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Sodium and Potassium Currents Influence Wallerian
Degeneration of Injured Drosophila Axons

Bibhudatta Mishra, Ross Carson, Richard I. Hume, and Catherine A. Collins
Department of Molecular Cellular and Developmental Biology, University of Michigan, Ann Arbor, Michigan 48109-1048

Axons degenerate after injury and in neuropathies and disease via a self-destruction program whose mechanism is poorly understood.
Axons that have lost connection to their cell bodies have altered electrical and synaptic activities, but whether such changes play a role in
the axonal degeneration process is not clear. We have used a Drosophila model to study the Wallerian degeneration of motoneuron axons
and their neuromuscular junction synapses. We found that degeneration of the distal nerve stump after a nerve crush is greatly delayed
when there is increased potassium channel activity (by overexpression of two different potassium channels, Kir2.1 and dORKA-C) or
decreased voltage-gated sodium channel activity (using mutations in the para sodium channel). Conversely, degeneration is accelerated
when potassium channel activity is decreased (by expressing a dominant-negative mutation of Shaker). Despite the effect of altering
voltage-gated sodium and potassium channel activity, recordings made after nerve crush demonstrated that the distal stump does not fire
action potentials. Rather, a variety of lines of evidence suggest that the sodium and potassium channels manifest their effects upon
degeneration through changes in the resting membrane potential, which in turn regulates the level of intracellular free calcium within the

isolated distal axon.

Introduction
Axons are long, hence vulnerable components of neuronal cir-
cuits. An axon whose connection with the cell body has been
compromised degenerates via an active self-destruction program
called Wallerian degeneration. The cellular mechanism of Walle-
rian degeneration is still poorly understood, yet it appears to
share similarities to axonal degeneration in neuropathies and
neurodegenerative diseases (Coleman, 2005), hence there is
much interest in determining the factors that lead to its initiation.
Axons that have lost connection to their cell bodies do not
degenerate immediately. Rather, there is a lag phase, which
ranges from hours to days in vertebrates and up to months in
some invertebrates, depending upon the cell type and also upon
temperature (Birks et al., 1960; Hunt and Nelson, 1965; Miledi
and Slater, 1970; McDonald, 1972; Luttges et al., 1976; Lubinska,
1977; Bittner, 1991; Chaudhry and Cornblath, 1992; Tsao et al.,
1999; Xiong and Collins, 2012). During this lag phase, the axonal
membrane remains fully intact, and is able to conduct action
potentials if stimulated. The excitable and conductive properties
of distal axons appear to change with time after injury (LoPachin
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et al.,, 1990; Moldovan et al., 2009). However, whether such
changes functionally influence the process of axonal degenera-
tion has not been addressed.

Axotomy induces a brief burst of action potentials (Ambron
and Walters, 1996; Abegg, 2007), but then distal axons of most
neuronal types are silent, because they are separated from initi-
ating signals in the cell body. These changes in activity are also
coupled to changes in synaptic activity. The injury-induced burst
of action potentials can induce a burst of neurotransmitter re-
lease (Abegg, 2007), but then, once separated from the cell body,
the presynaptic terminals from distal “stumps” release very little
neurotransmitter. Such changes could potentially serve as a signal
that the distal axon is not functional and should degenerate.
Alternatively, changes in the excitability of the distal axon
could lead to ionic imbalances that ultimately trigger axonal
degeneration. A number of studies suggest that altered mem-
brane properties and ionic imbalances play an important role
in axonal degeneration after anoxic injury and in multiple
sclerosis (Stys, 2005; Waxman, 2006). Whether neuronal and/
or synaptic activity plays a role in Wallerian degeneration has
not been addressed.

Here we have used an injury model in third instar Drosophila
larvae to investigate whether neuronal excitability influences
the mechanism of Wallerian degeneration. An advantage of
this peripheral nerve crush injury model is that the neuromus-
cular junction (NM]J) synapses formed by the injured mo-
toneurons are amenable to a number of manipulations and
assays, including high-resolution imaging and electrophysiol-
ogy (Keshishian et al., 1996; Budnik et al., 2006). This creates
an ideal scenario for characterizing the changes in neuronal
and synaptic activity after injury, and the roles these play in the
degeneration mechanism.
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Materials and Methods

Fly stocks. The following strains were used in this study: Canton-S (wild-
type), OK6-Gal4 (Aberle et al., 2002), UAS-Kir 2.1(Baines et al., 2001),
UAS-dORKA-C (Nitabach et al., 2002), m12-Gal4 (Ritzenthaler et al.,
2000), SDN (Mosca et al., 2005), para®™' (Siddiqi and Benzer, 1976; Wu
and Ganetzky, 1980), and para S176 (Siddigi and Benzer, 1976). UAS-
para-RNAi and UAS-moody-RNAi lines were obtained from the Bloom-
ington stock center, (BL31471, BL31676, and BL36821).

Nerve crush assay. As described by Xiong et al. (2010) and Xiong and
Collins (2012), the segmental nerves of third instar larvae were visualized
through the cuticle under a standard dissection stereomicroscope. Al-
though larvae were anesthetized with CO, gas, the segmental nerves were
pinched tightly through the cuticle for ~5 s with Dumostar no. 5 forceps.
After successful injuries, the posterior halves of the larva were paralyzed.
Larvae were then transferred to a grape plate and kept alive for varying
periods of time at 25°C.

Immunocytochemistry. Wandering third instar larvae were dissected in
ice-cold PBS and fixed in either 4% paraformaldehyde in PBS or Bouin’s
fixative for 15-30 min, depending on the antibodies used. Antibodies
were used at the following dilutions in PBS with 5% normal goat serum:
Cy3 goat anti-HRP, 1:500 (Jackson ImmunoResearch Laboratories),
A488 rabbit anti-GFP, 1:1000 (Invitrogen), and mouse anti-Futsch,
1:100 (Developmental Studies Hybridoma Bank). For secondary anti-
bodies, Cy3- and A488-conjugated goat anti-rabbit and anti-mouse (In-
vitrogen) were used at 1:1000. All samples were mounted and imaged in
vectashield (Vector Laboratories).

