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Development/Plasticity/Repair

ZPK/DLK and MKK4 Form the Critical Gateway to Axotomy-
Induced Motoneuron Death in Neonates

Takayuki Itoh,"* Makoto Horiuchi,'* Raymond H. Ikeda Jr,’ Jie Xu,’ Peter Bannerman,>?
Josef M. Penninger,* Cathy Tournier,’ and Aki Itoh'>

Department of Neurology, School of Medicine and 2Department of Cell Biology and Human Anatomy, University of California, Davis, Davis, California

David Pleasure,!

95616, *Institute for Pediatric Regenerative Medicine, Shriners Hospitals for Children Northern California, Sacramento, California 95817, 4Institute of
Molecular Biotechnology of the Austrian Academy of Science, 1030 Vienna, Austria, and *Faculty of Life Sciences, University of Manchester, Manchester
M13 9PT, United Kingdom

Motoneuron death after transection of the axons (axotomy) in neonates is believed to share the same mechanistic bases as naturally
occurring programmed cell death during development. The c-Jun N-terminal kinase pathway is activated in both forms of motoneuron
death, but it remains unknown to what extent these two forms of motoneuron death depend on this pathway and which upstream kinases
areinvolved. We found that numbers of facial motoneurons are doubled in neonatal mice deficient in either ZPK/DLK (zipper protein kinase,
also known as dual leucine zipper kinase), a mitogen-activated protein kinase kinase kinase, or in MKK4/MAP2K4, a mitogen-activated protein
kinase kinase directly downstream of ZPK/DLK, and that the facial motoneurons in those mutant mice are completely resistant to axotomy-
induced death. Conditional deletion of MKK4/MAP2K4 in neurons further suggested that ZPK/DLK and MKK4/MAP2K4-dependent mecha-
nisms underlying axotomy-induced death are motoneuron autonomous. Nevertheless, quantitative analysis of facial motoneurons during
embryogenesis revealed that both ZPK/DLK and MKK4/MAP2K4-dependent and -independent mechanisms contribute to developmental elim-
ination of excess motoneurons. In contrast to MKK4/MAP2K4, mice lacking MKK7/MAP2K?7, another mitogen-activated protein kinase kinase
directly downstream of ZPK/DLK, conditionally in neurons did not have excess facial motoneurons. However, some MKK7/MAP2K7-deficient
facial motoneurons were resistant to axotomy-induced death, indicating a synergistic effect of MKK7/MAP2K7 on axotomy-induced death of
these facial motoneurons. Together, our study provides compelling evidence for the pivotal roles of the ZPK/DLK and MKK4/MAP2K4-
dependent mechanism in axotomy-induced motoneuron death in neonates and also demonstrates that axotomy-induced motoneuron death is
not identical to developmental motoneuron death with respect to the involvement of ZPK/DLK, MKK4/MAP2K4 and MKK7/MAP2K7.

Key words: injury response; mitogen-activated protein kinase; programmed cell death

grammed cell death (NPCD), a physiological process during de-
velopment that establishes quantitative neuron—target matching
by elimination of excess neurons (Buss et al., 2006). When
developing MNs are susceptible to NPCD, the MNss that fail to
establish axonal contact with target skeletal muscle fibers un-
dergo apoptosis as a result of lack of muscle-derived trophic

Introduction

Injury responses of motoneurons (MNs) after transection of
their axons (axotomy) vary depending on their maturational
stages and MN subsets, and the site and type of axonal injury. In
general, axotomized MNs in early neonates undergo acute degen-
erative changes, including substantial neuronal death (Snider et

al., 1992), whereas a large proportion of them survive and regen-
erate axons in adults unless axons are transected in close proxim-
ity to the cell body (Koliatsos et al., 1994; Li et al., 1995). The
mechanistic basis of this axotomy-induced MN death in neonates
is believed to be analogous to that of naturally occurring pro-
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supports, and loss of axonal contact to muscles by axotomy in
neonates thereby results in the same type of MN death as
NPCD (Lowrie and Vrbova, 1992). In line with this, the c-Jun
N-terminal kinase (JNK, also known as stress-activated pro-
tein kinase) pathway is activated in MNs during NPCD (Sun et
al., 2005; Ribera et al., 2007), as well as after axotomy in neo-
nates (Casanovas et al., 2001; Keramaris et al., 2005; Kanungo
et al., 2008). Although these downstream molecular events
leading to apoptosis of axotomized neonatal MNs and NPCD
have been studied intensively, it remains to be elucidated
which upstream kinases in the JNK pathway are involved in
both types of MN death and, moreover, to what extent
axotomy-induced death of neonatal MNs and NPCD do share
the same upstream signaling molecules. In fact, some studies
have suggested contributions of excitotoxic mechanisms to
neuronal death after axonal injury (Lawson and Lowrie, 1998;
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Table 1. Primary antibodies used in this study

