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Abstract

During development, sensory axons compete for limiting neurotrophic support, and local
neurotrophin insufficiency triggers caspase-dependent axon degeneration. The signaling driving
axon degeneration upon local deprivation is proposed to reside within axons. Our results instead
support a model in which, despite the apoptotic machinery being present in axons, the cell body is
an active participant in gating axonal caspase activation and axon degeneration. Loss of trophic
support in axons initiates retrograde activation of a somatic pro-apoptotic pathway, which in turn
is required for distal axon degeneration via an anterograde pro-degenerative factor. At a molecular
level, the cell body is a convergence point of two signaling pathways whose integrated action
drives upregulation of pro-apoptotic Puma, which, unexpectedly, is confined to the cell body.
Puma then overcomes inhibition by pro-survival Becl-xL and Bcl-w and initiates the anterograde
pro-degenerative program, highlighting the role of the cell body as an arbiter of large-scale axon
removal.

Introduction

Nervous system development involves a generative phase during which neurons are born
and extend axons, which then branch extensively. This is followed by a regressive phase
involving stereotyped pruning events that vary in scale from remodeling of individual
synapses to the removal of entire axon branches or even the loss of entire neurons through
degeneration. Axon pruning events can be triggered in response to local pro-degenerative
cues from neighboring cells or by loss of neurotrophic support (Schuldiner and Yaron,
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2015). Aberrant axon degeneration and neuronal cell death are also widely observed in a
number of neurodegenerative diseases, highlighting the need to define factors that govern
axon degeneration as potential therapeutic targets (Luo and O'Leary, 2005).

Developing sensory neurons of the mouse dorsal root ganglion (DRG) are produced in
excess and culled along with their axons during an extensive remodeling process triggered
by declining levels of target-derived neurotrophic support. Trophic deprivation (TD) triggers
a Bax-dependent apoptotic pathway involving effector Caspases-3 and -6, which culminates
in Calpain-dependent axon fragmentation (Cusack et al., 2013; Nikolaev et al., 2009;
Schoenmann et al., 2010; Simon et al., 2012; Unsain et al., 2013). Caspase-dependent axon
pruning also contributes to the stereotyped pruning of retinocollicular axons during
development, a process that is not overtly trophic dependent (Nikolaev et al., 2009; Simon et
al., 2012) and is paralleled by caspase-dependent pruning of dendrites (Kuo et al., 2006;
Williams et al., 2006). Evidence for Caspase-dependent axon degeneration has also been
obtained in neurodegenerative disease and stroke (Wang et al., 2015).

Although several effectors of axon degeneration have been defined, how these effectors
come to be activated, and where in the neuron the degenerative program is initiated remain
unanswered. Current models of axon degeneration posit that distal trophic deprivation of
axons (with maintained trophic support of cell bodies) directly and locally initiates a
signaling pathway at the level of the deprived axon that triggers caspase-dependent distal
axon degeneration independent of somatic signaling events. (Ghosh et al., 2011). A study in
zebrafish using an indirect reporter of caspase activation further pointed to activation of
caspases at axon branch points as evidence for localized, branch-specific pro-degenerative
signaling (Campbell and Okamoto, 2013).

While local activation of a pro-degenerative program within axons would seem a natural
way to control distal axon degeneration, a role for the cell body in affecting this process has
been indicated by the findings that pre-exposure of cell bodies to a transcriptional inhibitor,
inhibition of somatic GSK3p, or total severing of axons from cell bodies blocked subsequent
degeneration of axons triggered by trophic deprivation (Chen et al., 2012; Gerdts et al.,
2013). These findings imply that local events are not sufficient to drive axon degeneration
and that cell-wide signals are also necessary.

Here we have addressed in detail the role of the cell body through a comprehensive
dissection of the signaling events that couple distal TD to axon degeneration. We show that
although the apoptotic machinery is present and functional in axons, it is not activated
directly by distal TD. Rather, the initiating signal for degeneration comes from the cell body,
after being activated by convergent retrograde signals (loss of Akt signaling and activation
of INK signaling) from the distally-deprived axon. Further, we define the key regulated step
in this process as transcriptional upregulation by Foxo3a and c-Jun of the pro-apoptotic
protein Puma, whose antagonistic relationship to anti-apoptotic Bcl-2 family members Bcl-
XL and Bcl-w governs axon degeneration. Puma is a key regulator, since loss of Puma
potently protects distal axons from degeneration following TD, yet, quite unexpectedly,
Puma expression is confined to the cell body. Our results also imply that rising Puma levels
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overcome inhibition by Bcl-xL and Bcl-w, then trigger axon degeneration by an additional
somatically-derived factor(s) distinct from Puma that moves from the cell body to the axon.

Collectively, our data define the cell body as a key check-point that integrates pro-
degenerative JNK and pro-survival Akt signaling pathways and gates the induction of axon
degeneration via Foxo3a/c-Jun control of cell body-localized Puma. The stringent control by
the cell body of axon degeneration in response to local deprivation allows for integration of
pro-survival and pro-death signals from the periphery prior to axon removal, with
implications for the development and refinement of neural circuits.

Apoptotic machinery is present in axons but requires the cell body for activation by TD

NGF-dependent sensory axons undergo Caspase-dependent degeneration when deprived of
neurotrophic (NGF) support. This degeneration is seen both when the entire neuron is
deprived and when the manipulation is restricted to the axon through use of compartmented
Campenot chambers that allow for independent manipulation of axons and cell bodies via
fluid isolation of these compartments (Campenot, 1977).

