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A Caspase Cascade Regulating Developmental Axon
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Axon degeneration initiated by trophic factor withdrawal shares many features with programmed cell death, but many prior studies
discounted a role for caspases in this process, particularly Caspase-3. Recently, Caspase-6 was implicated based on pharmacological and
knockdown evidence, and we report here that genetic deletion of Caspase-6 indeed provides partial protection from degeneration.
However, we find at a biochemical level that Caspase-6 is activated effectively only by Caspase-3 but not other “upstream” caspases,
prompting us to revisit the role of Caspase-3. In vitro, we show that genetic deletion of Caspase-3 is fully protective against sensory axon
degeneration initiated by trophic factor withdrawal, but not injury-induced Wallerian degeneration, and we define a biochemical cascade
from prosurvival Bcl2 family regulators to Caspase-9, then Caspase-3, and then Caspase-6. Only low levels of active Caspase-3 appear to
be required, helping explain why its critical role has been obscured in prior studies. In vivo, Caspase-3 and Caspase-6-knockout mice show
adelay in developmental pruning of retinocollicular axons, thereby implicating both Caspase-3 and Caspase-6 in axon degeneration that

occurs as a part of normal development.

Introduction
Axon degeneration is a widespread mechanism to refine connec-
tivity in the developing nervous system. Many axons are removed
along with their cell bodies during the period of widespread,
naturally occurring, neuronal cell death, often as a result of com-
petition for limiting amounts of trophic factors like Nerve
Growth Factor (Raff et al., 2002). Axons or axonal branches that
overshoot intended targets can also be pruned back without cell
body death, a process that may also be initiated by loss of trophic
support or, alternatively, by pruning inducers like Semaphorins
activating Neuropilins/Plexins (Cheng et al., 2001; Bagri et al,,
2003; Low et al., 2008) or Brain-Derived Neurotrophic Factor
activating p75NTR (Singh et al., 2008).

Developmental axon degeneration involves localized, branch-
specific cytoskeletal destruction, with extensive blebbing and
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fragmentation that are reminiscent of the initial stages of cell
body apoptosis. Despite these similarities, a role for caspases, the
effector proteases of apoptosis, in axon degeneration was initially
widely discounted owing to failure to detect caspase activation as
well as a lack of protection by z-VAD-Fmk (a relatively pan-
caspase inhibitor), z-DEVD-Fmk (a more Caspase-3 selective in-
hibitor), or Caspase-3 knockdown, manipulations that all
protect cell bodies from degeneration (Finn et al., 2000; Sax-
ena and Caroni, 2007). Their potential involvement was, how-
ever, revisited more recently with the findings that sensory or
sympathetic axons lacking the apoptotic effector Bax (Niko-
laevetal., 2009), expressing the anti-apoptotic regulator Bcl-XI1
(Vohraetal., 2010), or treated with the caspase inhibitor z-VEID-
Fmk (Nikolaev et al., 2009; Vohra et al., 2010) are protected from
degeneration after NGF withdrawal. Z-VEID-Fmk also protects
sympathetic axons from prodegenerative effects of myelin in vitro
(Park et al., 2010). z-VEID-Fmk has been considered more selec-
tive for Caspase-6; together with the observation of Caspase-6
activation in the axons and protection by siRNA-mediated
knockdown of Caspase-6, this led to the suggestion that axon
degeneration involves activation of Caspase-6 (Nikolaev et al.,
2009; Vohra et al., 2010).

To extend these studies, we took a genetic and biochemical
approach to define the contribution of Caspase-6 to axon degen-
eration, and we report that genetic deletion of Caspase-6 does
provide partial protection against sensory axon degeneration
elicited by NGF withdrawal, as has also recently been seen for
degeneration of sympathetic axons triggered by NGF withdrawal
or by myelin (Uribe et al., 2012). While studying how Caspase-6
is activated, however, we found, consistent with prior suggestions
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(Hirata et al., 1998; Slee et al., 1999; Walsh et al., 2008), that
Caspase-3 function is required to activate Caspase-6, leading us
to revisit the role of Caspase-3 in axon degeneration. Unexpect-
edly, we found that Caspase-3 plays an obligate role in axon de-
generation following NGF withdrawal in vitro. Our data suggest
that only small amounts of Caspase-3 are necessary to fully pro-
cess Caspase-6 and initiate degeneration, providing an explana-
tion for the lack of detection or appreciable inhibition seen in
other studies (Finn et al., 2000; Plachta et al., 2007; Nikolaev et al.,
2009). Our studies also implicate Caspases-3 and -6 in develop-
mental axon pruning in vivo.

Materials and Methods

Mice. Wild-type mouse cultures were derived from CD-1 embryos, ex-
cept in experiments involving mutant mice, where wild-type embryos
came from the same mother as the knockout embryo. Wild-type em-
bryos used for in utero electroporation experiments were from the
C57BL/6 background. Mice null for Caspase-3 (Kuida et al., 1996) were
provided by R. Flavell (Howard Hughes Medical Institute, Yale Univer-
sity, New Haven, CT). Mice null for Bax (Knudson et al., 1995) were
obtained from The Jackson Laboratory. Caspase-6-null mice (Uribe et al.,
2012) were provided by the CDHI, Cure Huntington’s Disease Initiative.
Mice null for Caspase-9 were generated using standard techniques to
delete exon 6 containing the catalytic cysteine motif (QACGG). Two
similar strategies to delete this catalytic motif have been employed to
generate null alleles of Caspase-9 (Hakem et al., 1998; Kuida et al., 1998).
We validated loss of Caspase-9 expression in lysates from embryonic day
(E)12.5 spinal cord and embryonic fibroblasts (Fig. 5D, data not shown).

Antibodies and reagents. The following antibodies were used in this study:
Cleaved Caspase-3 (1:100), Cleaved Caspase-9 (1:100), Total Caspase-3 (1:
500), Total Caspase-9 (1:500), Lamin A/C (1:500) (Cell Signaling Technol-
ogy), Active Caspase-6 (1:100, BioVision), proCaspase-3 (pAb 06—735, mAb
E87, 1:200-500, Millipore), TuJ1 (1:1000, Covance), Neurofilament-M (1:
1000; Covance), XIAP and c-IAP1 (1:500, R&D Systems), c-IAP1 (1:1000,
Imgenex), Actin (1:10,000, BD Biosciences), and NGF (25 ug/ml, Genen-
tech). The following inhibitors were used: z-DEVD-Fmk (Enzo Life Sci-
ences), ABT-737 (Abbott Laboratories, Genentech), and MV 1 (Genentech).

Neuronal cultures. Dorsal Root Ganglion (DRG) explant and Campe-
not chamber cultures were as described previously (Nikolaev et al.,
2009). For experiments involving physical injury, E12.5 DRG explants
were grown for 2 days in culture in the presence of NGF followed by
physical severing of proximal axons with a razor blade. Cultures were
fixed and stained after 16 h.

Immunochemistry. To detect caspase cleavage in axons, cultures were
fixed for 10 min in 4% paraformaldehyde containing 10% sucrose and
blocked for 1 h at room temperature in 5% BSA/0.1% Triton X-100.
Primary antibody was incubated overnight at 1:100 in 3% BSA/0.05%
Triton X-100. The next day cultures were washed in PBS and incubated
with secondary antibody (Alexa Fluor 568, 1:300) for 1 h at room tem-
perature. To visualize axon morphology and degeneration, cultures were
fixed in 4% paraformaldehyde and stained with the TuJ1 antibody using
standard techniques.

