR0SCI.0148-11.2011
Copyright © 2011 the authors ~ 0270-6474/11/3110494-12%15.00/0

are activated by enzymatic cleavage (Degterev et al., 2003; Inoue
et al., 2009). Cleavage of procaspases liberates large (~20 kDa)
and small (~10 kDa) subunits that heterodimerize to form cata-
Iytically active proteases (Degterev et al., 2003; Guo et al., 2004;
Baumgartner et al., 2009). Caspase-3 and -9 play pivotal roles in
the apoptotic death of RGCs after axotomy (Kermer et al., 1998,
1999, 2000; Chaudhary et al., 1999; Weishaupt et al., 2003;
Cheung et al., 2004).

The inability of CNS neurons to regenerate is associated with two
properties of the mature CNS: non-neuronal growth inhibitory cues
and poor intrinsic regenerative ability (Schwab, 1990; Nash et al.,
2009; Nishio, 2009; Cao et al., 2010; Sun and He, 2010). The CNS
contains several classes of growth-inhibitory cues that prevent the
extension of regenerating axons. These include Nogo, MAG, and
oligodendrocyte myelin glycoprotein (OMgp) (McKerracher et al.,
1994; DeBellard et al., 1996; Li et al., 1996; Fournier et al., 2002;
Wong et al., 2003; Cui et al., 2004; Fischer et al., 2004; Su et al., 2008,
2009; Chen et al., 2009), which have been shown to inhibit RGC
axon regeneration after injury. Intracellular signaling cascades that
are activated by these growth inhibitory cues ultimately converge on
Rho-associated kinase (ROCK), thereby inducing growth cone
collapse. Accordingly, the ROCK inhibitor (R)-(+)-trans-4-(1-
aminoethyl)-N-(4-pyridyl)cyclohexanecarboxamide dihydrochlo-
ride monohydrate (Y-27632) promotes RGC regeneration both in
vitro and in vivo (Monnier et al., 2003; Lingor et al., 2007, 2008;
Ahmed et al., 2009).

Due to the findings that caspases 3 and 9 were not involved in
axonal degeneration (Kuida et al., 1996; Finn et al., 2000), this
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cleaved caspase-6 p10 subunit. GADPH loading control is shown below.

process was believed to be caspase independent. However, it
has recently been discovered that caspase-6 is required for
neuronal axon degeneration in vitro (Nikolaev et al., 2009).
This raises the possibility that caspase-6 is a critical mediator
of the failure of axon regeneration in the adult CNS. Here, we
describe a prominent role for caspase-6 in retinal ganglion cell
apoptosis and regenerative failure, both in vitro and in vivo.
We also provide evidence that caspase-8 is a downstream ef-
fector of caspase-6 to regulate both cell survival and axonal
regeneration.

Materials and Methods

Retinal whole-mount cultures. Sprague Dawley rat pups of either sex (P14;
Charles River) were anesthetized using 4% isoflurane and decapitated. After
enucleation, eyes were briefly washed in 10% Germicide and placed in cold
medium. Retinas were flat-mounted with the ganglion cell layer (GCL) fac-
ing upward on Millicell plate inserts (0.4 wm; Millipore). The retinas were
cultured for 4 d (37°C, 5% CO,) in 1 ml of culture medium, which contained
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(aspase-6 is upregulated after optic nerve transection. Transverse sections of retinas from normal or optic nerve
transected animals were used to study CASP6 expression. Following optic nerve transection, samples were processed at 4 or 7 d
afterinjury. A, D, G, FluoroGold retrograde labeling was performed to identify RGCs in the ganglion cell layer of the retina. B, E, H,
Staining with a caspase-6 antibody for the cleaved active p10 subunit. C, F, I, Merge of caspase-6 immunostaining and FluoroGold
labeling. In normal retinas, faint caspase-6 staining is seen in the ganglion cell layer (A-(). Caspase-6 expression is strongly
upregulated 4 and 7 d following injury (D-1). Ininjured eyes, caspase-6is observed in the cell bodies of RGCs as well asin the axons
of the nerve fiber layer (arrows). At 7 d, additional autofluorescent microglia, which are activated after axotomy, were observed in
the ganglion cell layer and nerve fiber layer (G, arrowheads). GCL, Ganglion cell layer; INL, inner nuclear layer. Scale bar, 50 pm. J,
Western blots of whole retinal lysates from normal animals or 4 d axotomy animals. Axotomized retinas had higher levels of
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Neurobasal medium, 10% fetal bovine serum, 2%
B-27 supplement, 1% glutamine, 3% antibiotic/an-
timycotic (all from Invitrogen), and Z-VEID-FMK
(caspase-6 inhibitor; R&D Systems), Z-IETD-FMK
(caspase-8 inhibitor; R&D Systems), or DMSO
(control).

To assess cell survival, propidium iodide
(PI) (final concentration, 2 pg/ml) was added
directly to the medium and images were taken
at the same intensity using a fluorescence mi-
croscope every 24 h. Images of PI-stained reti-
nas were analyzed using ImageJ, and the
fluorescence intensity at each time point was
quantified, and background fluorescence was
subtracted.

Retinal-explant cultures. Glass coverslips
were treated with 10 ug/ml poly-L-lysine,
washed, and dried. The coverslips were further
treated with laminin (10 ug/ml), and myelin
preparations (kind gift from Dr. Freda Miller)
were added and centrifuged for 15 min at
3000 X g and 4°C. Alternatively, 10, 5, or 3
pg/ml  chondroitin  sulfate proteoglycan
(CSPG) mixture (Millipore Bioscience Re-
search Reagents) mixed with laminin (10 ug/
ml; Sigma-Aldrich) was added to the coverslips
in a sandwich format and incubated for 2 h at
room temperature. Explants from E7 chick ret-
inas were then prepared as we published previ-
ously (Monnier et al., 2003), added to either
the membrane- or protein-coated surfaces in
DMEM/F-12 media (2% chick serum, 10%
FBS), and placed in an incubator (37°C, 5%

0,) for 18 h, in the presence of either caspase
inhibitory peptides (10 um), ROCK inhibitor
(Y-27632; 50 um), or DMSO (10 wl/ml; con-
trol). The explants were then fixed in 4% PFA,
permeabilized with 0.1% Triton X-100 in PBS,
stained with Alexa 488-Fluor-phalloidin and
viewed under a fluorescence microscope (Zeiss).
The number and length of fibers were then quan-
tified using ImagePro 5.0. Only explants which
displayed outgrowth were considered for the
quantification.