Antibody name Application (itation data
Mouse anti-MKK4 monoclonal 1B BD Biosciences catalog #554105, RRID:AB_395242
Rabbit anti-MKK7 1B Cell Signaling Technology catalog #4172, RRID:AB_330914
Rabbit anti-MAP3K12 1B Sigma-Aldrich catalog #HPA039936, RRID:AB_10795239
Mouse anti-3-actin monoclonal IB Cell Signaling Technology catalog #3700S, RRID:AB_2242334
Rabbit anti-3-actin monoclonal 1B Cell Signaling Technology catalog #4970, RRID:AB_2223172
Goat anti-ChAT IHC Millipore catalog #AB144, RRID:AB_90650
Mouse anti-NeuN monoclonal IHC Millipore catalog #MAB377, RRID:AB_2298772
Mouse anti-Islet-1,2 monoclonal IHC Developmental Studies Hybridoma Bank catalog #39.4D5, RRID:AB_528173
Rabbit anti-cleaved Caspase-3 IHC Cell Signaling Technology catalog #9664S, RRID:AB_331453

(Asp175) monoclonal
Rabbit anti-phospho-c-Jun (Ser63) IHC Cell Signaling Technology catalog #9261S, RRID:AB_2130162
Rabbit anti-Iba1 IHC Wako Chemicals catalog #019-19741, RRID:AB_839504
Rabbit anti-neurofilament 200 IHC Sigma-Aldrich catalog #N4142, RRID:AB_477272
Rat anti-myelin basic protein IHC Novus Biologicals catalog #NB600-717, RRID:AB_2139899
8,1 blotting; IHC, i histochemistry.
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Figure 1.  ZPK/DLK-deficient and CNS MKK4/MAP2K4-deficient mice have approximately twofold more facial MNs and facial nerve axons than control littermates. A, Representative confocal
scanning images of the facial nuclei of ZPK/DLK-deficient (tp/tp) mice and wild-type littermates (+/+) at P21 and those of heterozygous (+/flox) and homozygous ( flox/flox) floxed MKK4/
MAP2K4 Nestin—Cre [Tg(Nes::Cre) +/—] transgenic mice at P17. Facial MNs were identified as both ChAT- and NeuN-positive cells. B, Semithin cross-sections (500-nm-thick) of the extracranial
portions of the facial nerves (the site of transection; see Fig. 6A) from the mice corresponding to A. ¢, Quantitative results of facial MNs in A. D, Myelinated axon numbers of the intracranial and
extracranial portions of the facial nerves from the same groups of mice as those of B. The axons of visceral MNs in the intracranial portion of the facial nerve were not counted. £, Inmunoblots for
ZPK/DLK, MKK4/MAP2K4, and MKK7/MAP2K7 to demonstrate the protein levels of the ventral part of the brainstem containing the facial nuclei. One hundred micrograms of total proteins from a
single P7 mouse of each genotype were applied to each lane. For some genotypes, two independent samples are shown to demonstrate the reproducibility. ACTB (beta-actin) was used as a loading
control. **p < 0.01 compared with wild-type or control mice (unpaired ¢ test), and at least three mice were used for quantitative analysis. Scale bars, 100 m.
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Spinal MNs are doubled in CNS MKK4/MAP2K4-deficient mice. 4, Representative confocal images of the fourth cervical (C4), fourth thoracic (T4), and fourth lumbar (L4) spinal segments

from CNS MKK4/MAP2K4-deficient mice [Mkk4 ™/ Tg(Nes::Cre) */~] and controllittermates [Mkk4 /™ Tg(Nes::Cre) ™/~ ]at P17. Cross-sections were immunolabeled for ChAT (red) and NeuN
(green) to visualize MNs as a ChAT-positive neuronal subset (yellow to red). B, Quantitative analysis of MNs in the (4, T4, and L4 spinal segments from the mice of the genotypes as shown in A. MNs
with visible nucleoli were counted in at least nine 6-m-thick cross-sections per animal, and the average number of MNs per section of the anterior horn on one side was calculated. **p << 0.01
compared with littermate control (unpaired ¢ test), and at least three mice were used for quantitative analysis. Scale bar, 100 pm.