Isolation of axonal proteins. E12.5 DRG explants were on Poly-D-
Lysine/Laminin in N3/F12 medium supplemented with 25 ng/ml NGF
and 1 uM cytosine arabinoside. Following 7 days in culture, the explants
were deprived of NGF by adding an anti-NGF function-blocking anti-
body for varying times. Explants were washed with HBSS, and the axons
were isolated by removing the center of the explant containing the cell
bodies (J.Y. and M.T.-L., unpublished observations). The remaining ax-
ons were lysed in buffer consisting of 150 mm NaCl, 50 mm HEPES, 0.1%
Triton X-100, and protease inhibitors (Roche), concentrated by precip-
itation with TCA, and resolved by SDS-PAGE. Protein content was nor-
malized by immunoblotting with an antibody to TuJ1.

In vitro processing of zymogen caspase-6 by active caspases. Active
Caspase-3 and -6 enzymes were purified in-house (Stanger et al., 2012)
and used at the indicated concentrations. All other active caspases were
purchased from Enzo Life Sciences and used at a concentration of 1.0
U/ul. In each assay, recombinant zymogen Caspase-6 (1 uM) was incu-
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bated with active caspase enzyme at 37°C for 1 h (Caspase-6 or -3) or
1.5 h (Caspases-1, -2, -4, -5, -7, -8, -9, and -10). Long incubation periods
were used in these end point assays to detect any zymogen processing
mediated by the active caspases. The buffer used for Caspases-2, -3, -4, -6,
and -7 is (in mm): 50 HEPES, pH 7.2, 5 MgSO,, 1 GSH, 0.5 EGTA, and
0.01% Triton X-100. The buffer used for Caspases-1, -5, -8, -9, and -10 is:
50 mm HEPES, pH 7.2, 50 mm NaCl, 0.8 m Na-Citrate, 1 mm EDTA, and
10 mm DTT. Samples were analyzed by SDS-PAGE (10-20% Tris-
glycine), and the gels were scanned on an Odyssey infrared scanner and
quantified using Odyssey software. Under these conditions, all enzymes
were verified in fluorogenic assays to be active in processing their specific
tetrapeptide-AMC substrates (data not shown).

GFP labeling of retinal ganglion cell populations by in utero electropora-
tion. Retinal ganglion cell (RGC) populations were labeled in utero via
electroporation of a CAGGS promoter-based GFP expression plasmid
into RGC precursor cells as described previously (Garcia-Frigola et al.,
2007). Caspase-3, Caspase-6, or C56BL/6 control time-pregnant females
were anesthetized with 2% isoflurane at embryonic gestation day 13 and
secured to a heating pad, and their uterine horns were exposed by inci-
sion through the abdominal dermis and body wall muscle. The right eye
of individual embryos were injected through the uterine wall using a fine
glass capillary needle (Humagen, Origio) connected to a pressure injec-
tor (Picospritzer, Parker) calibrated to deliver 0.5 ul of 1 ug/ul plasmid
DNA, and then electroporated with a series of five square electrical pulses
(40 V, 50 ms, 450 ms interval) delivered through 3 mm diameter paddle
electrodes (Tweezertrode, BTX). Postelectroporation, the uterine horns
were placed back into the abdominal cavity, the incision was closed by
suture, and the females were treated with an analgesic (0.1 mg/kg Bu-
prenorphine) before recovery from anesthesia. Roughly 6 days postsur-
gery, electroporated pups were born expressing GFP in RGC populations
located primarily in the central region of the retina (Garcia-Frigola et al.,
2007).

Quantification of GEP-labeled RGC developmental axon pruning within
the superior colliculus. At indicated developmental ages, electroporated
pups were sacrificed, brains were fixed overnight in 4% paraformalde-
hyde/PBS, and tail samples were collected to confirm genotype of the
individual. Postfixation, brains were immersed in PBS, stereotactically
positioned under an objective lens (10X numerical aperture 0.6, Olym-
pus) and a volume ~1 X 1 X 0.4 mm of the left superior colliculus
imaged en bloc by two-photon microscopy: 910 nm pulsed laser
(Spectra-Physics Mai Tai DeepSee laser, Newport), 510/60 nm bandpass
filter (Chroma Technology), and two-photon laser scanning microscope
with x-y resolution, 1.1 um/pixel (Ultima IV, Prairie Technologies). The
extent of axon pruning was estimated by counting the number of GFP-
expressing axons within 100 uwm of the posterior edge of the imaged field
of view. The relative size of the termination zone was estimated by mea-
suring the width at half maximum of the summed GFP+ pixel distribu-
tion along the anterior-posterior axis.

Dil labeling of retinal ganglion cell axons. Experiments involving Dil
labeling were performed as described previously (McLaughlin et al.,
2003; Nikolaev et al., 2009).

Results

Loss of Caspase-6 provides partial protection against

NGF deprivation

We began by examining genetically the role of Caspase-6 in sen-
sory axon degeneration in vitro following withdrawal of the
trophic factor NGF (along with addition of anti-NGF antibody to
eliminate all residual trophic factor—a combination referred to
below as “NGF-deprivation”). In this paradigm, the inhibitor
compound z-VEID-Fmk, whose sequence derives from the
Caspase-6 cleavage site in Lamin A, has been shown to protect
sensory and sympathetic axons from degeneration after trophic
deprivation (Nikolaev et al., 2009; Vohra et al., 2010) and to
protect sympathetic axons from the prodegenerative effects of
myelin in vitro (Park et al.,, 2010). DRG neurons from E12.5
wild-type or Caspase-6-knockout embryos were cultured in
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Figure 1.

Casp6 KO

Simon et al. e Caspase Function during Axon Degeneration

B

100.0 -

H

90.0 -]

80.0 -

70.0 -]

60.0 -]

Percent Degenerated
L

WT KO
36hr

WT KO
60hr

Loss of Caspase-6 partially protects against degeneration induced by NGF withdrawal. A, Wild-type (WT) and Caspase-6-knockout (KO) DRGs were cultured in Campenot chambers for

7 days in 50 ng/ml NGF and subsequently deprived of NGF for 36 and 60 h by washing out NGF and adding a function blocking anti-NGF antibody. Representative images of three rows of axons per
chamber, per condition, in the presence or absence of NGF at 36 h. B, Axon degeneration was quantified as the percent of total axons with fragmented staining of BIII-Tubulin (TuJ1) across all wells
of the chamber. To exclude the possibility that loss of Caspase-6 (or other mutations used in this study) affects the number of axons that traverse the grease barrier, we quantified the number of axons
inthe control (+NGF) side of each chamber and found no significant difference (data not shown). Each chamber derived from a unique embryo.n = 11 chambers per genotype; *p = 0.0130at 36 h

time point, Student’s £ test.

Campenot chambers with NGF. In this paradigm, axons grow
for 7 days and travel under a grease barrier that allows indepen-
dent manipulation of the somatic and axonal compartments
(Campenot et al., 1991). Upon NGF withdrawal of the axonal
compartment, axons degenerate slowly with pronounced frag-
mentation of axons visualized by BIII Tubulin immunohisto-
chemistry (detected with TuJ1 antibody) visible within 36 h. We
assayed protection from the prodegenerative effects of NGF with-
drawal in wild-type and Caspase-6-knockout axons at this 36 h
time point and observed a significant though incomplete protec-
tive effect in Caspase-6-knockout axons (Fig. 1), confirming in-
volvement of Caspase-6 in axon degeneration in this paradigm, as
has also recently been seen for degeneration of sympathetic axons
triggered by NGF withdrawal or exposure to myelin (Uribe et al.,
2012). However, loss of Caspase-6 was only transiently protec-
tive, as the magnitude of axon degeneration assayed at 60 h is
equivalent in the two genotypes (Fig. 1 B). Previous work from
our laboratory has shown that Bax-knockout sensory axons are
protected against NGF withdrawal at all time points examined up
to 60 h (Nikolaevetal., 2009). This prompted us to investigate the
role of other caspases in axon degeneration to determine whether
any acted redundantly with Caspase-6, and also to determine the
mechanism of activation of Caspase-6.