Optic nerve transection and optic nerve crush.
Adult female Sprague Dawley rats free of common
pathogens were used in all experiments. Animals
were kept in a pathogen-controlled environment
and housed in standard cages equipped with mi-
cron air filters. Animals were cared for according to
the Canadian Council on Animal Care.

Animals were placed in a stereotaxic frame and anesthetized with iso-
flurane (2%; 0.8 L/min oxygen flow rate) delivered through a gas anes-
thesia mask. Lidocaine eye drops were used to anesthetize the cornea, and
ophthalmic eye ointment was applied to the cornea to prevent desicca-
tion during surgery. The optic nerve was accessed within the ocular orbit
via an incision in the tissue covering the superior border of the orbital
bone. The superior orbital contents were dissected and the rectus muscles
reflected laterally. To allow access to the optic nerve and surrounding
dura mater sheath, the eye was rotated laterally by applying traction to
the extraocular muscles. The dural sheath surrounding the optic nerve
was cut longitudinally, to avoid damaging blood vessels supplying the
retina. The optic nerve was gently lifted from the meningeal sheath and
transected within 2 mm of the back of the eye. To retrogradely label
RGCs, Gelfoam soaked in 2% FluoroGold (Sigma-Aldrich) was placed
over the transected optic nerve stump. The optic nerve crush procedure
was performed using a similar approach; however, the optic nerve was
crushed using fine self-closing forceps for 6 s. The orbital contents were
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returned to their original location and the ini-
tial incision was closed. Following surgery, rats
were placed in a recovery cage under a heat
lamp and given ketoprofen to ease postsurgical
recovery.

Intraocular injections. Animals received in-
traocular injections of five different caspase in-
hibitors: the pancaspase inhibitor Z-VAD-
FMK, the caspase-9 inhibitor Z-LEHD-FMK,
the caspase-8 inhibitor Z-IETD-EMK, the
caspase-6 inhibitor Z-VEID-FMK, or a chemi-
cally synthesized caspase-6 inhibitor [sulfon-
amide isatin Michael acceptor (SIMA 13a)
(Chu et al., 2009)]. Peptide caspase inhibitors
were purchased from R&D Systems, and SIMA
13a was synthesized by Toronto Research
Chemicals. Inhibitors were dissolved in sterile
DMSO.

Intraocular injections of experimental or
control vehicle solutions were administered at
3 d after axotomy, before the onset of RGC
apoptosis, which occurs at 4-5 d after axo-
tomy. For the study of axon regeneration, in-
traocular injections were delivered at 3 and
10 d after optic nerve crush. Animals were
placed in a stereotaxic frame and anesthetized
with isoflurane, delivered through a gas anes-
thetic mask. The cornea was anesthetized using
Alcaine eye drops (Alcon) before intraocular
injections. A pulled glass micropipette attached
to a 10 wl Hamilton syringe via a hydraulic
coupling through PEEK tubing was used to de-
liver 4 ul of a solution into the vitreous cham-
ber of the eye, posterior to the limbus. Care was
taken to prevent damage to the lens or anterior
structures of the eye that have been shown to
secrete confounding growth factors. The pi-
pette was held in place for 5 s after injection and
slowly withdrawn from the eye to prevent re-
flux. Injections were performed using a surgi-
cal microscope to visualize pipette entry into
the vitreous chamber and confirm delivery of
the injected solution.

Quantification of RGC survival after injury.
Eyes were enucleated, the cornea and lens
were removed, and the remaining eye cups
containing the retinas were fixed in 4% para-
formaldehyde at 14 d after axotomy. Eye
cups were fixed for 1 h and then rinsed in
PBS for 15 min. The retinas were then ex-
tracted, flat-mounted, and coverslipped us-
ing 50:50 glycerol/PBS. FluoroGold staining
in RGCs was visualized using an Andor iXon
885+ EMCCD camera attached to a Leica DM
LFSA microscope. The illumination source was
a Sutter Lambda XL with a liquid light guide
ensuring even field illumination. RGC densi-
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Figure2.  (Caspase-6-dependent upregulation of caspase-8. Transverse sections of normal (A-C) or 4 d axotomy (D-F) retinas were
used to study CASP8 localization. A, D, FluoroGold retrograde labeling in RGC somata. B, E, Caspase-8 (p18 cleaved subunit) staining
indicates that caspase-8 is expressed in RGC cell bodies and their axons in the nerve fiber layer (I, arrows) at 4 d after axotomy (E), whereas
only weak staining was observed in normal retinas (B). €, F, Merge of two corresponding images on the left. GCL, Ganglion cell layer; INL,
inner nuclear layer. Scale bar, 50 um. G, Western blot analysis of normal and 4 d axotomy retinas, directed at both procaspase-8 and the
cleaved p18 caspase-8 subunit. Two bands of 54 and 18 kDa corresponding to procaspase-8 (Pro) and active caspase-8 (p18) are shown,
with the corresponding GAPDH loading control below. H, I, The optic nerve was transected and animals received intraocular injections of
DMSO0 (control) or a caspase-6 inhibitor (Z-VEID). At4 d (H) or 7 d (/) after axotomy, caspase-8 Western blots were performed. Correspond-
ing GAPDH loading controls are shown below. J, K, Quantification of procaspase-8 (Pro-) and caspase-8 p18 (Cleaved) levels at 4 d after
axotomy (/) or7 d afteraxotomy (K). The intensity of the bands was measured relative to the amount of GAPDH in each sample. Results are
expressed as the mean of three separate retinas == SEM. Z-VEID injection significantly reduced the amount of procaspase-8 and active
caspase-8 p18 at 7 d following injury (K). *p << 0.01. L, Westem blots directed against the cleaved caspase-6 p10 subunit in normal-
unlesioned retinas or axotomized retinas at4 or 7 d after injury and caspase-8inhibition (Z-IETD-FMK) or control treatment (vehicle). GAPDH
loading controls are shown below.

ties were sampled at the inner (1/6 retinal eccentricity), midperiphery
(1/2 retinal eccentricity), or outer retina (5/6 retinal eccentricity) of each
quadrant of the flat mount. RGC densities were grouped by retinal ec-
centricity (inner, middle, outer) and expressed as mean = SEM. ANOVA
followed by post hoc analysis using Tukey’s post hoc comparisons ( p <
0.01) were used to determine statistical significance between experimen-
tal and control samples.