Imaging. Confocal images were collected at room temperature on an
Improvision spinning disk confocal system, consisting of a Yokagawa
Nipkow CSU10 scanner, and a Hamamatsu C9100-50 EMCCD camera,
mounted on a Zeiss Axio Observer with 25X (0.8 NA) multi and 40X
(1.3 NA), 63X (1.5 NA), and 100X (1.46 NA) oil objectives. Similar
settings were used to collect all compared genotypes and conditions.
Volocity software (PerkinElmer) was used for all image acquisition.

Changes in intracellular Ca** in the distal stump of injured axons over
time were studied by live imaging of the genetically encoded Ca*" indi-
cator GCaMP3.0 (Tian et al., 2009), which was expressed in motor neu-
rons using the OK6-Gal4 driver. At different time points after injury,
larvae were dissected in HL3 (containing either 1 mm CaCl,, or for Fig.
8E, 0 mm CaCl, and 1 mm EGTA), and then pinned to an agar plate with
a coverslip. Segmental nerves were imaged ~150 wm distal to the injury
site. For Figure 8D, the same region was imaged every 15 min for a total
of not >3 h per animal: confocal images from 15 min to 3 h after injury;
2-5,3-6, 5-8, and 7-9.5 h after injury were collected and merged from a
total of 24 axons from 14 animals. The average GCaMP3.0 intensity was
measured and average background intensity was subtracted using Voloc-
ity software, and normalized to the average GCaMP3.0 intensity in un-
injured animals.

Quantification of degeneration. To quantify axonal degeneration, we
scored, while blind to genotype, the fragmentation of m12-Gal4,
UASmCDB8: GFP labeled axons within segmental nerves 150 wm distal to
the injury site according to one of five categories between 0 and 100%
(with 100% meaning completely fragmented) as described by Xiong and
Collins (2012). All measurements indicate the average from multiple
axons (n = 20). To quantify the extent of degeneration of the NMJ, we
measured disappearance of Futsch from NM]J boutons. This MAP1B
homolog binds stable microtubules, which in uninjured axons extend
through all but the most terminal boutons (Hummel et al., 2000; Roos et
al., 2000). The NM]J degeneration index is defined as the length of NM]J
without Futsch staining divided by the total length of the nerve terminal,
which is determined by anti-HRP staining. Total lengths were measured
using the simple neurite tracer plugin of Image] software. One-way
ANOVA followed by Tukey’s post hoc test was used for statistical analysis.

Electrophysiology. Intracellular recordings were made from muscle 6 in
segments A3 and A4 of third-instar male larvae. The larvae were visual-
ized with oblique illumination on an Olympus BX51W1 fixed stage
upright microscope with a 10X water-immersion objective. Sharp elec-
trodes (15-25 M()), made of borosilicate glass (outer diameter 1.2 mm)
were filled with 3 M KCL. The signal was amplified with a Geneclamp 500B
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(Molecular Devices), digitized with a Digidata 1322A interface (Molec-
ular Devices), and stored on a PC with pClamp 10.2 (Molecular Devices).
The animals were dissected with phosphate buffer saline and replaced
with recording solutions (HL3; Stewart et al., 1994) just before recording.
HL3 contained the following (in mm): 70 NaCl, 5 KCI, 20 MgCl,, 10
HCO;, 5 trehalose, 115 sucrose, 5 HEPES, 1 CaCl,; the pH was adjusted
to 7.2. The dissection and recording conditions were the same for larvae
with intact, cut, and crushed axons. To block voltage-gated sodium chan-
nels pharmacologically, a 1 um final concentration of tetrodotoxin
(TTX) was added to the HL3 saline, and recordings were made after a 5
min incubation period.

To elicit evoked excitatory junction potentials (EJPs), the nerve was
drawn into a tight-fitting suction electrode and stimulated with brief (1
ms) depolarizing pulses controlled with a Digidata interface. Because two
excitatory axons innervate muscle 6, recordings of evoked responses were
typically performed with two different stimulus amplitudes. The lower
amplitude was set to a level that produced postsynaptic responses 25—
50% of the time. Traces without responses were taken to be failures to
achieve threshold, because the smallest responses obtained were several
times larger than the spontaneous miniature potentials observed in the
absence of stimulation. The reason for using this level was to accurately
estimate the amplitude of responses to stimulation of the lower threshold
axon; stimuli that activated the lower threshold axon 100% of the time
also occasionally activated the higher threshold axon. The second stim-
ulus amplitude was set to 125% of the lowest amplitude that sometimes
elicited spikes from the higher threshold axon; based on the amplitude of
the responses this stimulus level activated both axons on every trial.

For analysis of evoked responses, 100 events per cell recorded at 0.2 Hz
were measured using the cursor feature in Clampfit 10.2 (Molecular
Devices) and then averaged. For analysis of spontaneous miniature EJPs,
at least 50 consecutive events were measured per cell using MiniAnal
(Synaptosoft). Miniature EJP (mEJP) frequency was calculated from the
first 45 s of recording time. For all genotypes the resting membrane
potentials and input resistances were similar, with average resting poten-
tials of =73 * 4 and input resistances of 6 = 0.2 M{).

Ex vivo assay. Third instar larvae were rinsed in distilled water, and
then subjected to the nerve crush injury as described above. After injury,
the larvae were dissected and pinned in a Sylgard dish in HL3 saline
solution (containing 1 mm CaCl,). During the dissection, only the ner-
vous system and muscle tissue of the body wall were left intact; all other
organs were removed from the animal and discarded. The dissected lar-
vae were left pinned to the dissection plate and incubated at 25°C (or
where indicated, 37°C) in HL3 until the desired time point was reached.
After incubation, the preparation was rinsed quickly with PBS immedi-
ately before fixation and antibody staining. For the ex vivo blockade of
voltage gated sodium channels, the HL3 saline contained 1 um TTX. For
inhibition of potassium channels, the HL3 saline contained 6 mm
4-aminopyradine (4-AP).