Caspase-6 is processed by Caspase-3

Cleavage of cellular substrates during apoptosis is achieved by
three effector caspases, Caspase-3, -6, and -7. Mature catalytically
active effector caspases are processed from their zymogen precur-
sors by removal of a short prodomain and cleavage between the
large and small subunits by initiator caspases. We began by study-
ing the processing and activation of Caspase-6 as an entry point
to discovering other caspases that function during axon degener-

ation. Zymogen Caspase-6 is unique among effector caspases due
to the presence of a linker region between the large (p18) and
small (p11) subunits, thereby requiring two distinct cleavage
events to liberate p18 and p11 (Fig. 2A).

To determine how Caspase-6 is processed, we developed an in
vitro zymogen conversion assay in which full-length Caspase-6 is
incubated with recombinant active variants of each mammalian
caspase. The activity of each recombinant caspase was verified by
coincubation with its cognate fluorogenic substrate (data not
shown). To exclude the contribution of autoprocessing, the full-
length Caspase-6 used in our assays contained an active site C163A
mutation that abolishes catalytic activity (hereafter referred to as
zymogen Caspase-6). Caspases-3 and -7 can be processed by either
of the two initiator caspases as a result of death receptor activation
(Caspase-8) or activation of the mitochondrial pathway (Caspase-
9). Unexpectedly, we found that Caspases-8 and -9 could not process
recombinant zymogen Caspase-6 efficiently, nor could Caspase-1,
which has previously been suggested as an activator of Caspase-6
(Guo et al., 2006) (Fig. 2 B). Instead, of the panel of active caspases
that we screened, only Caspase-3 could process and activate
Caspase-6 effectively at low-nanomolar concentrations, presumed
to be physiological. Processing of Caspase-6 by Caspase-3 at the
three cleavage sites (Asp23, Asp179, Asp193) occurred at subnano-
molar concentrations and in a dose-dependent manner (Fig. 2C,D).
In sharp contrast, active Caspase-6 only processes efficiently the
prodomain of zymogen Caspase-6 (at Asp23), and to a much lesser
extent the C terminus (Asp193) of the linker region (Fig. 2 E, F), with
no detectable cleavage at Asp179. We further confirmed these results
by generating a D23A/D179A zymogen Caspase-6, which is pro-
cessed weakly by active Caspase-6 but not Caspase-3 (Fig. 2G-I). In
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Processing of zymogen Caspase-6 by active Caspases-3 and -6. A, Domain organization of zymogen Caspase-6 highlighting the catalytic C163A mutation and the three cleavage sites.

B, Processing of zymogen Caspase-6 by a panel of catalytically active caspase family members showing different extents of cleavage by Caspases-3 and -6. The band observed in lane 2 corresponds
tothe large subunit of Caspase-2. C, D, Zymogen Caspase-6 is fully processed by active Caspase-3 ina concentration-dependent manner. E, F, Zymogen Caspase-6 is efficiently processed in trans only
atits prodomain by active Caspase-6. The cleavage products from processing by Caspase-3 (Casp-3) or Caspase-6 (Casp-6) were confirmed by N-terminal sequencing (data not shown) and quantified,
and they are plotted in D and F, respectively. G, Domain organization of zymogen Caspase-6 highlighting the catalytic C163A, and D23A/D179A mutations. A point mutation (D186A) was also
introduced to prevent potential cleavage in the middle of the linker region. H, I, Zymogen Caspase-6/D23A /D179A mutant is processed weakly by active Caspase-6 but not Caspase-3.

all cases, the identity of the processed species was confirmed by
N-terminal protein sequencing (data not shown).

Taken together, our data suggest that Caspase-3, but not
Caspases-6, -8, or -9, fully processes zymogen Caspase-6, and that
Caspase-3 processing of zymogen Caspase-6 at Asp179 is neces-
sary for Caspase-6 maturation, enabling subsequent processing
at Asp23 followed by Asp193 to generate fully active Caspase-6.
Caspase-3 shows a preference for cleavage of sequences with the
general DXXD consensus motif. This may explain why Caspase-3
favors Aspl79 as its first cleavage site on zymogen Caspase-6
followed by Asp23. On the other hand, Caspase-6 shows a pref-
erence for cleavage of peptides with a XEXD consensus sequence,
consistent with its in trans processing mechanism of zymogen
Caspase-6 at Asp23 first followed by Asp193 with little or no
cleavage observed at Aspl179 (Fig. 2E, F). The inefficient trans

cleavage at Asp193 may be explained by the fact that TEVD193,
which forms a -strand, is buried in the active site of the zymo-
gen, rendering it inaccessible for cleavage (Wang et al., 2010;
Stanger et al., 2012).

Caspase-3 is required for axon degeneration following

NGF withdrawal

The finding that only Caspase-3, but not other caspases tested,
activates Caspase-6 effectively prompted us to revisit whether
Caspase-3 might also contribute to the axon degeneration pro-
gram. Multiple studies using the peptide inhibitor z-DEVD-Fmk,
whose sequence derives from the Caspase-3 cleavage site in
PARPI, found that it did not protect DRG axons from degener-
ation initiated by NGF withdrawal or axotomy (Finn et al., 20005
Nikolaev et al., 2009; Schoenmann et al., 2010). In contrast, and
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strikingly, when we cultured DRG neurons from Caspase-3-null
embryos we found that loss of Caspase-3 was fully protective
against axon degeneration initiated by NGF withdrawal in both
DRG explants (after 2 days in culture) and in Campenot cham-
bers (after 7 days in culture) at all time points examined (Fig.
3A,B). In explant cultures we examined axon degeneration at
24 h, well past the 16 h time point typically assayed. At this time all
of the wild-type axons had degenerated, while there was no evi-
dence of fragmentation in the knockout cultures, as assessed by
TuJ1 immunohistochemistry (IHC) (Fig. 3A). Similarly, while
wild-type axons in Campenot chambers were largely degenerated
at the 36 h time point, axons from the Caspase-3-knockout were
protected through the 60 h time point as shown (Fig. 3B,C). In
addition, explants grown for 7 days (but not in Campenot cham-
bers) were also fully protected in the Caspase-3 knockout (data
not shown). The magnitude and duration of axon protection
seen in the Caspase-3 knockout is equivalent to what we have
previously observed in Bax-knockout neurons (Nikolaev et al.,
2009).

The discrepancy between our knockout data and previous
results using z-DEVD-Fmk led us to investigate the protective
effect of this compound more fully. We found that, while
z-DEVD-Fmk does not protect NGF-deprived axons from wild-
type neurons in Campenot chambers, it does protect axons from
Caspase-3 heterozygous littermates when assayed at the 36 h time
point (Fig. 3D). However the protection endowed on heterozy-
gous axons by z-DEVD-Fmk was only transient, as the axons
were fully degenerated by the 60 h time point (Fig. 3E). Interest-
ingly, whereas z-DEVD-Fmk protected axons when the dosage of
Caspase-3 was halved, simply doubling the concentration of the
compound to which wild-type neurons were exposed did not
produce a protective effect (data not shown; see Discussion).