Underlying TD-induced axon degeneration is a caspase cascade beginning with Bax
activation and resulting in the ordered activation of Caspases-9, -3, and -6 (Figure 1A)
(Cusack et al., 2013; Nikolaev et al., 2009; Simon et al., 2012). Bax-dependent activation of
Caspase-9 typically results from cytochrome c release from the mitochondria that is bound
by Apafl within the Caspase-9-containing “apoptosome” (Yuan and Akey, 2013). A recent
study using an indirect measure of axon degeneration (‘maintained axon length’ of axons
cultured in microfluidic chambers) argued against a role for Apafl in sympathetic axons,
despite confirming a role for Bax and Caspase-9 (Cusack et al., 2013). We therefore re-
visited the role Apafl in our system by directly examining axon degeneration in Apafl
knockout sensory neurons, and found potent axon protection (Figure S1A,B), thereby
establishing Apafl as a key component of the axon degeneration pathway per se (Figure
1A).

To begin to explore the role of the cell body in regulating local degeneration, we severed
axons from their cell bodies and subjected the isolated axons to TD. To exclude confounding
effects of degeneration induced by the injury (Wallerian degeneration), we performed these
experiments using sensory neurons from a transgenic mouse expressing cytoplasmic
NMNAT1, which protects axons from Wallerian degeneration (Vohra et al., 2010) but does
not interfere with the processing of Caspase-3 in response to TD in intact neurons (Figure
S1C). Protection of axons downstream of Caspase-3 likely implies that NMNAT1
expression interferes with activation of Calpains, the terminal enzymes in the axon
degeneration pathway (Yang et al., 2013). Indeed, while the Caspase-3 substrate all spectrin
is cleaved, NMNAT1 expression blocks cleavage of the Calpain substrates Neurofilament-M
and a | (Figure S1C). Separation of axons from their cell bodies completely blocked
appearance of cleaved Caspase-3 immunoreactivity 9 hrs following TD, in contrast with
strong immunoreactivity in intact axons (Figure 1B). This result confirmed that the cell body
is required for caspase-dependent degeneration in response to TD (Gerdts et al., 2013).
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Similar results were obtained in Sarml knockout axons and in wild-type axons treated with
methyl pyruvate (Figure S1D), two independent manipulations that protect axons from
Wallerian degeneration (Gerdts et al., 2013; Osterloh et al., 2012; Wang et al., 2005).

A possible explanation for cell body dependence would be if the cell body is continually
required to replenish components of the apoptotic pathway. To test whether the apoptotic
machinery is present and functional in axons that have been disconnected from their cell
bodies, we exposed isolated axons to ABT-737, a selective antagonist of the three pro-
survival factors Bcl-2, Bel-xL and Bcl-w (Oltersdorf et al., 2005) (Figure 1A), which causes
Bax- and Caspase-3-dependent axon degeneration when applied directly to axons in
Campenot chambers, even in the presence of NGF (Simon et al., 2012). We found that the
response to ABT-737 is also Caspase-9-dependent, can be blocked by Bcl-xL
overexpression, and is unaffected by transcriptional inhibition (Figure S1E-G), further
indicating its specificity. 10 upM ABT-737 triggered robust Caspase-3 cleavage in isolated
NMNAT1-Tg axons, Sarml mutant axons and methyl pyruvate-treated wild type axons, as
assessed by immunohistochemistry (Figure 1B, S1D). To quantify this effect, we lysed
isolated NMNAT1-Tg axons in a buffer containing a luciferase based probe for
Caspase-3/7-like enzymatic activity (hereafter referred to as ‘DEVDase’ activity, as the
Caspase target sequence in the probe is DEVD). Consistent with the results of
immunohistochemistry, application of 10 uM ABT-737 increased DEVDase activity in
isolated axons but TD did not (Figure 1C). TD also did not increase Caspase activity
triggered by ABT-737, as assessed by measuring DEVDase activity (Figure 1C) and cleaved
Caspase-3 immunoreactivity (Figure 1D).

We also applied ABT-737 to intact neurons, and observed a similar degree of DEVDase
activation at 6hrs in their axons (which were isolated for DEVDase measurement at that
time) as we had seen in isolated axons that were treated with ABT-737 only after being
severed from their cell bodies (compare Figures 1C and 1E). Interestingly, in these intact
neurons, a brief period of TD that was itself insufficient to cause a detectible increase in
DEVDase activity dramatically potentiated the response of their axons to ABT-737 (Figure
1E,F). Thus, TD triggers an early cell body-dependent increase in the pro-apoptotic state of
axons.

Collectively, our results indicate that axons contain all necessary apoptotic machinery
required to initiate Caspase-3 activation, but local TD is incapable of activating this
machinery directly in isolated axons.

Akt signaling controls axon survival and requires the cell body

To illuminate the role of the cell body, we set out to map the pathway of degeneration. We
first examined how local removal of NGF initiates the degenerative response. One
possibility is that the process is initiated by loss of pro-survival signaling mediated by the
kinase activity of TrkA, the NGF receptor. It has, however, been proposed alternatively that
TrkA is a “dependence receptor”, which, when unliganded, sends a pro-apoptotic signal that
is independent of its kinase activity (Nikoletopoulou et al., 2010). To distinguish these
possibilities, we interfered specifically with kinase-dependent signaling using sensory
neurons from the TrkA F592A knock-in mouse in which TrkA is engineered to be sensitive
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to acute inhibition of its kinase activity by the small molecule INMPP1, which does not
inhibit wild-type kinases (Chen et al., 2005). Application of INMPP1 specifically to axons
induced axon degeneration (Figure 2A), consistent with loss of kinase activity being the
driver of degeneration, rather than gain of a pro-apoptotic kinase-independent signal.
INMPP1 induced cleavage of axonal Caspase-3 in intact axons, but not in NMNAT1-
expressing axons disconnected from their cell bodies, further supporting a role for the cell
body in axonal Caspase-3 activation downstream of TrkA inhibition (Figure S2A).