Dekkers et al., 2004) and of death receptor-mediated mecha-
nisms to NPCD (Haase et al., 2008).

Our recent finding that ZPK (also known as DLK, MUK, and
MAP3K12; ZPK/DLK hereafter), one of the mitogen-activated
protein kinase (MAPK) kinase kinase in the JNK pathway, is a key
mediator of MN NPCD (Itoh et al., 2011) prompted us to test
the hypothesis that ZPK/DLK-deficient MNs will remain viable
even after axotomy if NPCD and axotomy-induced death of neo-
natal MNs indeed share ZPK/DLK in the cell-death pathway.
Axotomy-induced death of MNs has been studied intensively
particularly in the unilateral facial nerve axotomy model using
neonatal rodents, primarily attributable to its advantages for
quantitative analysis (Moran and Graeber, 2004). Here, using a
unilateral facial nerve axotomy model, we demonstrate that, to
our surprise, neonatal facial MNs deficient in either ZPK/DLK or
MKK4/MAP2K4, a MAPK kinase (MAP2K) directly downstream
of ZPK/DLK, are completely resistant against axotomy-induced
death, indicating that ZPK/DLK and MKK4/MAP2K4 form the
critical gateway to activation of the downstream molecules respon-
sible for execution of the cell-death program in axotomized neonatal
MNs. In contrast, developmental elimination of excess facial MNs is
arather complex process that includes both ZPK/DLK- and MKK4/
MAP2K4-dependent and -independent mechanisms.

Materials and Methods

Animals. ZPK/DLK-deficient mice were derived from the gene-trap em-
bryonic stem cell clone RRN366 (B6;129P2-Map3k12 Gt (RRN30)Byg
Mmucd, RRID:IMSR_MMRRC:030151) as reported in detail in a
previous study (Itoh et al., 2009). MKK4/MAP2K4-flox mice
(Map2k4 ™!, Research Resource Identifier (RRID): MGI_MGI:
3769121) and MKK7/MAP2K7-flox mice (Map2k7'™!1Twad RRID:
MGI_MGI:4948959) were generated by C. Tournier’s laboratory and
J. M. Penninger’s laboratory, respectively, as reported previously (Wang
et al., 2007b; Schramek et al., 2011). Some of those mice were crossed
onto the nestin promoter-driven and the synapsin-1 promoter-driven
Cre recombinase transgenic mice from The Jackson Laboratory [Tg(nes:cre),
RRID:IMSR_JAX:003771 and Tg(synI:cre), RRID:IMSR_JAX:012687, respec-
tively]. Animals were housed in standard laboratory cages with access to food
and water ad libitum and maintained under 12 h light/dark cycles. To obtain
embryos, timed pregnant females were used. All experiments using the ani-

mals were performed in conformity with protocols approved by the Institu-
tional Animal Care and Use Committee of the University of California,
Davis.

Facial nerve axotomy. The main branch of the left facial nerve was
transected at the site beneath the external acoustic meatus (refer to Fig.
6A) at postnatal day 2 (P2) under hypothermia anesthesia, and an ~2-
mm-long segment of the distal nerve end was resected to inhibit regen-
eration. The left retroauricular branch of the facial nerve and the right
facial nerve were left intact. The incision was closed with DERMABOND,
and the pups were allowed to recover on a heated pad before being
returned to the dams. Mice were deeply anesthetized and perfused int-
racardially with PBS, immediately followed by 4% (w/v) paraformalde-
hyde in PBS for tissue collection at 24 h and 5 d after axotomy.

Immunohistochemistry. CNS tissues were processed for immunohisto-
chemistry as reported previously (Itoh et al., 2011). Six- and 12-um-
thick tissue sections were prepared by cryostat (CM1950; Leica), and
75-um-thick sections were by vibratome (VT 100S; Leica). Six and 12
um sections were blocked in the blocking solution [0.4% (w/w) Triton
X-100, 10% (v/v) donkey serum, 15 mm HEPES, and 0.02% (w/v) so-
dium azide in 1 X minimum essential medium without bicarbonate] and
then incubated with primary antibodies in the blocking solution over-
night at 4°C. The primary antibodies used for immunohistochemistry are
listed in Table 1. The sections were washed with PBS, incubated for 1 h in
appropriate secondary antibodies conjugated with rhodamine, DyLight
488, or DyLight 549 (1:500; Jackson ImmunoResearch) at room temper-
ature, and mounted with ProLong Gold antifade reagent with 4,6-
diamidino-2-phenylindole (DAPI; Invitrogen). Thick sections were
processed as whole mounts in situ after fixation in 4% (w/v) paraformal-
dehyde in PBS at 4°C overnight. The sections were incubated in 0.1 M
glycine in PBS, pH 7.3, for 30 min at room temperature, blocked in the
blocking solution for 1 h, incubated in 100% methanol at —20°C for 7
min for permeabilization, rinsed three times in 0.5% Triton X-100 in
PBS, and then incubated with the primary antibodies at 4°C overnight.
The tissues were rinsed three times in 0.5% Triton X-100 in PBS, incu-
bated with secondary antibodies at 4°C overnight, and mounted on slide
glasses after rinsing in 0.5% Triton X-100 in PBS.