We next used the Caspase-3 knockout to determine whether
our biochemical data showing that Caspase-3 activates Caspase-6
had an in vivo counterpart. Indeed, we found that axonal staining
for active Caspase-6 in axons was eliminated in DRG explants
from Caspase-3 knockout neurons deprived of NGF (Fig. 3F).

Previous results indicated that the z-DEVD-Fmk compound
does not protect against axotomy-induced Wallerian degenera-
tion (Finn et al., 2000). We revisited this experiment in light of
our surprising finding that the Caspase-3 knockout, but not
z-DEVD-FmK, protects against NGF withdrawal. Genetic loss of
Caspase-3 or Caspase-6 also did not protect against Wallerian
degeneration in E12.5 DRGs (Fig. 3G, data not shown), consis-
tent with previous results as well as genetic data in mutants lack-
ing both Bax and Bak (Whitmore et al., 2003). Our results
therefore provide additional support for the view that caspases do
not contribute to Wallerian degeneration. We also tested the re-
sponse of Caspase-3-knockout axons in Campenot chambers to
the tubulin depolymerizing chemotherapeutic agent vincristine,
and failed to observe a protection against degeneration (Fig. 3H).
Together, these data suggest that Caspase-3 participates in the
developmental response of axons to NGF withdrawal but not to
these two nondevelopmental, injury-inducing stimuli.

Activation of Caspase-3 in degenerating axons

Our finding that Caspase-3-knockout axons are fully protected
from degeneration next led us to reexamine the data on activation
of Caspase-3 in these axons. Biochemical activation of Caspase-3
from its zymogen precursor requires cleavage at the inter-subunit
linker between the large and small subunits. This cleavage is an
obligate event in the maturation of Caspase-3, and therefore de-
tection of this cleavage event is commonly used as a surrogate for
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“activated” Caspase-3 (Walters et al., 2009). Previous studies
have produced conflicting results on the ability to detect cleaved
Caspase-3 in degenerating axons, leading to a widely held notion
that axon degeneration is Caspase-3 independent (Saxena and
Caroni, 2007). Some of this discrepancy appears to relate to the
use of different experimental conditions. For example, one study
did not find cleaved Caspase-3 immunoreactivity in sensory ax-
ons deprived selectively in long-term cultures in Campenot
chambers, but it did observe cleaved Caspase-3 in axons when
dissociated neurons in short term culture were deprived (which
involved deprivation of both axons and their cell bodies) (Finn et
al., 2000). Two other studies observed cleaved Caspase-3 in sen-
sory axons following global NGF withdrawal (Kouroku et al.,
1998; Schoenmann et al., 2010), although they did not report data
from local deprivation. A number of other cell types have been
used to examine the subcellular localization of cleaved Caspase-3.
Cleavage of Caspase-3 is not detected in axons of differentiated
embryonic stem cells induced to degenerate by p75(NTR) over-
expression (Plachta et al., 2007), while it is detected in cortical
axons degenerating after traumatic brain injury (Dikranian et al.,
2008). Thelack of a consistent trend in the literature as well as our
finding that Caspase-3 is required for degeneration in vitro
prompted us to revisit whether Caspase-3 is cleaved in degener-
ating axons in our system.

We first examined the expression of the unprocessed (un-
cleaved) pro-Caspase-3 zymogen in axons by IHC. Previous anal-
ysis by IHC revealed staining in cell bodies but not axons
(Nikolaev etal., 2009). However, when we compared the staining
in DRG explants from wild-type and Caspase-3-knockout mice,
we found that the cell body staining observed with several anti-
bodies did not disappear in the knockout, suggesting that these
antibodies are not suitable for specific detection of pro-Caspase-3
by IHC (Fig. 4A, data not shown). We therefore sought an alter-
native approach and took advantage of a novel method to isolate
axonal material separately from cell bodies (J. Yang et al., manu-
script in preparation), which we probed by Western blotting us-
ing these same antibodies. We found that pro-Caspase-3 is, in
fact, abundant in axons; the signal was specific since it disappears
in material from the Caspase-3 knockout (Figs. 4 B, 5A). Thus,
prior analysis was misleading, and the immature form of
Caspase-3 is, in fact, present in DRG axons.

We next asked whether pro-Caspase-3 is cleaved during NGF
withdrawal. In a first set of experiments, we cultured mouse E12.5
DRGs in Campenot chambers (for 7 days) followed by NGF with-
drawal and stained them using a neo-epitope antibody for cleaved
Caspase-3. We examined multiple time points before overt frag-
mentation (assessed by TuJ1 antibody) and found that the staining
pattern of cleaved Caspase-3 was variable, with a few axons strongly
positive, but most other, often adjacent axons, exhibited little detect-
able cleaved Caspase-3 staining (Fig. 4C). Staining of parallel cul-
tures from Caspase-3-knockout neurons allowed us to differentiate
between signal and background and confirmed a lack of appreciable
and consistent immunoreactivity to cleaved Caspase-3 in degener-
ating axons (Fig. 4C). The same result was obtained when we exam-
ined the axons from explants that had been cultured for 7 days, but
not in Campenot chambers, and were deprived of NGF (in these
cultures, both axons and cell bodies are deprived): again, little or in
many cases no immunoreactivity to cleaved Caspase-3 was observed
(Fig. 4 D). In contrast, when these 7 day cultures were treated with
the general proapoptotic stimulus staurosporine (1 uM) for just 3 h,
strong axonal staining for cleaved Casapse-3 was observed (Fig. 4 D),
consistent with the presence of pro-Caspase-3 documented above.
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Figure 3. Caspase-3 is required for axon degeneration following NGF withdrawal. 4, E12.5 DRG explants from wild-type (WT) and Caspase-3 knockout (KO) mice were cultured for 2
days and subsequently deprived of NGF for 24 h using a function blocking antibody. WT explants had completely degenerated while we observed no apparent degeneration in the
Caspase-3 KO. B, Identical findings were seen in Campenot chambers. Representative images are shown of three rows of axons per genotype. WT degeneration is shown after 36 h in
anti-NGF, while the Caspase-3 KO cultures are shown following 60 h in anti-NGF to illustrate the magnitude of the protection observed. C, Quantification of phenotype from B. Axons are
significantly protected from NGF deprivation at both 36 and 60 h; n = 6 Campenot chambers per genotype per time; *p << 0.001 at each time point, Student’s ¢ test. D, We observed
protection against anti-NGF in Campenot chamber cultures treated with 30 pm z-DEVD-Fmk when the axons were from Caspase-3 heterozygous (Het) mice, whereas no protective effect
was observed in WT axons. Representative images from the 36 h time point. E, Quantification of D. Significant protection is observed at the 36 h time point (p << 0.001, Student’s ¢ test,
n = 5 per condition) but not at 60 h. Axons are visualized by TuJ1immunoreactivity (A, B, D). F, Cleavage of Caspase-6 is visualized by immunostaining in WT explants deprived of NGF
for 12 h. This cleavage is eliminated in Caspase-3 knockout explants. G, No apparent protection from injury-induced Wallerian degeneration of axons was observed in Caspase-3 knockout
explants following physical severing of proximal axons in vitro. Caspase-6 knockout explants were also not protected (data not shown). H, Similarly, loss of Caspase-3 does not protect
axons in Campenot chambers from degeneration elicited by the chemotherapeutic agent vincristine.
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Figure4. Detection of cleaved Caspase-3 in NGF-deprived sensory axons. 4, Wild-type (WT) and Caspase-3-knockout (KO) DRG explants were cultured from E12.5 embryos in the presence of NGF
for 2 days, fixed, and stained with either of two antibodies to pro-Caspase-3, a polyclonal (Millipore, catalog no. 06-735) and amonoclonal (Millipore, clone E87; data not shown). While diffuse axonal
staining was observed, in neither case did this immunoreactivity disappear in the Caspase-3 knockout. B, Parallel cultures were lysed, either as full explants or when the cell bodies have been
mechanically removed (see Materials and Methods, referred to as “Axon”). The purity of axonal protein preparations was confirmed by immunoblotting with the nuclear marker Lamin A/C. The
Millipore polyclonal antibody detected a single band at the rough molecular weight of Caspase-3; however, this band did not disappear in the knockout. By contrast, the Cell Signaling Technology
antibody (mAb 8G10) detected a band that disappeared in the knockout, indicating both the presence of pro-Caspase-3 and the specificity of this antibody, which was therefore used to detect
activation of Caspase-3 in Figure 54. Several attempts to detect a signal by immunoblotting with mAb E87 were unsuccessful (data not shown), so, like the polyclonal antibody, E87 was not used for
other experiments. C, WT axons were grown in Campenot chambers and subsequently deprived of NGF for varying times. Axons were fixed and stained with a neo-epitope antibody directed against
the Asp175 cleavage site in Caspase-3. Staining for cleaved Caspase-3 is only seen in a subset of axons. Stainings were performed before overt TuJ1 fragmentation, here at 30 h following NGF
withdrawal. In our experiments, fragmentation assessed by TuJ 1 antibody in Campenot chambers begins rapidly after the 30 h time point, and axons are often 40 -50% fragmented by 36 h (see Figs.
1B, 3B). D, DRG explants were grown for 2 or 7 days, and both cell bodies and axons were deprived of NGF for the indicated times. Axons from 7 day cultures took considerably longer to fragment,
as assayed by TuJ1 staining. Similar to Campenot chambers grown for the same 7 day period, cleaved Caspase-3 staining was not readily detected in 7 day explant cultures deprived of NGF, but was
readily detected when those same cultures were exposed to staurosporine (3 h, 1 m, top). In contrast, in 2 day cultures strong and uniform cleaved Caspase-3 staining develops over time in and is
eliminated in Caspase-3 knockout explants (bottom). Inset: Higher magnification examples of the punctate appearance of cleaved Caspase-3.