A major pro-survival pathway downstream of TrkA kinase is Akt signaling. The
degeneration induced by TrkA inhibition by INMPP1 was blocked by lentiviral expression
of a constitutively active, myristoylated form of Aktl (myrAktl) (Figure 2B). MyrAkt1 also
potently protected axons from degeneration following TD (Figure S2B, C).
Phosphoinositide PIP3-dependent activation of Akt is antagonized by the tumor suppressor
phosphatase and tensin homolog (PTEN), so genetic deletion of PTEN represents an
alternative strategy to activate Akt signaling. Sensory neuron cultures were therefore
established from a conditional mutant of PTEN and infected with lentivirus expressing either
GFP or Cre recombinase. Deletion of PTEN similarly protected axons from degeneration
induced by TD, though the duration of protection was shorter than for myrAktl expression
(Figure 2C,D), presumably because it is less effective at activating downstream Akt
signaling.

That Akt signaling regulates axon survival downstream of TrkA suggested acute
pharmacological inhibition of Akt as a useful tool to probe the role of the cell body during
TD. Inhibition of Akt in the axonal compartment of Campenot chambers using the selective
pan-Akt inhibitor GDC-0068 induces axon degeneration (Figure S2E). Activation of axonal
Caspase-3 induced by Akt inhibition was eliminated in Caspase-9 knockout cultures,
indicating a specific activation of the apoptotic pathway by this treatment (Figure S2D).
Further mirroring the dependence on cell body seen with local TD (Figure 1B), we found
axonal Caspase-3 activation by GDC-0068 was prevented by axotomy in cultures derived
from the NMNAT?1 transgenic or by co-incubation with the transcriptional inhibitor
Actinomycin D (Figure 2E). These results further support a requirement for ongoing somatic
transcriptional activity in mediating axonal Caspase-3 activation.

Pro-degenerative JNK signaling is activated by loss of Akt signaling and requires the cell

body

Previous studies have implicated the MAPKKK DLK as a JNK pathway activator in the
regulation of axon degeneration in response to TD (Ghosh et al., 2011; Huntwork-Rodriguez
et al., 2013). We therefore used the Akt inhibitor to examine a possible connection between
loss of Akt signaling and the JNK pathway. Degeneration caused by acute Akt inhibition
was significantly blunted in cultures of neurons in which DLK was genetically deleted
(Figure 2F, S2F), placing DLK activation downstream of TD-associated loss of Akt
signaling. Akt can directly phosphorylate DLK and inhibit its kinase activity (Wu et al.,
2015), suggesting that DLK activation in response to local TD may reflect a disinhibition by
removal of Akt signaling, although this remains to be established in our system.
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It has been suggested that DLK directly promotes degeneration through local activation of
the apoptotic pathway in axons (Ghosh et al., 2011). We cultured wild-type sensory neurons
in Campenot chambers and subjected their axons to TD in the presence of a small molecule
JNK inhibitor in either the axonal or cell body compartment. We found that axonal
inhibition of JINK signaling provides modest protection of axons, consistent with previous
findings (Chen et al., 2012; Ghosh et al., 2011), but also found that inhibition of INK
activity exclusively in the cell body compartment protected axons to a much greater degree
(Figure 2G,H). This result was surprising because a previous study discounted the INK
target c-Jun as a significant regulator of axon degeneration (as opposed to cell body
degeneration) (Ghosh et al., 2011). Here we revisited those findings and observed instead
that, in addition to protecting against somatic activation of Caspase-3, genetic deletion of c-
Jun also promotes significant axon survival in dissociated sensory neuron cultures (Figure
S2G-I). The discrepancy in findings is likely due to inefficient excision of c-Jun in the prior
study, in which Cre recombinase was driven by the Nestin promoter. Indeed, we found that
lentiviral delivery of Cre to c-Jun conditional knockout cultures, as done here, provides a
much more complete deletion of the mature c-Jun protein (Figure S2J). Thus, our results
argue that activation of DLK regulates cell body JNK/c-Jun signaling that is essential for
axon degeneration, but is not sufficient to directly activate degeneration locally in axons.

TD activates a Foxo3a-dependent pro-degenerative program

The observations that axon degeneration requires somatic JNK/c-Jun activity (Figure 2G,H)
and axon degeneration following Akt inhibition requires transcription (Figure 2E) point to a
pro-degenerative role of the cell body. We took a candidate approach and searched for
transcription factors known to be downstream of Akt and JNK. Specifically, we focused on
the transcription factor Foxo3a, whose pro-apoptotic activity is inhibited by Akt-mediated
phosphorylation (Brunet et al., 1999). Following TD, we observed concurrent decreases in
phosphorylation of Akt and of Foxo3a (Figure 3A), consistent with transcriptional activation
of Foxo3a. Interestingly, in DLK knockout cultures the decreases in Akt phosphorylation
and Foxo3a phosphorylation following TD occurred significantly more slowly, suggesting
that DLK might participate in a feedback loop that enhances Akt inactivation following TD.
Nuclear import to enable transcriptional activation normally follows de-phosphorylation of
Foxo3a, and indeed we observed a nuclear migration of Foxo3a within several hours of TD
(Figure 3B). Importantly, sShRNA-mediated knockdown of Foxo3a strongly protected axons
from degeneration following TD (Figure 3D,E), thus identifying Foxo3a as a key regulator
of axon degeneration.