Quantification of RGC regeneration and GAP-43 immunohistochemis-
try. RGC axon regeneration was examined at 21 d after optic nerve crush.
Two days before removal of the nerve and fixation, the anterograde tracer
FITC-conjugated cholera toxin B (CTB-FITC) was injected into the vit-
reous chamber of the eye to anterogradely trace axons that are intact and

demonstrating protein transport within the retina. At 21 d, animals re-
ceived intracardial perfusions of 4% paraformaldehyde, and the optic
nerves were removed. Nerves were postfixed in 4% paraformaldehyde
overnight at 4°C, and then rinsed in PBS. The fixed nerves were cryopro-
tected in 30% sucrose in PBS for 7 d and then sectioned using a Leica
CM1950 cryostat microtome. Transverse sections of optic nerve were
collected on APTEX (Sigma-Aldrich)-coated slides and stored at —20°C
until immunostaining was performed.

Immunohistochemistry was performed on transverse frozen sections
of optic nerves. Sections were incubated overnight at 4°C in primary
antisera directed against growth-associated protein-43 (GAP-43), an
axon marker in regenerating adult retinal ganglion cells (Meyer et al.,
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Figure 3. Inhibition of caspase-6 or caspase-8 promotes cell survival in retinal whole
mounts. Retinal whole mounts were prepared and incubated with either DMSO (control), acti-
nomycin D (positive control), caspase-6 inhibitor (Z-VEID-FMK), or caspase-8 inhibitor (Z-IETD-
FMK). Dead cells were stained with Pl following 1d (A-D) or4d (E-H ) incubation. After 4 d, the
presence of either Z-VEID or Z-IETD in the medium strongly reduced the number of Pl-positive
cells. I, Quantification of the Pl intensity over a 4 d period. Pictures from 27 whole mounts (9 for
each condition) from three independent experiments were taken at equal intensities and the
fluorescence measured using ImageJ. At all time points, the intensity of Pl staining in retinal
whole mounts incubated with either caspase-6 or caspase-8 inhibitors was significantly re-
duced when compared with control (*p << 0.01). Error bars indicate SEM.

1994; Berry et al., 1996; Leon et al., 2000; Su and Cho, 2003; Su et al.,
2008, 2009). Primary antisera were diluted in PBS containing 0.3% Tri-
ton X-100 and 3% normal serum. Following primary antibody incuba-
tion, sections were rinsed three times for 15 min in PBS and incubated
with FITC-labeled secondary antibody for 3 h at room temperature.
Sections were then rinsed three times for 15 min each time in PBS and
coverslipped with 50:50 glycerol/PBS.

Axon regeneration following optic nerve crush was quantified in lon-
gitudinal frozen sections (14 um thick) of optic nerve, following GAP-43
immunohistochemistry. The total number of regenerating axon growth
cones within bins of the optic nerve, starting at the crush site and pro-
ceeding distally, were quantified. The bins were as follows: 0-250, 250—
500, and >500 wm. A total of four equally spaced sections through the
width of each optic nerve were examined and quantified using a Leica
DM LFSA microscope (20X objective) with an Andor iXon 885+ cam-
era, with EM gain applied. The total number of regenerating axons per
section in each bin was then averaged and statistical analysis was per-
formed by ANOVA, and Tukey’s post hoc comparisons at p < 0.01.

Western blots. Western blots on whole retinas were performed as pre-
viously described (Koeberle and Bahr, 2008). Animals were killed at 4 or
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Figure 4.  Caspase-6 inhibition promotes axonal outgrowth on myelin but not on (SPGs.

A-D, Retinal explants were cultured on myelin plus DMSO (control; A), myelin plus caspase-6
inhibitor (Z-VEID; B), or myelin plus Rho-kinase inhibitor (Y-27632; €). D, Quantification of four
independent experiments shows that the presence of either Z-VEID or Y-27632 significantly
promotes outgrowth on myelin when compared with control. E-H, Retinal explants were cul-
tured on CSPGs plus DMSO (control; E), CSPGs plus caspase-6 inhibitor (Z-VEID; F), or CSPGs plus
Rho-kinase inhibitor (Y-27632; G). H, Quantification of four independent experiments shows
that the presence of Y-27632 but not Z-VEID significantly promotes outgrowth on CSPGs when
compared with controls. *p < 0.01. Error bars indicate SEM.

7 d following intraocular injection of Z-VEID-FMK, Z-IETD-FMK, or a
control vehicle injection. Retinas were quickly extracted in ice-cold PBS.
Each retina was placed in 300 ul of ice-cold SDS lysis buffer (2% SDS,
0.3% DTT, 10% glycerol in 40 mm Tris-Cl, pH 6.8). The retinas were then
sonicated and the remaining solutions were heated to 90°C for 8 min,
centrifuged (12,000 rpm, 10 min, 4°C), and the protein samples were
separated from the pelleted debris. Protein samples were then stored at
—80°C for future use. Total protein fractions were separated by SDS-
PAGE on Bio-Rad TGX Gels (10% acrylamide) and immunoblotted after
semidry electrotransfer to nitrocellulose membranes (0.2 um pore size).
All blots were blocked in 5% milk in Tris-buffered saline containing 0.1%
Tween 20 (TBS-T) for 1 h at room temperature. Blots were then incu-
bated overnight at 4°C, with gentle shaking. The primary antibody (1:
500; rabbit-anti-caspase-8 (CASP8) p18; Santa Cruz Biotechnology; or
1:500; rabbit-anti-caspase-6 (CASP6) p10; Santa Cruz Biotechnology)
was dissolved in 1% milk in TBS-T. Following primary antibody incuba-
tion, blots were washed three times for 15 min each time in TBS-T and
incubated in a 1:2000 dilution of secondary antibody (horseradish per-
oxidase conjugated, cross-reacted against rat serum antigens; Jackson
ImmunoResearch) dissolved in 5% milk in TBS-T. Afterward, the mem-
branes were rinsed three times for 15 min each time in TBS-T and visu-
alized. Chemiluminescent immunoreactive complexes were visualized
using a Bio-Rad Fluor-S Max imager. Loading was verified by reprobing
blots with antisera directed against GAPDH (1:1000; rabbit polyclonal;
Cell Signaling Technology). For quantification, densitometry was per-
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formed. The density of each band was normal-
ized against the density of the corresponding
GAPDH band for each lane. Normalized den-
sitometry values for each experimental group
were then averaged * SEM, and statistically
significant differences between experimental
and control groups were calculated using a
Welch-corrected, unpaired ¢ test.