Results
Changes in potassium channel expression influence the
initiation of axonal and synaptic degeneration after injury
It is well documented that injured axons undergo changes in
excitability and firing rate over time (Kuwada and Wine, 1981;
Titmus and Faber, 1990; Walters et al., 1991; Moldovan et al.,
2009); however, most studies have focused upon the cell body
and proximal stump. The changes that take place in the distal
stump and their contribution(s) to the degeneration of injured
axons are less clear. Using genetic methods to manipulate the
excitability of single motoneurons in Drosophila larvae, we have
investigated whether changes in excitability affect the degenera-
tion of axons and synapses after acute mechanical injury in vivo.
We first generated animals in which a small subset of mo-
toneurons were chronically silenced by expression of Kir2.1, a
rectifying K™ channel that alters the resting membrane potential
below the threshold required to fire action potentials (Johns et al.,
1999; Hodge, 2009). UAS-Kir2.1 (Baines et al., 2001) was coex-
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pressed with UAS-mCD8::GFP using the
m12-Gal4 driver, which drives expression
in only two motoneurons per hemiseg-
ment (Ritzenthaler et al., 2000; Xiong et
al., 2010). Using GFP to visualize single
axons within larval segmental nerves, we
observed that control axons became com-
pletely fragmented within 20 h after injury
(Xiong and Collins, 2012; Fig. 1A4). In
contrast, the silenced neurons that ex-
pressed Kir2.1 did not degenerate by the
end of the 44 h window of time before the
animals pupated (Fig. 1A), whereas adja-
cent neurons in the injured nerve degen-
erated at the same rate as in untreated
larvae (Fig. 1B). Supporting the interpre-
tation that neuronal silencing inhibits ax-
onal degeneration, neurons expressing
the constitutively open Drosophila rectify-
ing K™ channel, dORKA-C (Nitabach et
al., 2002) also failed to degenerate after
injury (data not shown).

For the converse manipulation, increas-
ing the excitability of the same motoneu-
rons, we expressed a dominant-negative
mutation in the Shaker K™ channel, UAS-
SDN (Mosca et al., 2005), using the same
m12-Gal4 neuronal driver. The Shaker reg-
ulated K™ current plays a key role in regu-
lating the membrane excitability of neurons
(Jan et al, 1977; Tanouye et al., 1981;
Ganetzky and Wu, 1982). Previous studies
indicate that motoneurons expressing the
SDN mutation exhibit phenotypes of reduced
K™ channel function and hyperexcitability,
including elevated evoked and spontaneous
neurotransmitter release (Ganetzky and Wu,
1983; Mosca et al., 2005). In contrast to the
electrically silenced neurons, neurons express-
ing SDN exhibited a faster time course of de-
generation after injury (Fig. 1B).

To quantify the degeneration at the
NM]J, we took advantage of the fact that the
axonal membrane epitopes recognized by
anti-HRP antibodies are cleared very slowly
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Figure 1.  Electrically silent neurons do not degenerate while hyperexcitable neurons degenerate faster. A, The Gal4/UAS
system was used to express UAS transgenes specifically in two fasciculated motoneurons (using the m12-Gal4 driver; Ritzenthaler
et al., 2000; Xiong et al., 2010). UAS-m(D8::GFP was coexpressed with either UAS-Kir2.1 (Baines et al., 2001) to silence the
neurons, UAS-SDN (Mosca et al., 2005) to induce hyperexcitability, or no transgene (WT control). Segmental nerves from third
instar larvae were coimmunostained for GFP (green) and the neuronal MAP1B homolog Futsch (red). B, The extent of axonal
degeneration at different time points after injury was quantified by scoring the axon degeneration index as described in Materials
and Methods; n = 20 axons for each condition and genotype. Genotypes used: WT [m12-Gal4, UAS-m(D8::GFP/+ (Canton S
background)], Kir2.1 [m12-Gal4, UAS-mCD8::GFP/UAS-Kir2.1], SDN [m12-Gal4, UAS-m(D8::GFP/UAS-SDN]. C, Representative
images of muscle 4 NMJsin wild-type (WT) or SDN animals. WT synapses remain predominantly intact at 10 h after injury; however,
synapses formed by motoneurons expressing SDN (using the pan-motoneuron driver 0K6-Gal4) were significantly degenerated by
this time. Genotypes used: WT [0K6-Gal4/+; +/+], SDN [0K6-Gal4/ +; UAS-SDN/+-1. Scale bars, 100 ..m. D, Quantification of
the time course (0,8, 10, 16, or 25 h after injury) of NMJ degeneration. The NMJ degeneration index was calculated from comparing
the immunostaining with anti-HRP antibodies (red), and the presynaptic cytoskeletal marker, Futsch (green) as described in
Materials and Methods; n = 20 NMJs for each condition and genotype. Error bars represent SEM. *p << 0.05, **p << 0.01, ***p <
0.001, based on one-way ANOVA with Tukey's post hoc test.

from synapses undergoing Wallerian degeneration (Xiong and Col-
lins, 2012). The anti-HRP staining was therefore used to estimate the
length of the original synaptic bouton arbor. Many other presyn-
aptic proteins disappear completely from degenerating synapses
within 24 h of injury (Xiong and Collins, 2012), so we measured the
extent of the presynaptic arbor using one such marker, the microtubule
binding protein Futsch (Hummel et al., 2000; Roos et al., 2000). Syn-
apses formed by motoneurons expressing SDN initiated degenera-
tion at an earlier time point than control synapses (Fig. 1C). The
extent of degeneration that is normally seen at 16 h at control syn-
apses was observed at 8 h in SDN mutants (Fig. 1D). Together with
the effects of neuronal silencing, these results suggested that the ex-
citable properties of the neuronal membrane could strongly influ-
ence the rate of axonal degeneration.

Acute “silencing” delays axonal and synaptic degeneration
The above genetic manipulations induced chronic silencing or hy-
perexcitability in motoneurons. To address whether membrane

excitability before, during, or after injury could influence degenera-
tion, we used conditional alleles of the voltage-gated sodium channel
subunit, para. The para® mutations have been well characterized for
their ability to acutely alter neuronal excitability (Suzuki et al., 1971;
Siddigi and Benzer, 1976; Wu and Ganetzky, 1980; O’ Dowd et al.,
1989; Loughney et al., 1989). In these mutants, action potentials are
blocked (and animals are paralyzed) at the elevated nonpermissive
temperature (Siddiqi and Benzer, 1976; Wu and Ganetzky, 1980;
Ganetzky et al., 1986). We treated para®' and wild-type control an-
imals with the five paradigms outlined in Figure 2A, and visualized
the degeneration of GFP-labeled single motoneurons. In all para-
digms, including 6 h shifts to the nonpermissive temperature, ani-
mals recovered motility in noninjured parts of the body within
seconds of returning to the permissive temperature.