Pro-apoptotic Puma regulates axon degeneration

Axon degeneration after TD is Bax dependent (Nikolaev et al., 2009) so we reasoned that
these upstream processes may converge on the pro-apoptotic ‘BH3-only’ family of Bcl-2
proteins, which includes 7 members (Figure 1A). We screened a panel of knockout mice
deficient in members of this family for axonal protection in sensory neuron explant cultures
after TD. Axons were not protected in Bad or Hrk single mutants or in Bid;Bim double
mutants (Figure 4A, S3A, data not shown). Furthermore, shRNA-mediated knockdown of
Noxa provided no obvious axonal protection (data not shown). Notably however, we
observed potent axonal protection after genetic deletion of Puma (Figure 4A,B). Loss of
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Puma also completely blocked the appearance of axonal cleaved Caspase-3 in response to
acute Akt inhibition (Figure S3B). We also cultured Puma knockout neurons in Campenot
chambers and similarly observed potent axonal protection following TD in the axonal
compartment (Figure 4C,D). Near complete protection was seen at early time points in
Puma knockout cultures (e.g. only 10% of axons had degenerated by 60 hr after TD in
Campenot chambers), indicating that Puma is a key regulator of degeneration. It should be
noted, however, that this protection is slightly less complete than seen in Bax and Caspase-3
and -9 knockout cultures (Nikolaev et al., 2009; Simon et al., 2012), suggesting the presence
of an additional Bax-activating factor(s), which remains to be defined, that functions in
parallel to Puma and provides the residual protection. Indeed, other genes transcriptionally
upregulated after TD appear to contribute modestly to axon degeneration (Chen et al., 2012),
and may do so by collaborating with Puma.

Puma is classically described as a transcriptionally regulated gene induced by cellular stress
(Yu and Zhang, 2008). Interestingly, we found that Puma protein is basally expressed in
sensory neuron cultures in the presence of NGF, and its levels are potentiated in response to
TD (Figure 4E). We similarly observed a significant rise in Puma mRNA levels following
TD (data not shown), implicating transcriptional regulation. The rise is Puma is also
accompanied by the de novo appearance of a second Puma band at a slightly lower
molecular weight (Figure 4E), whose molecular identity and physiological significance
remain to be determined. The increase in Puma expression and appearance of the second
band occurred to a similar extent in Caspase-9 knockout cultures (Figure S3C), which are
protected from degeneration (Simon et al., 2012), indicating that both the rise of overall
Puma levels and the appearance of the second band are not simply a secondary consequence
of the degenerative process. Pharmacological inhibition of INK prevented this TD-induced
rise in Puma (Figure 4E), consistent with a known role of c-Jun in promoting Puma
expression (Akhter et al., 2015) and providing a mechanism for the somatic requirement for
JNK signaling that we observed (Figure 2G,H). Puma has also been identified as a
transcriptional target of Foxo3a (You et al., 2006), and accordingly we found that ShRNA-
mediated knockdown of Foxo3a in sensory neurons largely blocked the rise in Puma levels
that accompanies TD (Figure 4F). Thus, activation Puma appears to be a point of convergent
action of Akt/Foxo3a and JNK/c-Jun signaling that is required for axon degeneration
following distal TD.

Puma functions in the cell body to promote axon degeneration

Puma can directly regulate Bax/Caspase activation, and since Caspase activation is observed
in axons and deletion of Puma protects axons in Campenot chambers, we expected Puma to
be present in axons as well. We were therefore very surprised not to detect any Puma protein
in axons. Sensory neuron cultures were subjected to a time course of TD followed by clear
separation and specific lysis of axons and cell bodies using methods that we have previously
established (Yang et al., 2013). TD was accompanied by a rise in Puma protein levels in cell
bodies, but there was no detectible signal in axons as assessed by immunoblotting (Figure
4G). To confirm this finding, we used mass spectrometry. We identified a number of stable
Puma peptides, and used these as a basis to specifically probe for Puma in extracts of axons
and cell bodies before and during TD. As an internal control for similar protein content
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between samples, we found that two separate proteins with similar mass to Puma (Capzb
and 14-3-3y) are present at equivalent levels in cell body and axon samples. Using this
approach we confirmed the presence of Puma in the cell body, but again did not detect Puma
in the axon under any condition (Figure 4H, S3D-F). We cannot of course exclude the
presence of very low, undetectable levels of Puma in axons, however such expression would
not be physiologically relevant as the strong expression of the Puma antagonists Bcl-xL and
Bcl-w that we observe in axons (see below) would be expected to inhibit the activity of any
low-level of Puma that is present.

To explore the molecular basis of this somatic restriction we exposed sensory neuron
cultures to either the transcriptional inhibitor Actinomycin D or the translation inhibitor
cycloheximide. Caspase-9 knockout cultures were used to prevent an apoptotic response due
to drug-induced cellular stress (as mentioned, Puma levels change to the same extent
following TD in these cultures as in wild-type cultures). Interestingly, following 20hr of
Actinomycin D or 5hr of cycloheximide treatment, Puma protein became undetectable
(Figure 4l), suggesting that Puma has an extremely short half-life in healthy cells and is
subject to an active gene expression program. Puma levels are similarly sensitive to
cycloheximide during TD (Figure 4J), indicating that de novo expression rather than
stabilization of existing Puma protein underlies its rise during TD. This rapid turnover might
in principle contribute to Puma’s exclusion from sensory axons, though it is possible that
there are active mechanisms that exclude it as well. Importantly, the dependence of axon
degeneration on Puma, together with the exclusion of Puma from the axon, imply the
existence of a somatically-derived triggering factor distinct from Puma that moves to the
axon after TD as a consequence of Puma’s somatic activity.