Quantitative analysis of MNs and myelinated axons. Consecutive
6-um-thick coronal cryosections of the brainstem were prepared
throughout the rostrocaudal extent of the facial motor nucleus, and every
seventh section was immunostained for choline acetyltransferase
(ChAT) and NeuN. Digitized fluorescent images were captured by a
fluorescent microscope equipped with the Desk Scanning Unit (BX61;
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ZPK/DLK- and MKK4/MAP2K4-dependent mechanism and ZPK/DLK- and MKK4/MAP2K4-independent mechanism contribute to elimination of excess facial MNs during development.

A, IPK/DLK-deficient (zpk/dlk” /%) and (NS MKK4/MAP2K4-deficient [mkk4ox /flex Tg(nes::cre) 7] embryos and their littermate controls were obtained from timed-pregnant mice, and serial
cross-sections of the brainstem were double immunolabeled for Islet-1,2 and cleaved Caspase-3 (arrows and arrowheads). Facial nuclei are delineated by a dotted circle. Representative cleaved
Caspase-3-positive cells (arrowheads in low-power micrographs) and their nuclei are magnified in color and inverted insets, respectively. Scale bars: 100 um; insets, 10 um. B, Quantitative results
of facial MNs and cleaved Caspase-3-positive cells of ZPK/DLK-deficient embryos (tp/tp), wild-type littermates (+/+), and those of heterozygous (+/flox) and homozygous (flox/flox) floxed
MKK4/MAP2K4 Nestin—Cre [Tg(Nes::Cre) S| embryos from E14.5 to E18.5. *p << 0.05, ***p < 0.001, and not significant (NS) compared with the indicated pair or with littermate controls

(unpaired t test). At least four facial nuclei were counted in each dataset.

Olympus) and imaging software (Slidebox; Olympus), and ChAT and
NeuN double-positive cells with a nucleus containing a distinct nucleo-
lus were counted in each section. A total number of facial MNs in each
facial motor nucleus was calculated according to the method by Clarke
and Oppenheim (1995). Myelinated axons were counted in semithin
sections as described previously (Itoh et al., 2011). At least three mice in
each genotype were used for quantitative analysis.

Retrograde labeling with lysinated tetramethylrhodamine dextran. Lysi-
nated tetramethylrhodamine-dextran (fluoro-ruby) (4% in 0.9% so-
dium chloride; 0.8 ul total volume; Invitrogen), a retrograde tracer, was
injected into the space adjacent to the proximal end of the axotomized
nerve before closing the skin incision. At 24 h after axotomy, the animals
were processed for immunohistochemistry as described above.

Immunoblotting. Dissected tissues of the ventral brainstem containing
the facial nucleus were homogenized in the lysis buffer, and immuno-
blotting was performed as reported previously (Horiuchi et al., 2006)

except for the following. After incubation with the secondary antibodies,
IRdye 800CW and IRDye 680RD (1:1000; LI-COR), immunoreactive
signals were detected by Odyssey CLx (LI-COR). The primary antibodies
used for immunoblotting are listed in Table 1.

Statistics. Data are presented as means = 1 SD of at least triplicate
experiments. Welch’s unpaired ¢ test for unequal variances was used to
determine p values between the two experimental groups. Otherwise, p
values were calculated by ANOVA, followed by the Bonferroni’s/Dunn’s
post hoc test. The significance level was set at p = 0.05.