Myelin

Results

Caspase-6 activates caspase-8 in injured
retinal ganglion cells

To determine whether caspase-6 is involved
in apoptosis after optic nerve transection,
we assessed its expression before and after
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(Fig. 1]). During Wallerian degeneration,
the downstream targets of caspase-6 are un-
known, despite a clear role for BAX up-

stream of caspase-6 (Nikolaev et al., 2009). |
We sought to identify a downstream effec-

tor of caspase-6. To do so, we used antibod- ~ Figure5.

Laminin

10 CSPG

Caspase-8 inhibition promotes axonal growth on myelin but not on CSPGs. A-C, Retinal explants were cultured on

ies directed against possible caspase-6
targets and searched for proteins that are ac-
tivated both in the soma and axons of RGCs
after optic nerve transection. An antibody
directed against the activated caspase-8 p18
subunit displayed a similar localization to
that of caspase-6 at 4 d after axotomy (Fig.
2 D-F), whereas only weak staining was ob-

myelin plus DMSO (control; A), myelin plus caspase-8 inhibitor (Z-IETD; B), or myelin plus Rho-kinase inhibitor (Y-27632; €). D-F,
Retinal explants were cultured on CSPGs plus DMSO (control; D), CSPGs plus caspase-8 inhibitor (Z-IETD; E), or CSPGs plus Rho-
kinase inhibitor (Y-27632; F). G, Quantification of four independent experiments shows that the presence of either Z-IETD or
Y-27632significantly promotes outgrowth on myelin when compared with controls. H, Quantification of four independent exper-
iments shows that Y-27632 but not Z-IETD significantly promotes outgrowth on CSPGs when compared with control. /, Comparison
of neurite outgrowth on a permissive substrate (laminin) or varying concentrations of nonpermissive CSPGs (10, 5, or 3 reg/ml). On
laminin, there was no difference in outgrowth between control-, Z-VEID-, or Z-IETD-treated cultures. In the presence of varying
concentrations of CSPGs, there was no significant difference between control, Z-VEID, or Z-IETD treatments, whereas Y-27632
induced significant outgrowth. *p << 0.01. Error bars indicate SEM.

served in normal retinas (Fig. 2A-C). In-
creased levels of procaspase-8 and active
caspase-8 (p18), relative to normal-unlesioned retinas, were also ob-
served in axotomized retinas at 4 d after axotomy (Fig. 2G). To test
whether caspase-6 regulates caspase-8 activity, we delivered intraoc-
ular injections of the caspase-6 inhibitor Z-VEID-FMK (at 3 d) and
examined procaspase-8 cleavage in Western blots at 4 or 7 d after
axotomy (Fig. 2 H,I). Z-VEID-FMK treatment did not significantly
alter procaspase-8 or cleaved caspase-8 (p18) levels at 4 d after axo-
tomy (Fig. 2]). Of note, the levels of procaspase-8 and cleaved-active
caspase-8 (p18) at 7 d after axotomy were significantly reduced by
caspase-6 inhibition (Fig. 21,K), indicating that caspase-6 is up-
stream of caspase-8.

To determine whether caspase-6 activation is dependent on
caspase-8 activity, we examined procaspase-6 cleavage following
intraocular injection of Z-IETD-FMK at 4 and 7 d after axotomy

(Fig. 2L). At 4 d after axotomy, Z-IETD-FMK did not affect the
cleavage of procaspase-6, as indicated by similar levels of the
active CASP6 p10 subunit following Z-IETD or control vehicle
injection (Fig. 2L). There was a small reduction in CASP6 p10
subunit levels at 7 d after axotomy in Z-IETD-FMK-treated ret-
inas (Fig. 2 L); however, this effect was far less prominent that that
observed on procaspase-8 cleavage in the presence of a caspase-6
inhibitor (Fig. 2I). Together, these data indicate that caspase-8 is
an important downstream target of caspase-6 in injured RGCs.

Inhibition of caspase-6 and -8 promotes retinal ganglion cell
survival in organotypic culture

To ascertain whether caspase-6 is involved in RGC death, we
examined RGC survival in retinal whole mounts. When the retina
is excised, the severing of RGC axons deprives them of trophic
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" with a corresponding twofold decrease in
v Plintensity (from 31.99 £ 2.99 t0 16.96 *
% ¢ 3.29) after 4 d (Fig. 3I). Thus, caspase-6

and caspase-8 inhibitors displayed similar
rescue efficiencies on Pl-labeled cells,
which fits with the hypothesis that they
may be involved in the same cascade of
events.

Caspase-6/8 inhibition promotes axon

outgrowth on myelin but not on CSPGs
To test the role of caspases 6 and 8 on
axonal outgrowth inhibition, we cultured
retinal explants on laminin substrates
containing either myelin or CSPG. Be-
cause the Rho kinase inhibitor Y-27632 is
known to suppress both myelin and CSPG
inhibition (Fournier et al., 2003; Monnier
et al., 2003), Y-27632 was used as a posi-
tive control for comparative purposes.
Axonal outgrowth is typically abortive
when a growing axon encounters inhibi-
tory substrates (Horner and Gage, 2000),
and as expected, outgrowth on either my-
elin or CSPGs was very poor (Fig. 4A,E).

N
E 1000 * * In four independent experiments, axonal
® 800 A Winner growth on myelin was significantly en-
8 BMiddle hanced when the caspase-6 inhibitor
o 600 A OOuter Z-VEID-FMK was added to the medium
(Fig. 4 B). Caspase-6 inhibition increased
400 1 average axonal length 5.1 times, from
200 A 67.7 + 0.3t0 345.2 = 4.8 um (Fig. 4D). In
comparison, Y-27632 (Fig. 4C) increased
0 - — neurite outgrowth by 5.9 times, from
Ctrl Z-VEID SIMA13a Z-LEHD Z-VAD Z-IETD 67.7 = 0.3 to 402 *= 27.1 um (Fig. 4D).
G CASP6 CASP6 CASP9 Pan CASP8 Interestingly, caspase-6 inhibition did not

Figure 6.