Shifting para mutants to the nonpermissive temperature ei-
ther before or during the injury had no effect upon the rate of
degeneration compared with controls (Fig. 2Aa,Ac). In con-
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Figure2. Acutesilencing after injury delays axonal degeneration. 4, Schematic for neuronal silencing at different time points
with respect toinjury (indicated by the lightning bolt). WT and para " larvae were subjected in parallel to the following paradigms:
Aa, a constant temperature of 25°C; Ab, shifted to 37°C (a nonpermissive temperature which induces paralysis) for 6 h before
injury; Ac, shifted to 37°Cfor 5 min during injury (see Materials and Methods), Ad, shifted to 37°Cfor the first 6 h after injury, or Ae,
shifted to 37°C for hours 6 —12 after injury. For all conditions, animals were dissected and processed for visualization at 12 h after
injury. B, Representative images for indicated conditions and genotypes. The axons, labeled by expression of UAS-m(D8::GFP with
the m12-Gal4 driver, remained intact in para*" mutants shifted for 6 h after injury (condition d). Scale bar, 100 wm. €, Quantifi-
cation of the axon degeneration index for all conditions. The extent of axonal degeneration at different time points after injury was
quantified by scoring the axon degeneration index for =20 axons for each genotype, as described in Materials and Methods. Error
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that is influenced by the para subunit of
voltage gated sodium channels plays an
important role in the initiation of axonal
degeneration in Drosophila motoneurons.

Electrophysiology of NM]J synapses
after injury

The finding that silencing via the temper-
ature shift in para mutants after injury in-
hibited axonal degeneration was puzzling.
Previous studies in other systems sug-
gested that it was unlikely that the distal
stump would initiate action potentials on
its own (Birks et al., 1960; Miledi and
Slater, 1970; Tsao et al., 1999) but to di-
rectly address this possibility, we made in-
tracellular recordings from muscle 6 in
wild-type larvae. When the acutely cut
nerve (0 h after cut) was drawn into a suc-
tion electrode and stimulated with pulses
of increasing intensity, the pattern of
postsynaptic responses indicated that two
axons could be recruited. The lower
threshold axon typically produced re-
sponses of 2-6 mV (mean = 2.4 * 0.9
mV) and the sum of both axons produced
a response of 10-35 mV (mean = 17 *
6.8 mV; Fig. 5A,B). From this it can be
inferred that the higher threshold axon on
its own, ignoring any nonlinear summa-
tion, would be expected to produce a re-
sponse of 8-29 mV. Responses to
stimulating both axons could still be
evoked 3 h after a crush, but no evoked
EJPs were observed 6 h after a crush. This
loss of synaptic function occurred earlier
than the loss of axonal or NM]J continuity
(Fig. 1; Xiong and Collins, 2012). Figures
1 and 5 show degeneration phenotypes for

bars represent SEM. ***p << 0.001, based on one-way ANOVA with Tukey's post hoc test.

trast, shifting to the nonpermissive temperature during the first
6 h after injury (Condition d in Fig. 2Ad) significantly delayed
axonal degeneration. Control animals subjected to this paradigm
showed ~80% axonal degeneration by 12 h after injury. In con-
trast, in para mutant animals <5% of the axons had degenerated
at 12 h (Fig. 2C). The degeneration of the NMJ synapse was
similarly delayed (Fig. 3). The axons of para mutant larvae treated
with condition d remained intact 16 h after the injury, but
showed signs of partial degeneration at 22 h after the injury, and
had completely degenerated 30 h after the injury (Fig. 4A, B). We
observed similar results with a different allele of para, para®"°
(Fig. 3). These observations suggested that sodium channel func-
tion affects degeneration events after injury, which presumably
occur in the distal stump independently of the cell body.

To further determine the timing for the effect of the para
mutations upon degeneration, we reduced the time of the tem-
perature shift after injury. A temperature shift of para®' for only
1 h immediately after the injury was sufficient to confer partial
protection against axonal degeneration, however a 1 h shift initi-
ated 3 h after injury had only a mild effect upon degeneration
(Fig. 4C,D). We conclude that an aspect of neuronal physiology

different motoneurons, but we observed

that all motoneurons and NMJs degener-

ated with a similar rate. Moreover, the
para mutations inhibited the loss of synaptic function from all
injured NMJs (data not shown).

Spontaneous EJPs recorded from muscles connected to intact
(uninjured) nerves (Fig. 5C,D) included many large events (5-35
mV) as well as much more frequent small events (0.25-5 mV).
Based on the similarity of the amplitudes of the large events to the
three size classes of EJPs revealed by nerve stimulation (axon 1
only, axon 2 only, and both axons), we conclude that these large
events were the result of spikes initiated in the intact CNS. Once
the nerve had been cut or crushed, only small spontaneous events
(mean = 0.0.84 mV at 0 h) were observed. From the absence of
any spontaneous large events at times we demonstrated that stim-
ulation could still produce them, we conclude that neither of the
two distal axon stumps fired spontaneous action potentials.

The amplitude of the spontaneous miniature potentials was
unchanged in the first 6 h after a nerve crush, but their frequency
declined dramatically by 3 h and even further by 6 h. Neither the
amplitude nor the frequency of the small spontaneous EJPs ob-
served immediately after a nerve crush were altered by TTX treat-
ment, which also supports the conclusion that none of these
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Acute silencing after injury delays synaptic degeneration. A, Representative images from muscle 4 NMJs in wild-type (WT), para"®", and para
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mutants 16 h after injury, treated

according to the indicated conditions. In WT animals, in either Condition a or d, the presynaptic marker Futsch (green) completely disappeared, whereas the neuronal membrane, labeled with
anti-HRP (red) remained in discontinuous fragments. In contrast, NMJs in both para " and para *"”® mutants remain continuous and intact when shifted to 37°Cfor 6 h after injury. B, Quantification
of the NMJ degeneration index (see Materials and Methods) shows that both alleles of para protect synapses from degeneration when shifted for 6 h after injury; n = 20 NMJs for each genotype.
Scale bar, 100 m. Error bars represent SEM. ***p << 0.001, based on one-way ANOVA with Tukey's post hoc test.

events were the consequence of action potentials in the distal
stumps.