Results

Numbers of facial MNs are doubled in ZPK/DLK-deficient
and Nestin—Cre homozygous floxed MKK4/MAP2K4 mice
Facial MNs are a subset of branchial (pharyngeal) MNs in the
brainstem (Chandrasekhar, 2004) and, unlike spinal cord MNs,
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Figure4. Apoptotic cells are observed in the migratory flow of Islet-1,2-positive developing
MNs from their birthplace to the facial nucleus (delineated by a dotted circle) in £13.5 ZPK/DLK-
deficient embryos (tp/tp) and littermate controls (+/+). Cross-sections of the brainstem were
double immunolabeled for Islet-1,2 (green) and cleaved Caspase-3 (red, arrows, and arrow-
heads). Representative cleaved Caspase-3-positive cells (arrowheads in low-power micro-
graphs) and their nuclei are magnified in color and inverted insets, respectively. V, Ventricular
side. Scale bars: 100 m; insets, 10 m.

are not dependent on homeodomain factor HB9 for their speci-
fication to MNs (Arber et al., 1999; Thaler et al., 1999). However,
consistent with our previous finding of excess MNs in the spinal
cord of ZPK/DLK-deficient (zpk/dIk'*"?) mice (Itoh et al., 2011),
ZPK/DLK-deficient mice had twofold more ChAT-positive facial
MNs than wild-type mice. The numbers of myelinated axons
were also increased in the intracranial portion of the facial nerve
(intracranial) and the extracranial main branch of the facial nerve
immediately beneath the external acoustic meatus (extracranial,
the site of axon injury; see below) in proportion to the increased
numbers of facial MNs. The difference in axon numbers between
the intracranial portion and the extracranial main branch corre-
sponds to the axon numbers in the retroauricular branch, which
bifurcates from the main branch at the exit of the stylomastoid
foramen. MKK4/MAP2K4 and MKK7/MAP2K7 are known as
substrates of ZPK/DLK at the MAP2K level in the JNK pathway
(Hirai et al., 1997; Merritt et al., 1999; Xu et al., 2001). To explore
MAP2Ks downstream of ZPK/DLK in quantitative control of
MNs, we next examined the mice deficient in MKK4/MAP2K4
in the CNS [Tg(nes:cre) ™'~ mkkd/map2k4”™, CNS MKK4/
MAP2K4-deficient mice thereafter; Wang et al., 2007b], because
constitutive deletion of either MKK4/MAP2K4 or MKK7/
MAP2K?7 results in early embryonic lethality (Ganiatsas et al.,
1998; Wada et al., 2004). CNS MKK4/MAP2K4-deficient mice of
3 weeks of age demonstrated an almost identical increase in num-
bers of facial and spinal MNss and their axons to those observed in
ZPK/DLK-deficient mice (Figs. 1, 2). As far as could be deter-
mined by immunoblots of the ventral part of the brainstem in-
cluding the facial nuclei, ZPK/DLK protein was not decreased but
rather slightly increased in CNS MKK4/MAP2K4-deficient mice,
and MKK7/MAP2K7 was expressed at similar levels in ZPK/
DLK-deficient and CNS MKK4/MAP2K4-deficient mice (Fig.
1E). These results indicate that this phenotype is not a conse-
quence of secondary reduction of ZPK/DLK in CNS MKK4/
MAP2K4-deficient mice and vice versa and that MKK7/MAP2K7
cannot compensate for the functional roles of MKK4/MAP2K4 in
this phenotype.

J. Neurosci., August 6, 2014 - 34(32):10729-10742 « 10733

ZPK/DLK- and MKK4/MAP2K4-dependent and -
independent mechanisms contribute to the quantitative
control of developing facial MNs