factors, thereby inducing apoptosis (Koeberle et al., 2010). Thus,
organotypic retinal cultures are a useful in vitro model of RGC
axotomy induced death. PI was used to label the nuclei of dead
cells in these organotypic cultures. Control retinas showed no-
ticeable PI staining within the first day of culture (Fig. 3A,E).
More prominent PI staining was observed at 4 d in culture, near
the optic disc, where RGC axons exit the retina. As a further
control, we added actinomycin D to the medium, which hampers
protein synthesis, thereby inducing cell death. Actinomycin D
resulted in widespread PI staining throughout the retina by 4 d in
culture (Fig. 3B,F). Cell death was reduced by the addition of
either caspase-6 (Fig. 3C,G) or caspase-8 (Fig. 3D, H) inhibitors
to the culture medium. A significant difference between control
and 10 um Z-VEID-treated retinas appeared after 1 d in culture
and was maximal after 4 d in culture, with a staining intensity 2.2
times lower following Z-VEID delivery (14.26 * 2.42), when
compared with controls (31.99 = 2.99) (Fig. 3I). Inhibition of
caspase-8, with 10 uM Z-IETD, showed similar cell preservation

(aspase inhibition promotes cell survival after optic nerve transection. A-F, Fluorescence micrographs of flat-
mounted retinas depicting FluoroGold-labeled RGCs in normal (A) or injured retinas at 14 d following axotomy and various
treatments (B—F). B, Control retinas at 14 d after axotomy had few surviving RGCs interspersed between transcellularly labeled
microglia. Caspase-6 inhibition (€, Z-VEID-FMK; D, SIMA 13a) increased RGC survival after axotomy, to an extent similar to
caspase-9 inhibition (E; Z-LEHD-FMK) or pancaspase inhibition (F; Z-VAD-FMK). G, Quantification of the density of surviving RGCs
(==SEM) at 14 d following axotomy and treatment with caspase inhibitors. Z-VEID, SIMA13a, Z-LEHD, Z-VAD, or Z-IETD (caspase-8
inhibitor) significantly increased RGC survival ( p << 0.01) at 14 d after axotomy. Scale bar, 50 m.

promote outgrowth on CSPGs (Fig.
4F,H). However, under similar condi-
tions, Y-27632 overcame the CSPG-
mediated inhibition of axon outgrowth
(Fig. 4G,H ) with a 6.3-fold increase in av-
erage axon length (369.7 = 18.7 um).
On myelin, caspase-8 inhibition (Fig.
5B,G) improved outgrowth by 5.2 times
(67.7 = 0.3 to 349.5 = 11.3 wm), an extent
comparable with that observed with either caspase-6 (Fig. 4) or Rho
kinase inhibition (Fig. 5C,G). Moreover, similar to caspase-6,
caspase-8 inhibition did not affect axonal growth on CSPGs (77.6 =
3.2 wm) (Fig. 5E, H). The findings that caspase-6 or -8 inhibition did
not restore outgrowth on CSPGs suggest that these treatments spe-
cifically neutralize the effects of myelin inhibition. To further address
this issue, we tested outgrowth on the permissive substrate, laminin.
Neurite outgrowth on laminin was not altered by Z-VEID or
Z-IETD (Fig. 5I), indicating that the enhanced outgrowth observed
on myelin was a result of alleviating inhibition rather than a nonspe-
cific promotion of axon outgrowth. Additionally, we tested lower
concentrations of CSPGs to determine whether the lack of out-
growth on CSPGs after Z-VEID or Z-IETD treatment was due to
saturating CSPG concentrations. The mean axon length on a CSPG
substrate increased by approximately twofold when the concentra-
tion of CSPGs was reduced from 10 to 3 ug/ml (Fig. 5I'). However,
for any given CSPG concentration, there was no significant differ-
ence between Z-VEID- or Z-IETD-treated and control samples (Fig.
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5I). Together, these findings show that
caspases 6 and 8 are involved in myelin but
not in CSPG-mediated axonal outgrowth
inhibition.

Caspase-6 inhibition promotes retinal
ganglion cell survival in vivo

Optic nerve transection in adult rats in-
duces the apoptotic death of ~90% of
RGCs by 14 d after axotomy (Villegas-
Pérez et al., 1988; Berkelaar et al., 1994;
Quigley et al., 1995). To determine whether
caspase-6 is involved in RGC apoptosis after
axotomy, we administered intraocular in-
jections of selective caspase-6 inhibitors and
examined the effects on cell survival at 14 d
after axotomy. Compared with normal ret-
inas (Fig. 6A), RGC numbers declined sub-
stantially by 14 d after injury (Fig. 4B). At
14 d, surviving RGCs were surrounded by
transcellularly labeled microglia that had
phagocytized dead RGCs and as a conse-
quence had taken up the retrograde tracer.
The average density of RGCs remaining in
control saline-injected retinas was 370 = 25
cells/mm?. Intraocular delivery of Z-VEID-
FMLK, a selective inhibitor of caspase-6, sig-
nificantly increased RGC survival at 14 d
after axotomy (Fig. 6C,G) (1062 = 64 cells/
mm?). A small molecule inhibitor of
caspase-6, SIMA 13a (Chu et al., 2009), sim-
ilarly increased RGC survival twofold to
threefold (816 = 54 cells/mm?) relative to
controls (Fig. 6D,G). We then compared
the effects of caspase-6 inhibition to
caspase-9 or pancaspase inhibitors, Z-LEHD-
FMK or Z-VAD-FMK, respectively. These
caspase inhibitors have previously been
shown to promote RGC survival after
axotomy (Kermer et al., 1998, 1999, 2000;
Chaudhary et al., 1999; Weishaupt et al.,
2003; Cheung et al., 2004). Both Z-LEHD
and Z-VAD increased RGC survival by
twofold to threefold (Fig. 6 E-G), similar
to caspase-6 inhibition by SIMA 13a, however to a lesser extent
than the caspase-6 inhibitory peptide Z-VEID. Furthermore, in
accordance with our in vitro data, caspase-8 inhibition by
Z-IETD had a similar effect on RGC survival to Z-VEID at 14 d
after axotomy (Fig. 6G). Together, these results indicate that
caspase-6 plays an important role in the apoptotic death of axo-
tomized RGCs.

E ctrl 21d

Figure 7.