An ex vivo assay for axonal degeneration reveals no effect for
sodium channel blockade

Our inability to detect action potentials in the distal stump raised
the question of what function voltage-gated sodium channels
might play in regulating axonal degeneration. To probe this ques-
tion, we used an “ex vivo” method (see Materials and Methods)
that gave sufficient access to the axons to use pharmacological
reagents. Even with HL3 solution exchanged for the hemolymph
and most of the organs of the body removed, the changes in the
axons were quite similar to that observed in vivo after a crush.
Within 20 h of incubation, axonal sprouting was observed in the
proximal stumps, whereas distal stumps and NMJs became ex-
tensively fragmented (Fig. 6A). Uninjured axons and synapses
remained intact, and no evidence of apoptosis was observed. Mu-
tations that inhibit axonal and synaptic degeneration in vivo, in-
cluding the WidS mutation (Coleman and Freeman, 2010; Xiong
and Collins, 2012), and expression of Kir2.1, dramatically inhib-

ited degeneration in the ex vivo assay (Fig. 6B). Likewise, expres-
sion of SDN accelerated the rate of degeneration, and shifting of
the para mutants within the first 6 h after injury delayed degen-
eration (Fig. 6C). These observations suggest that axonal and
synaptic degeneration in this ex vivo preparation involves the
same cellular events that take place in vivo.

In contrast to the genetic manipulations of sodium channels,
application of TTX in the ex vivo assay did not alter the rate of
axonal and synaptic degeneration (Fig. 6 D, E). This is not because
the TTX could not reach the axonal sodium channels, since the
TTX application successfully blocked evoked EJPs (Fig. 5A,B),
even after a 20 h incubation in HL3. This observation supports
the interpretation that sodium channels do not regulate degen-
eration by driving action potentials in the distal stump.

Reduction in levels of the para sodium channel confers
temperature-sensitive resistance to degeneration

The observation that mutations in para can protect axons from
degeneration suggests that sodium channel function is indeed
involved in some way in regulating degeneration. This function
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Figure4. Further characterization of the effect of electrical silencing on axon degeneration. A, Schematic of different conditions upon K™ channel function. Because action

to investigate the extent to which degeneration is delayed by the temperature shift of para®'

animals. Animals were dissected
after varying periods of time after a 6 h shift to the nonpermissive temperature (37°C), which was initiated after injury. B,
Quantification of the axon degeneration index quantified for wild-type (WT) and para® larvae subjected to the conditions
outlined in A. €, Further characterization of the time window for the protective effect of the para®' temperature shift. Animals
were shifted to 37°Cfor 1 eitherimmediately following injury (Condition f), or 3 h after injury (Condition g). The remainder of the

potentials do not appear to take place in the
distal stump, these effects are unlikely to in-
volve nerve excitability per se; rather, they
may involve changes in the resting mem-
brane potential.

16 h after injury was spent at 25°C. D, Quantification of the axon degeneration index for wild-type (WT) and para®' larvae

subjected to the conditions outlined in €. Inactivation for the first hour after injury was sufficient to inhibit axonal degeneration
(compare condition fto Condition d2). In contrast, a 1 h shift initiated 3 h after injury was only mildly protective. The mean == SEM
degeneration index was measured from =20 axons for each genotype and condition, as described in Materials and Methods.

**p < 0.01,***p < 0.001, based on one-way ANOVA with Tukey’s post hoc test.

could potentially reflect an action of sodium channels that are
insensitive to TTX (possibly via an as yet uncharacterized iso-
form of para). However, the more likely explanation is that
Para-containing sodium channels influence axonal degeneration
via an indirect mechanism. To test this possibility, we altered
sodium channel expression using a different approach.

For many temperature-sensitive mutations, the molecular ac-
tion of the protein becomes inactivated specifically upon the shift
to a higher temperature. However, an alternative mechanism, which
has been suggested for para mutants, is that the mutation leads to
lowered expression of sodium channels that function normally at
both normal and elevated channels. (Loughney et al., 1989;
O’Dowd etal., 1989). The failure to generate action potentials at high
temperatures is attributed to having too few sodium channels to
overcome the more rapid activation of potassium currents that also

para mutants influence intra-axonal
Ca’* levels

In studies of mammalian cultured neu-
rons a critical event in Wallerian degener-
ation is a rise in intracellular calcium
levels. Degeneration can be delayed by reducing extracellular
[Ca**] for cultured neurons (Schlaepfer and Bunge, 1973;
George et al., 1995). Conversely, increasing intracellular [Ca*™]
with calcium ionophores induces degeneration and overcomes
the protective effect of the WIdS mutation (Glass et al., 1994;
George et al., 1995). We therefore hypothesized that the Na * and
K™ currents of axons may influence axonal degeneration by in-
fluencing Ca** entry.

We first confirmed that extracellular [Ca?"] influences ax-
onal degeneration in Drosophila motoneuron axons, using the ex
vivo assay, by observing the extent of degeneration 20 h after a
nerve crush. When animals were dissected and placed into cul-
ture with HL3 containing 0 mMm CaCl, and 1 mm EGTA within 15
min after the nerve crush injury and maintained in this 0 Ca*"
media for the rest of incubation, degeneration was dramatically
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inhibited (Fig. 84, Condition B). Holding
calcium low for shorter periods of time
(the first 3 h, the first 6 h, or hours 6-20)
also produced a significant, albeit more
modest, inhibition of degeneration (Fig.
8A, Conditions C-E). Extracellular
[Ca**]is therefore important throughout
the lag period between injury and the on-
set of axonal degeneration, including the
first 3 h after injury when the para® shift is
most effective.

If the Na* and K" channel currents
influence axonal degeneration by pro-
moting Ca*" entry, then the protective
effect of reducing extracellular [Ca*™)
should be epistatic to the paraand SDN mu-
tations. Indeed, the temperature shifted
para animals, when incubated in 0 mm
[Ca**], showed a similar degree of axonal
degeneration to WT animals incubated in 0
mwm [Ca**] (Fig. 8B). Hence, the protective
effects of 0 mm [Ca**] and the para muta-
tion are not additive. Incubation in 0 mMm
[Ca?"] also inhibited the prodegenerative
effect of SDN mutations (Fig. 8C). The epis-
tasis of extracellular [Ca*"] supports the
model that the Na* and K mutations in-
fluence axonal degeneration by influencing
the entry of Ca®" into the axon.