These results raised the possibility that, in these long-term  Caspase-3 in axonal preparations from 7 day cultures by West-
cultures, either Caspase-3 is not cleaved in the axons during  ern blotting (Fig. 5A). Thus, Caspase-3 is, in fact, cleaved in
NGEF deprivation, or that it is cleaved but the amount gener-  these cultures, but importantly this can be clearly seen only by
ated is below the detection level by IHC. Consistent with the =~ Western blotting, which is therefore a more sensitive means of
latter possibility, we observed time-dependent cleavage of  detection than IHC. Moreover, the fact that staurosporine
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Figure5. Cleavage of Caspase-3 is downstream of Caspase-9 and the anti-apoptotic Bcl-2 family. A, Western blot analysis of isolated axonal protein following a time course of NGF withdrawal.
Caspase-3 is processed from its immature zymogen form into its smaller, active subunit, marked with an arrow. During this period we do not observe a change in XIAP levels. B, Wild-type (WT) DRG
explants were incubated with an IAP antagonist (MV1, 5 um) and stained with TuJ1. No apparent degeneration was observed over the 16 h exposure, nor with a panel of other IAP antagonists (data
not shown). As a control for the efficacy of MV1 we performed Western blot analysis on parallel cultures and observed degradation of c-IAP1 with two separate antibodies, a hallmark of having
reached an efficacious concentration (Varfolomeev et al., 2007). €, We observed strong staining for cleaved Caspase-9 in 9 h NGF-deprived DRG explants. D, A Caspase-9 knockout (KO) mouse was
generated for the purpose of this study following the published methodology (see Materials and Methods) of removing the catalytic motif in exon 6. To confirm that Caspase-9 expression is lost, we
performed Western blot analysis of lysates from E12.5 spinal cord. E, Genetic deletion of Caspase-9 blocked cleavage of Caspase-3 (visualized at 9 h) and axon degeneration (visualized at 24 h) in
NGF-deprived explants. F, Application of the Bcl-2 antagonist ABT-737 (20 wum, 3 h) leads to Caspase-3 cleavage in 2 day DRG explants, and the pro-degenerative effects of ABT-737 (20 m, 16 h)
are suppressed in Baxand Caspase-3 KO cultures in Campenot chambers. G, Axons are visualized by TuJ1immunoreactivity. H, Model for the regulation of axon degeneration in NGF deprived sensory

neurons.

treatment can induce more robust cleaved Caspase-3 staining Interestingly, a different picture emerged when we deprived
in these cultures suggests that as neurons age in culture, the  entire DRG explants of NGF after just 2 days in culture. In such
coupling between neurotrophin signaling and the processing  cultures, axons degenerate much more rapidly than in Campenot
of Caspase-3 becomes reduced. chambers and are almost completely degenerated within 16 h.
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Similar to other studies (Kouroku et al., 1998; Schoenmann et al.,
2010), and in contrast to what we observed in 7 day cultures
(whether explant cultures or in Campenot chambers), we found
uniform and strong appearance of cleaved Caspase-3 throughout
the length of the axon at 9 h (Fig. 4D); the signal was absent in
axons from Caspase-3 knockout mice. The number of axons in
the explant that stained positive for cleaved Caspase-3, as well as
the apparent intensity of signal, increased with time (data not
shown). Thus, the same axons can show either poorly detectable
or highly evident cleavage of Caspase-3, depending on the length
of the cultures, presumably reflecting neuronal age.

While the relationship between age in culture and the magni-
tude of Caspase-3 cleavage remains to be more fully explored and
its basis remains to be determined (see Discussion), these find-
ings begin to resolve the apparent discrepancies in the literature
and between experimental paradigms on the extent of detection
of cleaved Caspase-3 in deprived axons.