Caspase-6 or -8 inhibition promotes axonal regeneration after
optic nerve crush

Myelin is a major impediment to axon regeneration in the adult
mammalian CNS (Schwab, 1990; Nash et al., 2009; Nishio, 2009;
Cao et al., 2010; Sun and He, 2010). We studied the effects of
caspase-6 and -8 inhibitors on the failure of axon regeneration by
injured adult RGCs, using the well characterized optic nerve
crush model (Misantone et al., 1984; Barron et al., 1986; Steven-
son, 1987; Sautter and Sabel, 1993). This model is used to study
axon regeneration by injured RGCs within the nonpermissive
myelinated environment of the adult CNS. At 3 and 10 d follow-

l

l
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F z-VEID: CASP6

G Y-27632: ROCK

(aspase-6 or ROCK inhibition promote axonal regeneration after optic nerve crush. 4, GAP-43 immunostaining in
cultured retinal precursor cells. B, CTB-FITC was used to anterogradely label regenerating RGC axons after optic nerve crush.
(TB-FITC staining showed a 1:1 colabeling of regenerating RGC axons with GAP-43 (C; arrows) as demonstrated in a merge of the
two images (D). E-G, GAP-43 immunostaining in longitudinal sections of optic nerve at 21 d after optic nerve crush and various
treatments. Compared with controls (E), CASP6 inhibition by Z-VEID-FMK (F) enhanced axon regeneration past the crush site
(yellow arrow) and into the distal myelinated optic nerve. Similar regeneration was observed after ROCK inhibition by Y-27632 (G).
The arrows demarcate some of the regenerating axons in each nerve section. Each image is a composite of three successive fields
of view. The retina (not visible) is toward the left side of the image. The inset images show higher magnification views of
regenerating axons from the corresponding section.

ing optic nerve crush, animals received intraocular injections of
caspase or ROCK inhibitors, and we examined axon regeneration
through the crush site at 21 d after injury. Regenerating axons
were visualized by GAP-43 immunostaining, since GAP-43 is a
known constituent of axons in both the developing CNS and
regenerating adult CNS neurons, including RGCs (Meyer et al.,
1994; Berry et al., 1996; Leon et al., 2000; Su and Cho, 2003; Su et
al., 2008, 2009). To verify GAP-43 labeling, we first stained cul-
tures of retinal precursor cells at postnatal day 1. RGC cell bodies,
axons, and growth cones, in spheres of retinal precursor cells,
were positive for GAP-43 (Fig. 7A). Similarly, GAP-43 was local-
ized to regenerating adult RGC axons of the proximal and distal
nerve stump, as demonstrated by the colabeling of axons and
growth cones with GAP-43 antisera and the anterograde tracer
CTB-FITC (Fig. 7B-D), following intraocular injection of chol-
era toxin B. GAP-43 antisera colabeled all regenerating RGC ax-
ons that were CTB-FITC positive in our samples.

When the optic nerves of control and experimental animals
were sectioned longitudinally, and immunohistochemistry for
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Figure 8. (aspase-8 inhibition increases axon regeneration after optic nerve crush. 4, B,

GAP-43 immunostaining in longitudinal sections of optic nerve at 21 d after optic nerve crush
and combined inhibition of caspase-6 plus ROCK (A), or caspase-8 inhibition (B; Z-IETD-FMK).
Both treatments increased axon regeneration past the crush site (yellow arrow) and into the
distal myelinated optic nerve. The arrows demarcate some of the regenerating axons in each
nerve section. The retina (not visible) is toward the left side of the image. Each image is a
composite of three successive fields of view. The inset images show higher magnification views
of regenerating axons from the corresponding section. €, Quantification of the average number
of regenerating axons per section (== SEM) at different distances from the crush site. The num-
ber of axons was quantified in three different bins (<250, 250 -500, or >500 m). Intraoc-
ular injections of Z-VEID-FMK (caspase-6 inhibitor), Z-IETD-FMK (caspase-8 inhibitor), Y-27632
(ROCK inhibitor), or combined injection of Z-VEID-FMK plus Y-27632 significantly increased
retinal ganglion cell regeneration following optic nerve crush. *p < 0.01; *p << 0.05.

GAP-43 was performed, all nerves showed signs of extensive ax-
onal sprouting and regeneration within the proximal nerve seg-
ment. In control treated animals, few axons were able to cross the
lesion site within the myelinated optic nerve, and growth cones
stopped abruptly at the crush site (Fig. 7E). The majority of re-
generating axons in control animals were limited to <250 uwm in
length, and an average of approximately five regenerating axons
per section were observed beyond the lesion site (Fig. 8C) (<250,
250-500, and >500 pwm: 3 = 0.5, 1 = 0.27, and 1 £ 0.45). In
contrast, animals treated with a caspase-6 inhibitor (Z-VEID-
FMK) showed robust axon regeneration beyond the lesion site
(Fig. 7F ), and more pronounced axon sprouting in the proximal
segment of the nerve. Quantification of axon numbers by length
demonstrated that caspase-6 inhibition significantly increased
the number of regenerating axons by approximately sevenfold to
eightfold compared with controls (Fig. 8C) (<250 wm, 250-500
um, and >500 wm: 19 = 0.5,8 = 0.37,and 8 = 0.85). Some nerve
sections from Z-VEID-treated animals had axons that extended
>1 mm beyond the lesion site, a feature that was never seen in
controls at 21 d after crush. We then compared the effect of the
ROCK inhibitor Y-27632, which has previously been shown to
promote axonal regeneration after optic nerve lesion (Lingor et
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al., 2007, 2008; Ahmed et al., 2009). Animals that received
Y-27632 showed robust axon regeneration beyond the lesion site,
albeit to a lesser degree than caspase-6 inhibition (Figs. 7G, 8C).
These findings show that caspase-6 inhibition enhances axon re-
generation in the myelinated adult CNS, with an efficacy equal to
that of ROCK inhibition.

Since caspase-6 is a direct activator of caspase-8 (Cowling and
Downward, 2002; Inoue et al., 2009), we next examined whether
caspase-8 inhibition could promote axon regeneration after optic
nerve crush. To test this possibility, animals were treated with
Z-1ETD to inhibit caspase-8. For all distances taken into consid-
eration, the average number of axons per section was marginally
less than in Z-VEID-treated animals; however, axon numbers
were significantly higher than controls by approximately fivefold
to sixfold (<250, 250-500, and >500 wm: 15 + 1.2,7 * 1.4, and
4 £ 2). To determine whether caspase-6 inhibition and ROCK
inhibition target different mechanisms for promoting axon re-
generation, we administered combined injections of Z-VEID and
Y-27632. Interestingly, this approach did not improve regenera-
tion compared with individual delivery, suggesting that these
treatments do not act independently of one another. Overall,
these findings show that caspase-6 and caspase-8 play an impor-
tant role in the failure of axon regeneration in the myelinated
adult CNS.