Bcl-xL and Bcl-w regulate the survival of sensory axons

Puma’s pro-apoptotic activity is antagonized by its binding to each of the five known anti-
apoptotic Bcl-2 family members, three of which are the targets of ABT-737 (Figure 1A). We
therefore examined the expression of the five anti-apoptotic factors in axons, cell bodies,
and whole DRGs by immunoblotting (Figure 5A). We were unable to detect Al protein in
either axons or cells bodies; each of the four additional family members, Bcl-2, Bcl-w, Bcl-
xL, and Mcl-1 were expressed in sensory cell bodies, but only Bcl-xL and Bcl-w were
detected in axons (Figure 5A). We focused our analysis on Bcl-xL and Bcl-w for several
reasons: they are the only ones detected in axons; Mcl-1 is not targeted by ABT-737; the
Bcl-2-specific inhibitor ABT-199 (Souers et al., 2013) did not induce axon degeneration in
our assays (data not shown); and Bcl-w has already been implicated in sensory axon survival
(Courchesne et al., 2011). Consistent with the latter study, loss of Bcl-w accelerated axon
degeneration in response to TD in both whole sensory explant cultures and in Campenot
chambers (Figure 5B,C, S4A,B). Unexpectedly, loss of Bcl-xL, which has not previously
been studied in this context, resulted in a comparable phenotype, suggesting a shared role in
regulation of axon survival (Figure 5B,C, S4A,B). Genetic loss of Bcl-xL similarly
sensitized axons to Akt inhibition (Figure 5D), as did genetic loss of Bcl-w (data not shown).
Thus, Bel-xL and Bcl-w each individually antagonize pro-apoptotic signaling driving TD-
induced axon degeneration.
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Even more dramatically, combined genetic deletion of both Bcl-xL and Bcl-w caused gradual
axon degeneration even in the presence of NGF (Figure 5E), such that after 7 days in culture
axons no longer survive. What causes this degeneration? The basal expression of Puma in
sensory neurons in the presence of NGF distinguishes these neurons from many other cell
types where Puma is absent until it is induced by cellular stress (Yu and Zhang, 2008). We
therefore tested whether Puma was responsible for the degeneration. Consistent with this
possibility, we found that the progressive degeneration observed in presence of NGF
following combined loss of Bcl-xL and Bcl-w is suppressed by further genetic deletion of
Puma (Figure 6A,B) (in this experiment, Puma and Bcl-w were deleted genetically, and Bcl-
XL was knocked down by shRNA, because of the difficulty of obtaining triple knockout
mice). That Puma is epistatic to Bcl-xL and Bcl-w in the presence of NGF indicates both that
basally expressed Puma is functional, and that a physiological role of the anti-apoptotic
proteins in this context is to suppress basal Puma activity. This finding also supports a role
for Puma as an apoptotic activator even in the presence of NGF (albeit one that is normally
inhibited by Bcl-xL/w).

Finally, we examined the effect of TD on neurons with combined loss of Bcl-xL, Bcl-w and
Puma (we could not study the effect of TD on Bcl-xL;Bcl-w double knockouts because they
degenerated spontaneously: Figure 5E). Interestingly, degeneration was still observed after
TD (Figure 6A, B); this degeneration was largely inhibited by the JINK antagonist (data not
shown). A likely possibility is that this residual degeneration reflects the action of the
parallel Bax-activating factor that provides residual pro-degenerative activity in the absence
of Puma (see above), and which we therefore infer is also inhibited by Bcl-w and Bcl-xL
(since it is revealed in their absence).

Puma activates a somatically-derived pro-degenerative signal

The picture that emerges from these studies is that basal Puma activity in the cell body is
antagonized by Bcl-xL and Bcl-w, and that TD leads to a rise in Puma (and appearance of a
second band) that overcomes this inhibition to activate an anterograde pro-degenerative
signal that travels down the axon. We argued above that this signal was not likely to be
Puma itself because it is not detectable in axons (Figure 4G,H). Several additional lines of
evidence reinforced this conclusion.

First, axons express abundant Bcl-xL and Bcl-w that could inhibit any low levels of Puma
that might be present (Figure 5A), and although this expression declined after TD, the
decrease was very modest, an effect that was not altered by Puma deletion (Figure 6A), so
that even after TD both remain abundant and presumably able to block any low level of
Puma in axons.

Second, we used ABT-737 as a probe of the balance of pro- and anti-apoptotic Bcl-2 family
members in the axon. In these experiments, we monitored short-term responses to ABT-737
(applied for 4 hrs). If Bel-xL and Bcl-w function to inhibit the apoptotic pathway within
axons, we would predict that genetic deletion of either factor should sensitize the axons to
direct activation of this pathway by ABT-737. Likewise, if Puma functions to promote the
apoptotic pathway within axons, we would predict that loss of Puma would make the axons
less sensitive to ABT-737. We found that axons lacking either Bcl-xL or Bcl-w were indeed
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more sensitive to Caspase activation by ABT-737, as assessed by DEVDase activity,
whereas deletion of Puma did not alter axonal sensitivity (Figure 6C). These results thus
support a direct role for Bcl-xL and Bcl-w within axons, and also support a lack of direct
role for Puma in axons.