Caspase-3 is activated downstream of Bax and the
mitochondrial pathway
Caspase-3 can be activated through the extrinsic death receptor
pathway by Caspase-8, or through the intrinsic mitochondrial
pathway by Caspase-9. In light of the similar protective effects of
Caspase-3 and Bax knockouts, we considered the intrinsic path-
way most likely to contribute to activation of Caspase-3. Indeed,
we found that axonal staining for cleaved Caspase-3 was elimi-
nated in explants from Bax-knockout DRGs deprived of NGF
(data not shown), consistent with recent results (Schoenmann et
al., 2010). Following Bax activation, Caspase-3 is cleaved mainly
via processing by Caspase-9. Activated Caspase-3 can be inhib-
ited by the X-linked inhibitor of apoptosis (XIAP), an E3 ligase
that directly binds and inhibits catalytic activity of Caspase-3
(Salvesen and Duckett, 2002). Cleavage of XIAP has been pro-
posed as a candidate mechanism to disinhibit cleaved Caspase-3
during sensory axon degeneration (Schoenmann et al., 2010). To
address this possibility, we performed an NGF deprivation time
course on E12.5 DRG explants and isolated axons by physically
removing the cell bodies and proximal axons of the explant be-
fore lysis (Fig. 5A). In the presence of NGF, Caspase-3 exists as a
full-length, inactive zymogen that is subsequently processed into
its mature, active form over time. XIAP levels remained constant
during this period, suggesting that XIAP degradation is unlikely
to account for Caspase-3 activation in our experimental para-
digm (Fig. 5A). Since stable XIAP levels during NGF withdrawal
do not necessarily rule out a functional role for inhibitor of apo-
ptosis (IAP) proteins, we further interrogated IAP function using
pharmacology. If changes in IAP function alone were responsible
for Caspase-3 cleavage, we reasoned that acute IAP antagonism
should induce axon degeneration. We tested this hypothesis by
incubating DRG explants with the Smac-mimetic MV1. Smac is
an endogenous IAP antagonist that functions to dissociate the
inhibitory interaction between XIAP and various caspases, and in
mimicking this binding interface, MV1 promotes caspase activa-
tion (Varfolomeev et al., 2007). However we failed to observe
prodegenerative effects of MV1 (Fig. 5B). To ensure that the
compound functioned properly, we harvested DRG explants
from parallel cultures and observed degradation of c-IAP1, an
IAP family member whose abundance is used as an assay for MV1
function (Varfolomeev et al., 2007) (Fig. 5B).

We observed strong staining for cleaved Caspase-9 in NGF-
deprived axons (Fig. 5C), consistent with the possibility that
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Caspase-9 is the key regulator of Caspase-3 activation. Like
Caspase-3, cleavage of Caspase-9 at the inter-subunit linker is com-
monly used as a surrogate for enzymatic activation; however, it
should be noted that the uncleaved zymogen of Caspase-9 is capable
of weak enzymatic function (Stennicke et al., 1999). To further in-
terrogate the role of Caspase-9 in axon degeneration, we generated a
Caspase-9-knockout mouse (Fig. 5D) and assayed Caspase-3 activa-
tion and axon degeneration in NGF-deprived Caspase-9-knockout
explants. We observed a loss of Caspase-3 cleavage and full protec-
tion against NGF withdrawal in the Caspase-9 knockout (Fig. 5E);
the degree of protection was equivalent to what we observe in Bax
(Nikolaev et al., 2009) and Caspase-3-knockout (Fig. 3A) axons. To-
gether, these data support a model in which Caspase-3 is cleaved
through a pathway involving Bax and Caspase-9 and suggest that
IAP proteins may not be strong contributors to the initiation of axon
degeneration in this experimental system (Fig. 5H).

Control of Bax/Caspase-3 activation by the anti-apoptotic
Bcl-2 family

How is the activation of Bax controlled? In healthy cells, Bax is
bound by one or more members of the anti-apoptotic Bcl-2 family:
Bdl-2, Bcl-Xl, Bcl-w, Mcl-1, and Al. Through a variety of mecha-
nisms, proapoptotic stimuli dissociate this binding and free Bax to
initiate apoptosis (Adams and Cory, 1998). Regulation of the anti-
apoptotic Bcl-2 family is critical to establish the threshold for the
induction of apoptosis, and misexpression of these proteins is caus-
ative in a number of cancers (Adams and Cory, 2007). Despite their
importance, the function of these family members in axons remains
largely unexplored. Expression of Bcl-2 did not protect axons from
degeneration caused by the pmn mutation (Sagot et al., 1995),
whereas expression of Bcl-X1 did protect sympathetic axons during
NGF withdrawal (Vohra et al., 2010), and genetic deletion of Bcl-w
accelerated sensory axon degeneration following neurotrophin
withdrawal in vitro and produced an adult-onset axonopathy in vivo
(Courchesne et al., 2011). Here we took a loss-of-function pharma-
cological approach to address the role of this family in axon degen-
eration in our paradigm.

ABT-737 is a peptidomimetic inhibitor of Bcl-2, Bcl-Xl, and
Bcl-w, designed from the structure of the BH3 binding interface
between these proteins and their endogenous inhibitor Bad (Olters-
dorfetal., 2005). As a BH3 mimetic, the compound acts to compete
Bax away from its anti-apoptotic Bcl-2 binding partners, thereby
activating the mitochondrial pathway. Acute application of ABT-
737 to wild-type DRG explants led to increased immunoreactivity
for cleaved Caspase-3 in axons (Fig. 5F). Further, application to ax-
ons in Campenot chambers caused degeneration that morphologi-
cally resembles that seen during NGF withdrawal (Fig. 5G). To
control for the specificity of the compound, we repeated this exper-
iment in Bax and Caspase-3-knockout axons and found that its pro-
degenerative effects were fully suppressed, consistent with the model
that members of the anti-apoptotic Bcl-2 family are important in
restricting Bax activation in axons and suggesting a key role for Bcl-2,
Bcl-Xl, and/or Bcl-w. These data also indicate that Caspase-3 could
also be a key effector of axon degeneration downstream of stimuli
distinct from NGF deprivation that activate Bax.

Caspase-3 and Caspase-6 contribute to axon pruning in the
superior colliculus

We nextaddressed whether caspase-dependent mechanisms operate
more broadly than in trophic factor-dependent sensory axon degen-
eration in vitro. To this end we examined a role for Caspase-3 and
Caspase-6 in developmental axon pruning in the retinocollicular
system. In mature mice, the projection of retinal ganglion cells
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studying the Caspase-3 knockout through
focal Dil injections limited to the periph-
ery of temporal retina of postnatal day (P)
5 animals and subsequent analysis of the
retinocollicular projection at P6. In wild-
type and Caspase-3 heterozygous control
mice, these focal injections label a refined
pattern of dense arborizations restricted
to a termination zone (TZ) in the ante-
rior SC (Fig. 6 A, C). In contrast, similar
injections in P6 Caspase-3 knockout an-
imals label not only the dense TZ, but
also reveal an increase in the number of

- persisting axons that terminated far
from the TZ compared to heterozygous
P6 Casp3 KO controls (Fig. 6B,D). Quantitation

showed a significant increase in the cov-
erage of the SC by labeled axons in the
Caspase-3 knockout animals compared
to heterozygous controls (Fig. 6E,F).
These findings are consistent with a de-
lay in axon pruning required to develop
refined topography.

To expand upon these findings, we
examined retinocollicular pruning of
central retinal RGC populations in
Caspase-3- and Caspase-6-knockout
mice labeled by in utero electroporation
of a GFP expression plasmid. In control
animals, scoring the number of GFP-
positive axons in the posterior SC en-
ables the quantitative assessment of
developmental axon pruning between
P1 and P6 (Fig. 7A-D). Analysis of
Caspase-3- and Caspase-6-knockout an-
imals revealed a ~4-fold increase in the