To study the dynamics of intra-axonal
calcium during degeneration, we mea-
sured the fluorescence of the genetically
encoded Ca*" reporter, GCaMP 3.0 (Tian
et al., 2009), which was expressed in mo-
toneurons using the pan-motoneuron
driver OK6-Gal4. Figure 8D shows the
mean GCaMP 3.0 intensity measure-
ments made from five nerves in two un-
injured larvae and from 24 nerves in 14
injured larvae, at time points after injury
ranging from 15 min to 9.5 h. The GCaMP
intensity of uninjured axons was assigned
a relative value of 1, and the intensity of
this signal did not change significantly
during 3 h of observation. In contrast,
from the first time that the calcium signal
from injured axons could be measured (15
min after injury) GCaMP intensity was sig-
nificantly elevated (Fig. 8 D, E). This rise in
intracellular [Ca**] depended upon extra-
cellular [Ca*™], because it was abolished by
placing the preparation into HL3 contain-
ing 0 mM calcium (Fig. 8E). The increase in
GCaMP 3.0 signal persisted for ~4 h (Fig.
8D), which is consistent with the 3 h period
after injury that we found was particularly
sensitive to para manipulations. We had no
way of determining whether degradation of
GCaMP 3.0 also contributed to the decline

in the intensity of the signal, but because the signal intensity gradu-
ally rose between 6 and 10 h after injury (consistent with a second rise
in axonal [Ca®"] as axons begin to degenerate) considerable
GCaMP 3.0 must have been present over the entire time period

Mishra et al. @ Regulation of Axonal Degeneration

A B

Oh after Cut

[ cCut
Il Crushed

25
20 il
L

3h after Crush

(mV)
o

eEJP Amplitude
=)

(5]

0 LowHigh LowHigh Low High -TTX +TTX

6h after Crush
[}

Oh 3h 6h Oh
0h after Cut (+TTX)
_
5mV
30ms 250 Intact
C D 2.0
g
Intact
2 150
o
2 100
0h after Cut g
2 50
P I . TR
[l iI 1]
0Oh after Crush 0 0 5 10152025 30 3540
EJP amplitude (mV)
3h after Crush i
R 250 Injured
(2]
6h after Crush § 200
2 150
o
Oh after Cut (+TTX) 2 100
S e A S~ £
3 50
5mV
200ms 0 0 571015202530 35 40
EJP amplitude (mV)
E cut
1.5 [l Crushed
g oy
E 5
s -
o N
- 22
o o
o i
£ £
Oh Oh 3h 6h  -TTX +TTX Oh Oh 3h 6h  -TTX +TTX
Figure5.  Electrophysiology of injured NMJ synapses on muscle 6 of wild-type (Canton S) larvae. A, Representative traces from

evoked EJP recordings, conducted either 0, 3, or 6 h after injury, or in the presence of 1 .um TTX. Because muscle 6 in innervated by
two neurons, we gradually increased the amplitude of the stimulation to sequentially recruit the two axons. Representative events
from the axon with a lower stimulation threshold are shown superimposed with larger events reached by stimulation of both
axons. B, Quantification of mean evoked EJP amplitudes for the low stimulus threshold axon (low) and the combined axons (high
stiumulus) at muscle 6. Evoked EJPs could not be detected 6 h after injury or in the presence of TTX immediately after injury. The
dotted line indicates the mean amplitude of the spontaneous mEJP events. C, Representative recordings made from muscle 6,
which show spontaneous activity from intact (top row) or injured (bottom five rows) segmental nerves. For the “cut” injury,
animals were prepared according to the standard paradigm of cutting the nerves immediately after dissection before recording
(Zhang and Stewart, 2010). For the “crush” injuries, animals were dissected in HL3 solution either 0 h (~2 min), 3 or 6 h after the
nerve crush. D, Distribution of spontaneous EJPs measured at muscle 6 when nerves were intact (uninjured), or injured (cut)
immediately before recording. Data were derived from three intact preparations and 10 injured preparations. £, Quantification of
mean mEJP amplitudes and frequencies recorded from the different conditions. There is no difference in mEJPs from crushed or cut
nerves. In animals dissected 3— 6 h after nerve crush, there was a significant decrease in mEJP frequency. Supporting the interpre-
tation that all of the spontaneous events recorded were minis, we detected no change in the presence of TTX; n = 10 recordings
(NMJs) for each condition. Error bars represent SEM. ***p << 0.001, based on one-way ANOVA with Tukey's post hoc test.

measured. These observations are consistent with other studies that
have measured a rise in calcium during the lag phase between the
actual injury and the initiation of degeneration (Mata et al., 1986;
LoPachin et al., 1990; Adalbert et al., 2012).
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Ex vivo study revealed no effects of TTX on axonal or synaptic degeneration at room temperature. A, The Gal4/UAS system was used to express UAS transgenes specifically in two

fasiculated motoenurons similarly to Figure 1.4, Examples of proximal and distal stumps at 20 h after injury from ex vivo and in vivo preparations. B—E, The extent of axonal degeneration at different
time points after injury was quantified by scoring the axon degeneration index as described in Materials and Methods. Hatched bars indicate experiments using the ex vivo assay; n =20 axons for
each condition and genotype. Genotypes used: WT [m12-Gal4, UAS-m(D8:GFP/+ (Canton S background)], Wid® [m12-Gal4, UAS-m(D8::GFP/UAS-WId], Kir2.1 [m12-Gal4,
UAS-mCD8::GFP/UAS-Kir2.1], SDN [m12-Gal4, UAS-mCD8::GFP/UAS-SDN] and para ™' [para ' /Y; m12-Gal4, UAS-m(D8::GFP/+-1. €, Animals were shifted to 37°Cfor 6 h after injury, then brought
back to 25°Cfor 14 h before dissection. Axons in the para mutant were protected from degeneration similarly at comparable time points in vivo (Fig. 44). D, E, Quantification showing axonal and NMJ
degeneration index from wild-type larvae in the absence or presence of 1 um TTX. TTX did not affect of the extent of axonal or synaptic degeneration. Error bars represent SEM. ***p << 0.001, based

on one-way ANOVA with Tukey's post hoc test.