Finally, we returned to potentiation of the axonal response to ABT-737 by short-term TD
(Figure 1E,F). Since this potentiation is dependent on the cell body, we predict that it should
require Puma activity. Indeed, genetic deletion of Puma abolished the potentiating effect of
TD on the axonal response to ABT-737 (Figure 6C,D). This finding reinforces that Puma is
capable of regulating axonal sensitivity but appears to do so at the level of the cell body.

Collectively, these results further support the view that Puma functions in the cell body to
activate an anterograde pro-degenerative signal that is distinct from Puma itself (Figure 6F).

Discussion

A common view has been that axon degeneration is a local event confined to the specific
axon that loses neurotrophic support, a view supported indirectly by observations that axon
degeneration precedes overt cell loss in a range of neurodegenerative conditions. Instead, in
line with prior observations (Chen et al., 2012; Gerdts et al., 2013) our findings on
developmental sensory axon death in response to distal trophic deprivation support a model
in which signaling via the cell body is an integral component of the molecular pathway that
initiates axon degeneration. We find that the apoptotic machinery is present in the axon but
that its activity is gated by an active process in the cell body that can be broken down into
three discrete steps following distal TD: 1) retrograde signaling to the cell body; 2) the key
regulated step of Foxo3a/c-Jun-mediated upregulation of Puma in the cell body, enabling it
to overcome inhibition by Bcl-xL and Bcl-w, and initiate the degenerative program, and 3)
the ultimate triggering of axon degeneration by an as yet unidentified somatically-derived
factor distinct from Puma that moves down the axon to activate the Bax/Caspase cascade
(Figure 6F). By integrating distinct signaling pathways that originate with loss of trophic
support in the axon, the cell body functions as a key check-point to initiate axon
degeneration.

Retrograde signaling to the cell body following TD is coordinated by loss of axonal Akt
signaling. Akt has two principal roles that support axonal survival. The first is to inhibit the
DLK/INK/c-Jun pathway and thereby suppress pro-apoptotic MAPK signaling and
activation of c-Jun. The second is to suppress Foxo3a-dependent Puma expression. The
inhibition of Akt that accompanies TD therefore promotes axon degeneration through dis-
inhibition of DLK/JNK/c-Jun and Foxo3a, which we show converge to regulate Puma
expression in the cell body. A similar role for the JNK/c-Jun and/or the Akt/Foxo3a
pathways in Puma induction has been described in the context of the apoptotic cell body
death of cortical neurons following DNA damage (Wyttenbach and Tolkovsky, 2006) and of
cerebellar granule neurons deprived of extracellular potassium (Ambacher et al., 2012).
GSK3, which is directly inhibited by Akt phosphorylation (Cross et al., 1995), has also
been implicated as part of the Akt/Foxo3a pathway in promoting Puma expression in
cerebellar neurons (Ambacher et al., 2012). Interestingly, in sensory neurons GSK3p is
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dephosphorylated after TD and its activity in the cell body is required for axon degeneration
(Chen et al., 2012), perhaps by contributing to the induction of Puma as part of the Akt/
Foxo3a pathway in those cells as well.

Upregulation of Puma defines the key regulated step in the initiation of axon degeneration.
Puma is expressed in healthy neurons even in the presence of trophic support (unlike in
many other cell types where it is absent until induced by stress) but its pro-degenerative
activity is blocked by pro-survival Bcl-xL and Bcl-w — the latter already implicated in
sensory axon survival (Courchesne et al., 2011). Following TD, the rise in Puma levels
overcomes their effects, leading to activation of an anterograde pro-degenerative signal that
travels down the axon. Our results imply further that this signal is distinct from Puma itself,
as Puma is only detectable in the cell body even after TD, as assessed using two independent
techniques. While it remains possible that a small amount of Puma below the threshold of
detection is present in axons, it would likely be neutralized by the abundant Bcl-xL and Bcl-
w present there, so any Puma within axons is unlikely to account for the large degenerative
phenotypes documented here.

The identity of the anterograde pro-degenerative signal remains to be determined. Somatic
induction of Puma also leads to activation of Caspase-3 in cell bodies, so it is intriguing to
speculate that generation of the anterograde-pro-degenerative signal may be dependent on
activation of the mitochondrial apoptotic pathway in the soma. For example, it is
conceivable that somatically-released cytochrome c, an activated Caspase, or a Caspase-
cleavage product could induce the axonal apoptotic pathway as part of a traveling feed-
forward loop that promotes degeneration down the axon. The fact that the Caspase-3
antagonist DEVD-Fmk can block cell body death but not axon degeneration (which is only
blocked by more complete Caspase-3 inhibition than is achieved by the inhibitor) (Nikolaev
et al., 2009; Simon et al., 2012) appears to imply that cell body death per seis not required
for generation of the anterograde signal, but this does not exclude that residual somatic
Caspase-3 activity may still be required, a possibility that requires further exploration.
Finally, our results also imply that to activate the Caspase pathway the anterograde signal
must overcome the antagonistic effects of Bcl-xL and Bcl-w within the axons.

Beyond defining the molecular steps leading from distal trophic deprivation to axon
degeneration, our findings and prior results (Chen et al., 2012; Gerdts et al., 2013) highlight
the pivotal, active role of the cell body, which functions as a locus of control in axon
degeneration in response to distal deprivation. Within the axon, there appears to be a
remarkable biochemical compartmentalization of the upstream activator and downstream
effector pathways for control of degeneration. At a functional level, this
compartmentalization and stringent control of distal axon degeneration by the cell body
provides an essential buffer, ensuring that transient local changes in trophic support do not
trigger irreversible local degeneration events, and instead allowing the cell body to integrate
pro-degenerative and pro-survival signals to execute axon degeneration in a global and a
coordinated fashion.
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Methods

Cell culture

Sensory neuron cultures were harvested from E12.5 embryos and grown in Neurobasal/B27
media supplemented with 50ng/mL NGF as previously described (Simon et al., 2012).