Caspase inhibition reduces retrograde axonal degeneration

in vivo

It has been demonstrated that retrograde Wallerian axonal de-
generation in neurons is dependent on caspase-6 (Nikolaev et al.,
2009), and our findings show that caspase-6 participates in both
neuronal apoptosis and the failure of axon regeneration in the
adult CNS. Therefore, we also examined the intraretinal integrity
of RGC axons after optic nerve crush to look for signs of increased
axon preservation by caspase-6 or -8 inhibitors. Animals received
intraocular injections of CTB-FITC, an anterograde tracer that is
useful for assaying active protein transport in the axons of neu-
rons. The retinas were flat-mounted 2 d later (at 21 d after crush),
and we examined the integrity of RGC axons in the nerve fiber
layer, in the inner, midperiphery, and outer retina (Fig. 9). In
control animals, axon bundles appeared thin in the central part of
the retina, near the optic disc, where RGC axons exit the eye (Fig.
9A), and only a few projections could be observed in the midpe-
riphery (Fig. 9B) and outer retina (Fig. 9C). The cell bodies of
surviving RGCs with intact axons were also visibly labeled with
CTB-FITC (Fig. 9A-C). Treatment with Z-VEID (Fig. 9D-F) or
Z-IETD (Fig. 9G-I) resulted in (1) thicker axon bundles
throughout the retina and (2) increased labeling of RGC somata,
which is consistent with a role of these caspases in both cell sur-
vival and axonal regeneration. Similar results were observed after
ROCK inhibition (Fig. 9J-L), and no additional improvement
was seen after combined inhibition of caspase-6 and ROCK (Fig.
9M=-0). Overall, our findings suggest that both caspase-6 and
caspase-8 play a role in loss of intraretinal axon integrity after
optic nerve transection.

Discussion

The data presented here demonstrate novel functions for
caspase-6 and -8 after adult CNS insult. We showed that
caspase-6 is activated after optic nerve injury, and caspase-6 in-
hibition promotes RGC survival both in vitro and in vivo. We also
show that caspase-6 inhibition promotes axonal outgrowth on
myelin, but not on CSPGs, and induces axonal regeneration in
vivo. Moreover, we demonstrated that caspase-8 is activated
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downstream of caspase-6 in injured
RGCs. Consistent with this finding,
caspase-8 inhibition also enhanced RGC
survival and regeneration. Overall, these
findings demonstrate a prominent role
for caspase-6 and caspase-8 in adult CNS
neuron apoptosis and regenerative failure
within myelinated CNS tissue.

Ctrl 21d

The role of caspases in RGC survival
Retinal caspase-3, -8, and -9 activity have
been shown to play an important role in
RGC apoptosis following optic nerve
transection (Kermer et al., 1998, 1999,
2000; Chaudhary et al., 1999; Weishaupt
et al.,, 2003; Cheung et al., 2004). Our
study demonstrates that caspase-6 is lo-
calized to RGC cell bodies in the ganglion
cell layer, suggestive of a role in cell death
after axotomy. In vitro, the addition of the
caspase-6 inhibitor Z-VEID to the me-
dium had a strong neuroprotective effect.
This was replicated in vivo after intraocu-
lar injection of the two caspase-6 inhibi-
tors following optic nerve transection,
establishing caspase-6 as a central execu-
tioner in RGC apoptosis after axotomy.

There is accumulating evidence that cell
death receptors can trigger apoptosis in in-
jured neurons. For instance, Fas ligand
binding to its death receptor induces apo-
ptosis through the activation of caspase-8,
followed by caspase-3, and -9 (Muzio et al.,
1998; Weishaupt et al., 2003; Kim and Park,
2005). Similarly, caspase-6 can be activated
by death receptor-6 (Nikolaev et al., 2009).
Despite these findings, it is unclear how
caspase-8 is activated in injured adult RGCs,
since death receptor ligands do not increase
caspase-8 cleavage after intraocular delivery
(Weishaupt et al., 2003). Interestingly,
caspase-6 is a direct activator of caspase-8
(Cowlingand Downward, 2002; Inoue et al.,
2009). We show that caspase-6 inhibition
results in a pronounced reduction in
caspase-8 activation. In contrast, caspase-8
inhibition produced a small reduction in
caspase-6 activation, suggesting that the ef-
fects we observed are not solely dependent on recurrent caspase-6/8
activation. Additional evidence supports this contention: Our in
vitro assays showed a dramatic effect of caspase-8 inhibition at 1 or
4 d after explant and caspase activation is apparent at 3—4 d after
axotomy (Bidhr, 2000; Koeberle and Bihr, 2004), whereas
caspase-6 activation at this time point was not affected by
caspase-8 inhibition. Furthermore, caspase-6 activation re-
mains well beyond the levels necessary to promote apoptosis
in the presence of caspase-8 inhibitors (Yang et al., 2008).
Overall, caspase-8 appears to be an important mediator of
caspase-6-dependent RGC apoptosis.

ROCK CASP8 CASP6
Y-27632 Z-IETD Z-VEID

Z-VEID+
Y-27632

Figure 9.

Role of caspases in regenerating axons
Early attempts to characterize factors that control axon degen-
eration showed that caspase inhibitors did not prevent axon
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(aspase-6 or -8 inhibition enhances intraretinal axon integrity after optic nerve crush. Epifluorescence micrographs
showing cholera toxin B (FITC conjugated) anterograde labeling in flat-mounted retinas at 21 d after optic nerve crush. Each
grouping from left to right shows an image from the inner retina, midperiphery, or outer retina after a specific treatment. The cell
bodies and axons of RGCs that are actively anterogradely transporting CTB-FITC along their axons are visible. Caspase-6 (D-F) or
caspase-8 (G-1) inhibition preserved the integrity of RGC axons in the nerve fiber layer after optic nerve crush compared with
controls (Ctrl; A-C). These effects were seen across the entire surface of the retina, from midperiphery to the outer retina. The
effects were similar with ROCK inhibition (J-L), and no additional benefits were observed after combined inhibition of caspase-6
and ROCK (M—0). Scale bar, 50 em.