If the para mutations inhibit Ca*" entry, then they should
inhibit the increase in intra-axonal [Ca* "] after injury. The base-
line GCaMP 3.0 intensity in uninjured axons was elevated in para
mutant animals compared with control, but it was striking that
we observed no significant increase in GCaMP 3.0 intensity after
injury (Fig. 8F). Conversely, the SDN mutations that accelerated
degeneration caused an increase in GCaMP 3.0 intensity similar
to wild-type at 15 min, but the calcium level at 3 h postinjury was
significantly elevated above controls (Fig. 8G). These findings
suggest that manipulating the Na* or K™ channels regulate ax-
onal degeneration by influencing the entry of Ca** into the distal
axon.

Discussion

Na* and K* currents in distal axons influence

Wallerian degeneration

Wallerian degeneration of injured axons appears to be an active
process, and recent studies have identified a number of molecules
whose function is required for Wallerian degeneration to procede
(for review, see Wang et al., 2012). However, less attention has
been paid to the electrical and synaptic activities of axons, which
also change dramatically after injury (Birks et al., 1960; Hunt and
Nelson, 1965; Miledi and Slater, 1970; Moldovan et al., 2009). We
have considered whether such changes can influence the process
of Wallerian degeneration. Using a Drosophila injury model to
study the degeneration of motoneuron axons in vivo, our findings
indicate that the channels that regulate neuronal excitability

make an important contribution to regulating the Wallerian de-
generation process.

Although injury itself can induce action potentials in the distal
stump (Ambron and Walters, 1996; Abegg, 2007), our condi-
tional silencing experiments at different time points suggest that
any action potentials at the time of injury do not affect the degen-
eration process. Instead, shifting para mutations to the nonper-
missive temperature within the first several hours after injury
inhibited axonal and synaptic degeneration. This was perplexing,
because the distal stump of an injured axon was not expected to
initiate action potentials. Indeed, our electrophysiological re-
cordings at the larval NM]J revealed no evidence for such action
potentials in injured motoneurons. Moreover, application of
TTX, at concentrations that silence action potentials, did not
affect the rate of axonal degeneration. We interpret this to mean
that Na* and K* channels influence degeneration indepen-
dently of the presence of spikes.

Ca’” influx during the lag phase after injury promotes

axonal degeneration

A key event in the degeneration of injured axons in mammals is
the entry of Ca®" through plasma membrane channels, because
reducing extracellular calcium or adding calcium channel inhib-
itors to injured axons can inhibit degeneration (Schlaepfer and
Bunge, 1973; George et al., 1995). Although the injury itself in-
duces an acute rise in intra-axonal Ca*" (Ziv and Spira, 1993;
Knoferle et al., 2010; Avery et al., 2012), this increase is short-



18736 - ). Neurosci., November 27, 2013 - 33(48):18728 —18739

lived as the membrane reseals (Ziv and
Spira, 1995; Eddleman et al., 1998). Al-
though this spike is important for acute
axonal degeneration close to the injury
site (Knoferle et al., 2010), its role in the
Wallerian degeneration of axonal seg-
ments distant to the injury has been de-
bated (George et al., 1995; Adalbert et al.,
2012), due to the long lag phase between
the initial Ca** spike and initiation of de-
generation. Our present study has pro-
vided further investigation of this lag
phase, both through timing-of-action ex-
periments and in vivo Ca®" imaging over
long time frames. Our results support the
model that Ca*" influx during the lag
phase after injury promotes degeneration.
During this time frame, the para muta-
tions are protective when shifted to the
nonpermissive temperature, and intra-
axonal [Ca?"] becomes elevated in distal
axons. This elevation depends upon extra-
cellular [Ca®™] (hence reflects Ca** en-
try) and is influenced by the para and
SDN mutations.

Interaction between sodium and
potassium currents and

calcium signaling

If intracellular free calcium is the key reg-
ulator, then the ability of changes in the
activity of Na* channels and K™ channels
to alter the extent of degeneration could
be readily explained. One possibility is
that there are changes in resting mem-
brane potential of the distal axonal mem-
brane by enhanced opening or closing of
endogenous channels. Alternatively,
changes in intracellular ion concentration
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Figure7.  Areduction of para transcript conferred temperature-sensitive resistance to degeneration. A, The axon degeneration
index for m12-Gal4, UAS-m(D8:GFP labeled neurons was quantified for neurons in which the para transcript was disrupted by the
expression of two different double-stranded RNAi transgenes that target para (black bars), compared with a control RNAi
transgene that targets moody, which is not expressed in motoneurons (Bainton et al., 2005; Schwabe et al., 2005), and
wild-type animals. Animals were examined 16 h after injury after continuous incubation at 25°C (unshifted), or after being
shifted to 37°C for the first 6 h after injury, followed by 25°C for the remaining 10 h. Genotypes used: WT [m12-Gal4,
UAS-m(D8::GFP/+ (Canton S background)], control [m12-Gal4, UAS-mCD8::GFP/UAS-moody-RNAil, para-RNAi [m12-Gal4,
UAS-m(D8::GFP/UAS-para-RNAi-BL31676] or [m12-Gal4, UAS-m(D8::GFP/UAS-para-RNAi-BL31471]. B, Quantification of the
NMJ degeneration index. Animals expressing the same UAS-RNAI transgenes as in A using the pan-neuronal BG380-Gal4 driver,
were subjected to the same injury and temperature-shift protocol. , The axonal degeneration index was quantified for m12-Gal4-
labeled axons in the ex vivo assay, in the absence or presence of 1 wum TTX. Wild-type larvae were shifted to 37°Cfor 6 h, and then
incubated at 25°C for the remaining 14 h. The temperature shift caused TTX to become protective (compare with Fig. 6F). D, Axon
degeneration index in the ex vivo assay in the absence or presence of 6 mu 4-aminopyradine (4-AP). WT (Canton S) or para™’
mutants were shifted to 37°C for the first 6 h, followed by 25°C for the remaining 10 h. Inhibition of K ™ channels with 4-AP
suppressed the protective effect of the para mutation. *p << 0.05, ***p << 0.001, based on one-way ANOVA with Tukey's post hoc
test.

might change the current flowing through

the same constellation of open channels. Ei-

ther change would influence the probability of Ca”" influx
through voltage gated Ca®" channels. Changes in the excit-
ability of injured distal axons have been previously inferred
through electrophysiological studies (Moldovan et al., 2009).
x-ray microprobe analysis of elemental distributions in injured sci-
atic nerves have also noted changes in the levels of axonal K and N,
which precede changes in Ca (LoPachin et al., 1990).