Western blotting

Axons and cell bodies were independently harvested from sensory neurons cultured as re-
aggregated spots of 20,000 dissociated DRGs per spot in 24-well plates using either a biopsy
punch needle or scalpel as previously described (Yang et al., 2013). Axon or cell body
material from between 5 and 10 spots were pooled for each condition and blotted using
standard techniques.

Immunohistochemistry

Cultures were fixed in 4% Paraformaldehyde containing 10% sucrose for 20 minutes at
room temperature and blocked for at least one hour at room temperature in 3-6% donkey
serum in PBS containing 0.1% Triton-X-100 (PBS-X). Slides were incubated in primary
antibody overnight in 3% donkey serum in PBS-X at room temperature. Secondary
antibodies coupled to Alexa dyes were added at 1:500 in 3% donkey serum in PBS-X.

Measurement of axonal DEVDase activity

Sensory neurons were cultured either for 2 days as DRG explants in 48 well plates or for 7
days as dissociated and re-aggregated spots (2x1074 cells/spot) in 24 well plates. In both
cases mitotic inhibitor was added the day after plating to remove proliferating cells.
Following the indicated treatments, the cell body region was removed as previously
described and outlined above (Yang et al., 2013). Immediately after removal of the cell
bodies, half of the media was removed and replaced with an equal volume of Caspase-Glo
3/7 reagent (Promega). Following a one-hour lysis at room temperature, the contents of each
well was transferred to an opaque 96-well plate and luminescence was determined using a
plate reader. For axon specific measurements in neurons expressing cytoplasmic NMNAT1,
axons were severed then subjected to TD, followed by lysis. In Figure 1C, statistical
significance was assessed using one-way ANOVA with Bonferroni post test using Prism
version 5.0 (GraphPad). In all other figures for this assay, statistical significance was
assessed using two-way ANOVA with Bonferroni post test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Axon degeneration after TD requires the cell body
A) The mitochondrial apoptotic pathway is regulated by pro- and anti-apoptotic members of

the Bcl-2 family. The balance of these factors regulates Bax/Bak oligimerization and
activation of downstream Caspases.

B) Following 2 days in vitro (DIV), a portion of the axons in the explants from
cytoNMNAT1-Tg mice were physically severed from their cell bodies (indicated with a
dashed red line) followed immediately by TD (top row) or the addition of 10uM ABT-737
(bottom row) for 9hr and 4hr, respectively.

C and D) Axons from 2 DIV cytoNMNAT1-Tg dissociated and re-aggregated cultures were
severed from their cell bodies (dashed red line) and treated with ABT-737 for 4hr in the
presence of NGF or following 2hr TD (for a total of 6hr TD) as indicated. DEVDase activity
of isolated axons was subsequently measured by the Caspase-Glo-3/7 assay (C) or with
immunostaining (D). n=4 for all conditions except 1uM and 10uM ABT-737 plus TD where
n=3. Values are normalized to the average value of the +NGF control condition. Statistical
significance for each 10uM dose is determined relative its respective Control condition.

E and F) Intact DRG cultures were treated with ABT-737 in the presence of NGF or
following 2hr TD (for a total of 6hr) as indicated. Following treatment, either cell bodies
were removed and axonal DEVDase activity was measured as above (E) or cleaved
Caspase-3 was visualized with immunostaining (F). n=4 for all conditions except 10uM
ABT-737 plus TD where n=3. Values are normalized to the average value of the +NGF
control condition.

Here and throughout, values are presented as mean + SEM; *p<.05; **p<.01; ***p<.001
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Figure 2. Akt and JNK signaling regulate axon degeneration via the cell body
A) TrkA F592A knock-in DRGs were cultured in Campenot chambers and the axonal

compartment was treated with vehicle or 1uM 1NM-PP1 for 24hr.

B) TrkA F592A dissociated DRG cultures were transduced with lentivirus expressing
myristoylated-Aktl, Bcl-xL, or GFP and treated with 1uM 1INM-PP1 for 24hr. Lentiviral
Bcl-xL overexpression also provided similar axonal protection (data not shown).

C and D) PTEN!oxP/loxP dissociated and reaggregated DRG cultures were transduced with
lentivirus expressing CRE or GFP and axon degeneration following TD was visualized (C)
and quantified (D). n=5 for Lenti::GFP conditions and n=6 for Lenti::Cre conditions except
25hr TD where n=7

E) Axons from cytoNMNAT1-Tg explants were severed from their cell bodies (dashed red
line) or pre-treated with 3ug/ml Actinomycin D for 1hr prior to addition of 10uM
GDC-0068 for 12hrs.

F) DLK!0xP/loxP DRG cultures were transduced with lentivirus expressing GFP or Cre and
subjected to treatment with 10pM GDC-0068 and axon degeneration was quantified over
time. For Lenti::GFP n=5 (15hr), n=7 (20hr), and n=4 (25hr). For Lenti::Cre n=8 for all
conditions. Representative images are presented in Figure S2F.

G and H) DRGs were cultured in Campenot chambers where cell bodies and axons are
separated by a grease barrier that allows for fluidic isolation (see illustration). Cultures were
treated with 10uM JNK inhibitor V111 or vehicle in either or both the cell body and axonal
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compartments, followed by TD as indicated. Degeneration was visualized (G) and quantified
(H). n=4 for each condition.
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Figure 3. Foxo3a functions downstream of Akt during TD
A) DLK!oXP/loxP DRG cultures were transduced with lentivirus expressing GFP or Cre and

lysed at indicated time points after TD. Phosphorylation of Akt and Foxo3a was assessed by
immunoblot.