Figure 6.  Impaired pruning of retinocollicular axons in Caspase-3 by Dil labeling. 4, Superior colliculus from a P6 Caspase-3
heterozygous (P6 Casp Het) mouse 24 h after focal injection of the lipophilic axon tracer Dil into the periphery of temporal retina.
B, SCfrom a Caspase-3 knockout (KO) P6 mouse 24 h after focal Dil injection into the periphery of temporal retina. In Caspase-3 KO
mice, an appropriately sized TZ at the appropriate location is observed. In addition, RGCaxon segments and rudimentary arbors are
maintained in ectopic locations (arrows) posterior (P) and lateral (L) to the TZ. ¢, D, Vibratome sections (sagittal, 100 .um) through
the SCof P6 mice injected as those depicted in A, B are shown. €, In Caspase-3 heterozygous mice very few axon segments persist
away from the TZ. In addition, arbors are always directly associated with the TZ. D, In Caspase-3 KO mice, axon segments are evident
well posterior to the TZ (arrows). In addition, rudimentary arbors are found in aberrant positions hundreds of microns lateral and
posterior to the TZ (top and bottom panels). The bottom panel shows sections taken from the case in B from the lateral position of
the left arrow. E, A grid of 100 wm square domains overlaid on a P6 SC. F, In Caspase-3 knockout P6 mice, axon segments persist
in a significantly greater number of total 100 m square domains outside of the dense TZ (47% increase, p < 0.05; Student's t
test). This difference is more pronounced in regions more distant to the TZ (p << 0.05). Arrowheads designate the anterior border

number of GFP+ axons within poste-
rior SC at P6 compared to littermate
controls (Fig. 7F, p < 0.025). This in-
crease was not due to a difference in the
total number of axons labeled nor the size
of the TZ populated by GFP axons between
genotypes, as normalization against these
variables did not account for the four-fold
increase in GFP axons within posterior SC
(Fig. 7G-L). Together, these data suggest

of the SC. M, Medial. Scale bar (in D), 300 pm.

(RGCs) to the superior colliculus (SC) is organized into a refined
retinotopic map, with temporal retina connecting to anterior SCand
nasal retina to posterior SC. In neonatal mice, however, the retino-
collicular projection is topographically diffuse, and RGCs
throughout the retina project their axons across much of the
entire anterior—posterior axis of the SC. The development of a
refined topography requires the large-scale pruning of RGC ax-
ons. While local competition between axons might impose a de
facto trophic deprivation, axon pruning in this system is believed
to arise primarily via the action of pro-pruning molecules
(McLaughlin and O’Leary, 2005). For example, developmental
pruning of these axons is delayed in mice lacking DR6 (Nikolaev
etal., 2009), which can signal via an apoptotic cascade (Pan et al.,
1998; Nikolaev et al., 2009). We therefore asked whether loss of
caspase function would give rise to a similar delay. We began by

that both Caspase-3 and Caspase-6 are re-
quired for the normal timing of retinocol-
licular axon pruning. Interestingly, animals
heterozygous for the Caspase-6-null allele, but not Caspase-3, also
exhibited an increase in unpruned axons in posterior SC compared
to littermate controls (p < 0.05), a phenotype that may reflect dif-
ferences in enzymatic activity between these two proteases.

The degree of protection from degeneration we observe is of
similar magnitude to what has been observed in mice lacking EphA/
EphrinAs, which are thought to participate in triggering pruning
(Feldheim and O’Leary, 2010), and in DR6 knockout mice (Niko-
laev et al., 2009). While previous studies suggest that DR6 is likely to
be upstream of Caspase-3 (Pan et al., 1998; Nikolaev et al., 2009), it
will be of interest to determine whether EphA/EphrinA and p75
signaling are also upstream of Caspase-3 or instead contribute to
parallel pruning pathways (Lim et al., 2008).
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Impaired pruning of retinocollicular axons in Caspase-3 and Caspase-6 by in utero labeling. A, Representative maximum intensity projection images of GFP-positive axons within the SC

at postnatal days 1 P1 and P6. Yellow box indicates the PSC. B, Schematic of the left superior colliculus used for GFP-labeling experiments; A, Anterior; P, posterior; M, medial; L, lateral; TZ,
termination zone; PSC, posterior superior colliculus defined as the posterior region within 100 ,m of imaged edge. C, Representative images of the PSCin control animals at postnatal days 1,3, 5,
and 6. C, Control; WT, wild type; Het, heterozygous; KO, knockout. D, Quantification of the number of GFP-positive axons in the PSCas a function of developmental age (P1, 158.4 = 10.8,n = 5; P3,
31.7+£10.3,n = 6;P5,7.8 = 3.5,n =7,P6,4.9 = 1.1,n = 15). E, Representative images of the PSCin Caspase-3- and Caspase-6-knockout mice. F, Quantification of the number of GFP-positive
axons in the PSC of Caspase-3 (WT, 5 = 3.1,n = 4; Het, 6.6 = 2.5,n = 10; KO, 19.8 == 3.0, n = 9) and Caspase-6 mutants (WT, 3.25 = 1.0,n = 5; Het, 13 == 2.6,n = 9;K0, 25.6 = 6.3,n =
9) at P6. C corresponds to a wild-type P6 control group included throughout. G, Quantification of the spread of GFP labeling along the anterior—posterior axis of the SCas an estimate of the size of
theTZ(n=17,3,10,9,5,8,and 9, respectively, for listed genotypes). H, Quantification of the number of GFP-positive axons in the optic nerve tract (n = 11, 3,9, 6,4, 4, and 5, respectively, for listed
genotypes). I, Axon number in the PSC normalized to TZ size. J, The number of axons in the PSC plotted per animal as a function of the number of labeled axons within the optic nerve tract. K, The
number of axons in the PSC plotted per animal as a function of TZ size. L, Axon number in the PSC normalized to the number of labeled axons in the optic nerve tract. Caspase-3 KO and Caspase-6 KOs
exhibit a significant increase in normalized axon density compared to littermate controls (p << 0.04). Bar graphs represent mean == SEM; *p << 0.05; **p << 0.01.

Discussion

Our studies reveal a Caspase-3-dependent biochemical pathway
regulating axon degeneration after trophic deprivation in vitro
and in developmental pruning in vivo, but not following axo-
tomy. They support a model in which loss of NGF triggers acti-
vation of Bax by dissociation from members of the anti-apoptotic
Bcl-2 family, and active Bax promotes cleavage of Caspase-9,
presumably through release of Cytochrome ¢ from mitochon-
dria, and active Caspase-9 cleaves Caspase-3. We show that
Caspase-3 directly processes Caspase-6 and that cleavage of
Caspase-6 is prevented in Caspase-3 knockout axons. Genetic

deletion of Caspase-3 provides more complete axon protection
than deletion of Caspase-6 in in vitro sensory neuron cultures,
suggesting that Caspase-3 initiates a program of axon degenera-
tion by cleaving several substrates, Caspase-6 being only one of
them. We also implicate caspases in the pruning of exuberant
retinocollicular axons during development, which is impaired to
similar extents in Caspase-3 and Caspase-6 knockouts, tentatively
supporting a linear pathway of caspase activation governing axon
pruning in vivo as well. Importantly, only low levels of Caspase-3
cleavage appear to be required for degeneration, which helps ex-
plain why in some studies activation was not detected and why
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partial inhibition with pharmacological agents or siRNA knock-
down did not protect.

Defining the role of Caspase-3 in axon degeneration

In Drosophila, caspases have been implicated in developmental
pruning of sensory dendrites and, recently, in stress-induced de-
generation of motor axons (Kuo etal., 2006; Williams et al., 2006;
Keller et al., 2011). In mammals, Caspase-3 has been implicated
in degeneration of olfactory sensory axons in development and
after target cell ablation (Cowan et al., 2001; Cowan and
Roskams, 2004). However, definingits role in other systems, such
as peripheral axon degeneration after trophic withdrawal, has
been challenging, with largely negative data from studies using
pharmacological inhibition and conflicting reports of immuno-
histochemical detection (Finn et al., 2000; Nikolaev et al., 2009;
Schoenmann et al., 2010).