degeneration (Kuida et al., 1996; Finn et al., 2000). In accor-
dance, it was postulated that axonal degeneration was caspase
independent. The recent findings that this process is orches-
trated by caspase-6 contradict this notion (Nikolaev et al.,
2009; Park et al., 2010). These studies prompted us to test the
hypothesis that caspase-6 is involved in the failure of adult
CNS regeneration after injury. Our study shows that caspase-6
is expressed in injured retinal ganglion cells and axons in the
nerve fiber layer, and that its inhibition promotes regenera-
tion after optic nerve injury. In vitro data demonstrated that
caspase-6/8 are involved in the intracellular pathway that me-
diates myelin inhibition in regenerating RGC growth cones.
Thus, to our knowledge, this article provides the first evidence
for a role of caspases in the failure of neuronal regeneration in
the injured adult CNS.
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Caspase-6 degrades mainly nuclear and cytoskeletal compo-
nents. These include nuclear laminins, NUMA (nuclear mitotic
apparatus protein) SATB1 (special AT-rich binding protein-1)
(Inoue et al., 2009). In neurons, CASP6 can also trigger the de-
stabilization of microtubules (Guo et al., 2004; Nikolaev et al.,
2009), via cleavage of microtubule-associated proteins such as
TAU (Nikolaevetal.,2009). Furthermore, proteomic analysis has
demonstrated that ~40% of caspase-6 substrates are cytoskeletal
components and cytoskeleton-associated proteins (Klaiman et
al., 2008). In accordance, the degradation of cytoskeletal ele-
ments by caspase-6 may contribute to the failure of RGC axon
regeneration. Another possible mechanism is the activation of
caspase-38.

Caspase-8 also acts on targets that regulate cytoskeletal dy-
namics. An important substrate of caspase-8 is the p21-activated
kinase (PAK) family of serine/threonine kinases (Fischer et al.,
2006). PAKs, together with Rho family GTPase members Cdc42
and Rac, are critical in cytoskeletal organization and dynamics
that play a role in cell movement, migration, adhesion, and neu-
rite outgrowth (Shin et al., 2002, 2004, 2009; Thies and Daven-
port, 2003; Chen et al., 2006; Quinn and Wadsworth, 2008;
Szczepanowska, 2009; Tahirovic et al., 2010). Interactions be-
tween Rac, Cdc42, and PAKSs control the formation of filopodia,
membrane ruffles, and focal adhesion remodeling through the
modulation of targets such as Cdk5, Raf, Tubulin cofactor B,
Rho-GEFs, and Filamin (Szczepanowska, 2009). PAK2 is one of
the primary substrates of caspase-8 (Fischer et al., 2006), and the
maintenance of PAK2 function may be critical for promoting
axon regeneration by adult RGCs.

Caspase-8 has also been shown to cleave and activate ROCK,
independently of caspase-3 (Ehrenschwender et al., 2010). Since
ROCK is a well known inhibitor of axon regeneration by adult
RGCs (Monnier et al., 2003; Lingor et al., 2007, 2008; Ahmed et
al., 2009), caspase-8 likely contributes to the failure of axon re-
generation through modulating ROCK activity.

Regeneration and degeneration: two different cellular
processes, one molecular mechanism?

Neuronal degeneration and regeneration are two distinct events;
one leads to the destruction of axons, whereas the other induces
their creation. Axonal degeneration is characterized by BIII-
tubulin fragmentation, which causes axonal retraction (Park et
al., 2010), whereas regeneration is characterized by increased
BHI-tubulin polymerization (Lund et al., 2002). Thus, at the cel-
lular level, both events appear to be opposite in nature. The mo-
lecular mechanisms that regulate degeneration and regeneration
are still under investigation. Myelin is a major inhibitor of axonal
regeneration in the adult brain (Schwab, 1990; Wang et al., 2002;
Fournier et al., 2003). It contains several growth-inhibitory pro-
teins (e.g., Nogo, MAG, OMgp) that interact with the Nogo and
the p75 receptors to stop axonal extension (Wang et al., 2002).
There is also evidence that myelin promotes axonal degeneration
via p75 activation (Park et al., 2010). In both cases, p75 activates
the Rho—ROCK pathway (Wang et al., 2002; Park et al., 2010) and
involves caspase-6 (Nikolaev et al., 2009; Park et al., 2010). In
addition, our data show that caspase-6 hampers adult neuron
regeneration in the mammalian CNS. Thus, axonal regeneration
and degeneration appear to be controlled, at least in part, through
a p75-Rho—ROCK-caspase-6 mechanism. In the case of axonal
regeneration, our study adds caspase-8 to this panel of intracel-
lular effectors and it will be interesting to see whether caspase-8
acts downstream of caspase-6 in Wallerian degeneration.
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Role of caspase-6 and caspase-8 in CNS neuropathology

There are multiple experimental links between caspase-6 and dis-
eases of the adult CNS, including Alzheimer’s disease (LeBlanc et al.,
1999; Mattson, 2006; Baumgartner et al., 2009; Nikolaev et al., 2009).
B-Amyloid triggers the degeneration of axons via caspase-6 (LeBlanc
etal., 1999; Nikolaev et al., 2009). Furthermore, caspase-6 activation
has been detected in postmortem Alzheimer brain issue (Baum-
gartner et al., 2009). Another neurodegenerative disease that in-
volves caspase-6 is Huntington’s disease (Graham et al., 2006;
Baumgartner et al., 2009). One of the hallmarks of Huntington’s
disease is the accumulation of N-terminal Huntingtin (htt) pro-
tein fragments in the brain, a consequence of caspase-6-mediated
cleavage of mutant htt at amino acid 586 (Graham et al., 2006).

Similar to caspase-6, active caspase-8 has been localized
throughout the brains of Alzheimer’s patients and has been
shown to mediate neuronal apoptosis induced by B-amyloid
treatment or Presenilin-1 mutations (Ivins et al., 1999; Rohn et
al., 2001; Yew et al., 2004; Matsui et al., 2006; Miyoshi et al., 2009;
Vaisid et al., 2009). Caspase-8 is further implicated in Parkinson’s
disease. Elevated caspase-8 levels were observed in human post-
mortem brain (Hartmann et al., 2001), and in the MPTP model
of Parkinson’s disease (Hartmann et al., 2001; Viswanath et al.,
2001). Furthermore, caspase-8 is critical for apoptosis induced by
Parkinson-associated mutations in leucine-rich repeat kinase 2
(Ho et al., 2009).

The present data may also be relevant to visual diseases whose
hallmark is retinal ganglion cell degeneration. RGC apoptosis is
observed in diseases that include glaucoma, traumatic and hered-
itary optic neuropathy, and diabetic retinopathy (Cheung et al.,
2010; Milea et al., 2010; Qu et al., 2010; Warner and Eggenberger,
2010).

Our findings demonstrate a prominent role for caspases 6 and
8 in the apoptotic cell death and regenerative failure of injured
adult retinal ganglion cells. These findings suggest that targeting
caspase-6 and -8 has potential therapeutic value for adult CNS
trauma and diseases of the CNS that feature caspase-6 activation.
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