B) 7DIV WT dissociated DRGs were subjected to TD for Shr. Foxo3a localization was
visualized with immunostaining.

C) Knockdown of Foxo3a was confirmed by immunoblot.

D and E) WT dissociated and reaggregated DRG cultures were subjected to lentiviral-
shRNA knockdown of Foxo3a or Scrambled control. Axon degeneration after TD was
visualized (D) and quantified (E).
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Figure 4. Puma promotes axon degeneration downstream of Foxo3a
A and B) 2 DIV DRG cultures from the indicated genotypes were subjected to TD for

indicated times. Axon degeneration was visualized with immunostaining and quantified (A).
Representative images shown for Puma KO compared to WT(B). n=4 for Bad KO and WT.
n=3 for Bid;BimdKO and dHet. n=4 KO and 7 WT for Puma. Representative images for
Bad and Bid;Bim cultures are presented in Figure S3A.

C and D) Puma WT, Het, or KO DRGs were cultured in Campenot chambers and the axonal
compartment was subject to TD for the indicated times. Degeneration was visualized (C)
and quantified (D). n=6 +NGF, n=6 36hr TD, and n=5 60hr TD for WT. n=6 +NGF, n=6
36hr TD, and n=3 60hr TD for Het. n=8 TD, n=7 36hr TD, and n=3 60hr TD for KO.

E) WT DRG cultures were treated with 10uM JNK inhibitor V111 or vehicle and protein was
harvested at indicated time points after TD. Puma expression was assayed by immunoblot.
F) WT dissociated and reaggregated DRG cultures were subjected to lentiviral-shRNA
knockdown of Foxo3a or Scrambled control. Protein was harvested at indicated time points
after TD. Puma expression was assayed by immunoblot.

G) Separate cell body and axonal preparations were collected from WT DRG cultures at
indicated time points after TD and subjected to immunoblot analysis.

H) At 12DIV Large-scale cultures made from WT embryonic DRGs were subjected to TD
for 24hr. Separate cell body and axonal samples were collected and analyzed by tandem
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mass spectrometry. The number of peptide spectral matches are shown for each sample for
either Bbc3 (Puma) or the loading control Capzb (capping protein actin filament z-line). An
additional loading control and the spectra corresponding to each identified peptide are
presented in Figure S3D-F.

I) Caspase-9 KO DRG cultures in the presence of NGF were treated with Actinomycin D or
cycloheximide, harvested at the indicated time points and subjected to immunoblot analysis.
J) WT DRG cultures were subjected to TD, cycloheximide, or both treatments concurrently
as indicated. Puma levels were analyzed by immunoblot.
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Figure 5. Bcl-xL and Bcl-w regulate axon survival
A) Separate cell body and axon preparations were harvested from WT DRG cultures for

immunoblot analysis.

B and C) DRGs from the indicated genotypes were cultured in Campenot chambers and the
axonal compartment was subjected to TD for the indicated time points. Axon degeneration
was visualized (B) and quantified (C). n=3 for all time points for Bcl-xL!oXP/1oxP n=g +NGF,
n=5 24hr TD, and n=6 36hr TD for Bcl-xL'0xP/loxP Nestin::Cre. n=9 +NGF, n=8 24hr TD,
and n=9 36hr TD for Bcl-w WT. n=9 +NGF, n=8 24hr TD, and n=9 36hr TD for Bcl-w WT.
n=6 for all time points for Bcl-w KO.

D) 7 DIV Embryonic DRG cultures from Bcl-xL'oXP/10XP and Bcl-xL!0xP/IoxP: Nestin::Cre
embryos were treated with the indicated concentrations of Akt inhibitor for 12hr.

E) Dissociated and reaggregated DRG cultures from indicated genotypes were transduced
with lentivirus expressing GFP or Cre. Axon degeneration was visualized at 3, 5, and 7 days
post-infection.

F and G) Puma KO or Puma KO; Bcl-w KO dissociated and reaggregated DRG cultures
were subjected to lentiviral-shRNA knockdown of Bcl-xL or Scrambled control. Axon
degeneration was visualized (F) and quantified (G). n=2 for all Puma KO conditions and
n=4 for all Puma KO; Bcl-w KO conditions.
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Figure 6. Puma regulates an anterograde pro-degenerative signal via the cell body
A) 7 DIV Puma WT and KO dissociated and reaggregated DRG cultures were subjected to

TD for the indicated times. Separate cell body and axon preparations were subjected to
immunoblot analysis.

B) DRG cultures from the indicated genotypes were treated with ABT-737 for 4hr as
indicated. Cell bodies were removed at the end of the treatment and axonal DEVDase
activity was measured using the Caspase-Glo-3/7 assay. n=4 for all conditions except 10uM
in Bcl-xL WT, 3uM in Bcl-xL KO, and 10uM in Bcl-w WT where n=3. Values are
normalized to the average value of the control condition for each respective genotype.

C and D) Puma WT and KO DRG cultures were treated with ABT-737 for 4hr following
2hr TD (for a total of 6hr TD) as indicated. Following treatment, either cell bodies were
removed and axonal DEVDase activity was measured with the Caspase-Glo-3/7 reagent
(C) or Caspase-3 activation was visualized by immunostaining (D). n=4. Values are
normalized to the average value of the control condition for each respective genotype.

E) Model for the role of the cell body in the initiation of axon degeneration.
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