These apparent conflicts are echoed here by our findings that
axons of Caspase-3 knockout DRG neurons are strongly pro-
tected from NGF deprivation in both long-term (7 day Campe-
not and 7 day explant) cultures and short-term (2 day explant)
cultures, yet cleaved Caspase-3 is reliably detected by IHC only in
short-term cultures.

This paradox invites the question of whether Caspase-3 is
indeed functioning in sensory axons, or whether protection en-
dowed in Caspase-knockout neurons is instead an indirect con-
sequence of enhanced somatic survival, at least in long-term
cultures.

We believe, however, that the weight of evidence supports a
direct action of Caspase-3 in axons in not just short-term but also
long-term cultures, for several reasons. First, although in long-
term cultures cleaved Caspase-3 is not detected by IHGC, it can
clearly be seen on Western blots of pure axonal material (Fig. 5A),
indicating that THC is not as sensitive as Western blotting. Sec-
ond, use of Campenot chambers allows selective NGF depriva-
tion of axons, and in this paradigm axons are completely
protected in Caspase-3 knockouts. While retrograde signaling to
the cell body still occurs, previous evidence has argued that de-
generation is dominated by signaling events local to the axon,
since genetic deletion of c-Jun—which is activated retrogradely
in cell bodies upon NGF deprivation of just the axon compart-
ment and is required for Caspase-3 activation in cell bodies—
protects only cell bodies but not axons from degeneration when
the axonal compartment is selectively deprived (Ghosh et al.,
2011). Third, we found that local application of the BH3 mimetic
ABT-737 selectively to the axonal compartment induces focal
axonal degeneration that is blocked in the Caspase-3 and Bax
knockouts. Fourth, in cultures of Caspase-3 heterozygous axons
in Campenot chambers, local application of z-DEVD-Fmk to the
axonal compartment did protect axons from degeneration. Fifth,
all-spectrin is cleaved at its known Caspase-3 cleavage site in
axons in long-term cultures after trophic deprivation (but not, as
expected, after axotomy), as assessed by Western blotting of pure
axonal preparations (J. Yang et al., manuscript in preparation).

Collectively, these data argue strongly that failure to detect
cleaved Caspase-3 by IHC in NGF-deprived axons in long-term
cultures results from inadequate sensitivity of the IHC method,
and that Caspase-3 is in fact activated locally, albeit at a low level,
and is absolutely required for degeneration.

The finding that only a small fraction of the zymogen
Caspase-3 is cleaved to the active form in 7 day explant cultures
(Fig. 5A) indicates that efficiency of zymogen conversion is di-
minished at older ages, which could contribute to the shift toward
NGF independence that occurs in these neurons with age. Inter-
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estingly, the ratio of Bax to Bcl-XI mRNA decreases between em-
bryonic and postnatal DRGs (Vogelbaum et al., 1998), and
exogenous expression of a Bax cDNA confers NGF-sensitivity to
NGF-independent postnatal sympathetic neurons (Easton et al.,
1997), suggesting that Bax activation is reduced as neurons age,
which may explain the reduction in Caspase-3 processing.

The model that only low levels of Caspase-3 are needed for
degeneration is supported by the finding that axons heterozygous
for Caspase-3, a condition that itself confers no protection, sen-
sitizes axons to protection by z-DEVD-Fmk in long-term cul-
tures (Fig. 3D)—even though wild-type axons are not protected
by this compound or by siRNA knockdown (Finn et al., 2000;
Nikolaev et al., 2009; Schoenmann et al., 2010). The simplest
interpretation is that those manipulations individually do not
lower Caspase-3 activity sufficiently and that further lowering by
reducing gene dosage is required to reach a low enough level for
protection. Since Caspase-3 can feed back and cleave Caspase-9
(Slee et al., 1999; Fujita et al., 2001), z-DEVD-Fmk may protect
Caspase-3 heterozygous axons in part by interfering with this
feedback and indirectly reducing the levels of cleaved Caspase-3
below the low threshold needed to induce degeneration. Interest-
ingly, unlike axons, sensory cell bodies are protected by z-DEVD-
Fmk or siRNA knockdown (Nikolaev et al., 2009), suggesting that
the threshold to inhibit Caspase-3 function enough to protect can
vary even within different compartments of the same cell.

Caution in interpreting experiments with inhibitors is further
suggested by our finding that Caspase-6 knockout only confers
partial axonal protection against NGF withdrawal in vitro (Fig.
1), in contrast to strong protection by z-VEID-Fmk (Nikolaev et
al., 2009; Vohra et al., 2010). However, addition of z-VEID-Fmk
onto Caspase-6 knockout axons increased the protection (data
not shown), arguing that z-VEID-Fmk protects at least partly by
inhibiting other factors in addition to Caspase-6. In fact, despite
is use as a Caspase-6 inhibitor, z-VEID-Fmk has been shown to
block both Caspase-6 and Caspase-3 (McStay et al., 2008).
Knockdown of Caspase-6 using siRNA also appeared to give
stronger protection (Nikolaev et al., 2009) than that observed
here for Caspase-6 knockout axons; this may reflect a difference
between acute and chronic inhibition, although we also cannot
exclude possible off-target effects of the knockdown. Regardless,
our knockout data support a role for Caspase-6 in axon degener-
ation both in vitro and in vivo.

Activation of Caspase-6 by Caspase-3
Suggested biochemical models for activation of Caspase-6 based
on pharmacological and depletion approaches include Caspase-6
as either an upstream activator or a downstream effector of
Caspase-3 (Hirata et al., 1998; Slee et al., 1999; Graham et al.,
2011). Our results suggest caution in relying exclusively on such
approaches. In our in vitro cultures, we find that genetic deletion
of Caspase-3 prevents activation of Caspase-6 and has a stronger
protective effect than genetic deletion of Caspase-6, which is as
expected if Caspase-6 is the more downstream protease.
Caspase-6 has been suggested to function in the absence
of Caspase-3 in apoptotic human neurons (LeBlanc et al., 1999)
in Alzheimer’s (LeBlanc, 2005) and Huntington’s (Graham et al.,
2006) diseases, and it has been proposed that Caspase-6 might
self-activate (Klaiman et al., 2009; Wang et al., 2010) or be acti-
vated by Caspase-1 (Guo et al., 2006)— effects we did not observe
(Fig. 2) except at very high, possibly nonphysiological levels of
Caspase-1 (data not shown). Our data do not, however, rule out
self-activation in some cellular contexts or activation by distinct
proteases. They do, however, suggest caution when interpreting a
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failure to detect cleaved Caspase-3 in degenerating tissue by IHC,
which cannot, we believe, be taken as conclusive evidence for lack
of a role for Caspase-3.

Regulation of axon pruning in vivo

In vivo, we observed delayed pruning of retinocollicular axons in
the Caspase-3 knockout. This defect presumably reflects an ax-
onal site of action, since it is observed after the normal period of
RGC cell death and since the Caspase-3 knockout does not show
enhanced survival of RGCs (Zeiss et al., 2004). The defect is only
a delay not a complete blockade, which could reflect operation of
either redundant apoptotic mechanisms or nonapoptotic mech-
anisms. Interestingly, axon pruning was delayed to an equal de-
gree in Caspase-3 and Caspase-6 knockouts in contrast to sensory
axons in vitro, implying that the precise pathway downstream of
Caspase-3 might be different in different contexts.

While further studies are therefore required to establish the
precise contribution of Caspase-3 and -6 to developmental prun-
ing of different axonal populations, our results nonetheless
strongly implicate both caspases in axon degeneration both in
vitro and in vivo.
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