If the initial effect of injury is a slight depolarization from the
normal resting potential, this depolarization would bring the
membrane potential into a range where voltage-gated Ca>* chan-
nels can open and further depolarize the membrane. However, if
Na " channels are too few to elicit spontaneous action potentials, the
membrane potential would stabilize at a depolarized level. In this
potential range, Ca*>" channels could repeatedly open and close
without becoming trapped in the inactivated state, and a standing
Ca*" current would be produced. The protective (Kir2.1) and pro-
degenerative (SDN) K™ channel manipulations would act by mak-
ing the final membrane potential more negative or more positive
respectively, thus modulating the amplitude of the calcium conduc-
tance.

The action of the para mutant is more complex. Although the
mutant paralysis phenotype is only manifest at elevated temper-

2+

ature, the molecular defect (a decreased expression of channels
with normal function) is already present at normal temperature
(Loughney etal., 1989; O’'Dowd et al., 1989). At elevated temper-
ature the mutation is paralytic because there is more rapid acti-
vation of K™ currents, and the reduced number of Na ™ channels
is unable to overcome the enhanced K * current and drive the cell
past threshold (Nelson and Wyman, 1990). Our results suggest
that at 25°C, Na ™ channels have no role in regulating degenera-
tion, as TTX has no effect on the process, and degeneration in the
unshifted para mutants is no different from in wild-type larvae.
In contrast, at elevated temperature, para mutations (and TTX)
are protective. The likely explanation is that with normal levels of
functional Para protein, the enhanced K* current at elevated
temperature is countered by sufficient levels of Na™ channel
function. However, when Para protein levels are low (or Na™
channels are inhibited by TTX) the enhanced K* currents drive
the cell to a potential too negative for Ca** influx, and hence
degeneration is slowed.

It is of interest to compare Wallerian degeneration to axonal
degeneration after other forms of injury, such anoxic and isch-
emic damage, and loss of myelination (for review, see zharv;
58Stys, 2005). In these other models, injured axons can still
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Methods for details. The increase in fluorescence from injured axons (15 min after injury) varied slightly between experi-
ments (from eightfold in D to fourfold in E and fivefold in F). However in each case, the GCaMP intensity measured in
different nerves and in different animals for the same experimental condition, was quite similar. E, The increase in
intra-axonal Ca2* after injury required external Ca®". Animals were dissected 15 min after injury and imaged in HL3
media containing either 1 mm CaCl, or 0 mm Cadl, (supplemented with 1 mm EGTA). GCaMP fluorescence intensity was
normalized to uninjured axons imaged concurrently under identical conditions. F, Para mutations inhibit increases in
axonal Ca*" after injury. GCaMP fluorescence was measured in WT [OK6-Gald, UAS-GCaMP/+] or para® [para®"®’
0K6-Gal4, UAS-GCaMP/+] larvae as described above. Animals were raised at 25°C and shifted to 37°C immediately after
injury. G, Intra-axonal Ca?™ was enhanced at 3 h after injury in SDN mutants (0K6-Gal4, UAS-GCaMP3.0/+; UAS-SDN)
compared with control animals containing the same number of UAS-transgenes (0K6-Gal4, UAS-GCamp3.0/+; UAS-
moody-RNAI); n = 15 nerves for all experiments. **p < 0.01, ***p < 0.001, based on one-way ANOVA with Tukey’s post
hoc test.
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experiences action potentials, and Na™
channel inhibitors such as TTX are pro-
tective (Stys et al., 1992; Bechtold et al.,
2005). In contrast, TTX does not inhibit
Wallerian degeneration after acute injury
(George et al., 1995; Press and Milbrandt,
2008; and this study), and action poten-
tials do not appear to take place. An inter-
esting similarity for all of these injury
models, is that axonal degeneration can be
inhibited by the WidS mutation (Gilling-
water et al., 2004; Kaneko et al., 2006;
Coleman and Freeman, 2010). A recent
study suggests that the WIdS mutation can
prolong the ATP generating capacity of
distal axons (Shen et al., 2013), which is
important for the maintenance of the
membrane potential via the Na /K™ ex-
changer, a major consumer of ATP in
axons. The changes in elemental distribu-
tion during Wallerian degeneration are
consistent with a run-down in Na*/K™*
exchanger function (LoPachin et al.,
1990), even though the absence of action
potentials predicts a low demand for its
activity. Because our study suggests that
Na* and K* currents can influence degen-
eration even in the absence of action poten-
tials, a rundown of Na /K™ exchanger
function, which can be coupled to a run-
down of mitochondrial function, may be
relevant for Wallerian degeneration as well
as other injury models. In this scenario, the
WIdS mutation might protect axons by in-
hibiting changes in membrane potential
and subsequent Ca" influx.

Conclusions

In this study we have found that the de-
generation of injured axons is strongly
influenced by manipulating the excit-
ability of the axonal membrane, even
though injured axons do not initiate ac-
tion potentials on their own. Na™ and
K™ currents in distal axons most likely
regulate degeneration by influencing
the entry of external Ca>" during the lag
phase after injury.

Although this study has focused upon
Drosophila motoneurons, para” muta-
tions are also protective for Drosophila
sensory neurons (data not shown). Ax-
onal degeneration takes place with differ-
ent kinetics in different neuron types;
however, the protection of all axons by
mutations, such as WIdS, suggests a uni-
versal underlying mechanism for axonal
degeneration. Na™ and K™ ion perme-
abilities of axonal membranes are features
that vary between individual cell types;
hence, these differences may contribute to
the unique kinetics of Ca*>* entry and de-
generation in different cell types.
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Much remains to be learned about the mechanism of axonal
degeneration, in particular the actions and relationships of re-
cently identified molecular players in the process: Nmnat (Gilley
and Coleman, 2010), Sarm (Osterloh et al., 2012), Hiw (Xiong et
al., 2012; Babetto et al., 2013), and JNK (Miller et al., 2009; Bar-
rientos et al., 2011). These factors may potentially influence de-
generation upstream or in parallel to Na* and K™ channels by
influencing the permeability of the axonal membrane to Ca*™.
Alternatively, some of these molecules may function in a signal-
ing pathway that becomes stimulated by the Ca** influx. Our in
vivo and ex vivo assays to study axonal degeneration in Drosophila
motoneurons allow for a combination of genetic, electrophysiol-
ogy, imaging, and pharmacology approaches to understand this
intriguing pathway.
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