Taking advantage of facial MNs for quantitative analyses, we in-
vestigated the elimination of excess facial MNs in ZPK/DLK-
deficient and CNS MKK4/MAP2K4-deficient mice during
development. In mice, cells committed to facial MNs appear
within a column on either side of the floor plate, occupying the
fourth rhombomere (r4) in the hindbrain and, by embryonic day
10.5 (E10.5), start migrating caudally into the rostral r6, forming
the facial nucleus close to the pial surface and leaving their axons
behind. These developing MNs forming the facial nuclei are iden-
tified as cells positive for Islet-1 (Ericson et al., 1992; Hafezparast
et al., 2003). Aberrant migration of facial MNs was observed in
homozygous embryonic mice carrying a point mutation in the
cytoplasmic dynein heavy chain 1 (Dnchcl) gene (Loa) (Hafez-
parast et al., 2003). Moreover, ZPK/DLK and MKK4/MAP2K4
are essential for normal radial migration of cerebral cortical neu-
rons (Hirai et al., 2002; Wang et al., 2007b). However, no ectopic
facial nuclei were observed in consecutive sections of the brains-
tem from either ZPK/DLK-deficient or CNS MKK4/MAP2K4-
deficient embryos. Most of developing Islet-1,2-positive facial
MNs complete migration and settle down in the facial nucleus by
approximately E14.5. We therefore quantified Islet-1,2-positive
MNs and cleaved Caspase-3-positive apoptotic cells in the facial
nuclei of ZPK/DLK-deficient and CNS MKK4/MAP2K4-
deficient embryos from E14.5 to E18.5. Both mutant embryos
already had significantly more Islet-1,2-positive MNs than con-
trol littermate embryos at E14.5 (Fig. 3). Two interpretations are
possible for this result; more facial MNs are generated in these
mutants than in controls and/or less facial MNs are eliminated
before E14.5. The number of cleaved Caspase-3-positive cells was
also greater in wild-type embryos than in ZPK/DLK-deficient
embryos at E14.5, supporting the latter possibility, whereas this
difference in apoptotic cells between CNS MKK4/MAP2K4-
deficient embryos and littermate controls at E14.5 did not reach a
statistical significance (Fig. 3B). We were unable to validate the
former possibility, because cleaved Caspase-3-positive cells were
already found even in the migratory flow of facial MNs at E13.5
before they reached the facial nucleus (Fig. 4). At E17.5, apoptotic
cells further increased significantly in control embryos, which
corresponds to NPCD of facial MNs (Ashwell and Watson, 1983)
but not in both mutant embryos (Fig. 3B). This diminished
NPCD as a result of loss of functional ZPK/DLK and MKK4/
MAP2K4 was indeed associated with reduced activation of c-Jun
in the nuclei of developing facial MNs (Fig. 5). Importantly, even
in the absence of ZPK/DLK or MKK4/MAP2K4, cleaved
Caspase-3-positive cells were constantly observed with a gradual
but significant decrease in total numbers of facial MNs from
E14.5 to E18.5. Although more facial MNs were eliminated in
CNS MKK4/MAP2K4-deficient embryos than in ZPK/DLK-
deficient embryos from E16.5 to E18.5, total numbers of facial
MNs further decreased to similar values in both mutants by P7
(compare the numbers of facial MNs in E18.5 mutant embryos in
Fig. 3B and those in P7 mutant pups on the intact side in Fig. 6D).
We searched the facial nuclei of these P7 mutants for NeuN-
positive but ChAT-negative neurons that might have escaped
NPCD but failed to mature to become ChAT-positive neurons.
However, as shown in Figure 6, B and C (the nuclei on the intact
side), NeuN-positive, ChAT-negative neurons were only occa-
sionally found in the facial nuclei of mutants and their littermate
controls and never accumulated in mutants. Given that apoptotic
cells and phosphorylated c-Jun-positive cells were still found in
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Nuclear phospho-c-Jun-positive

¢-Junactivationin the nuclei of developing facial MNs is significantly reduced in ZPK/DLK-deficient and CNS MKK4/MAP2K4-deficient embryos at E17.5. A, Representative micrographs

of the facial nuclei double immunolabeled for phospho-Ser 83_ c-JUNandIslet-1,2in ZPK/DLK-deficient (zpk/dIk® /) and (NS MKK4/MAP2K4-deficient [mkkd4x /Mlex Tg(cre) ] embryos and their
littermate controls at E17.5. Scale bars, 100 wm. B, Representative frequency histograms of the immunoreactive signals for nuclear phospho-Ser 3~ c-JUN in all MNs in a single cross-section of the
facial nucleus from the embryos of indicated genotypes. Nuclei of facial MNs were gated by immunoreactivity for Islet-1,2 in the fluorescence micrographs, and averaged signal level of the
fluorescence for phospho-c-Jun in each Islet-1,2-positive nucleus was calculated. Facial MNs positive for nuclear phospho-c-Jun were counted by the gating strategy indicated in the histograms. €,
Percentages of nuclear phospho-c-Jun-positive MNs in ZPK/DLK-deficient (tp/tp) and (NS MKK4/MAP2K4-deficient (f/f) embryos compared with their littermate controls. Each dataset was from at

least three embryos, and >1000 MNs were examined in each embryo. *p << 0.05, unpaired ¢ test.

the facial nuclei of both ZPK/DLK-deficient and MKK4/
MAP2K4-deficient embryos, it is quite likely that ~2500 devel-
oping facial MNs are eliminated by apoptosis between E16.5 and
P7 even in these mutants. Together, we found that there are two
distinct mechanisms underlying quantitative control of develop-
ing facial MNs: ZPK/DLK- and MKK4/MAP2K4-dependent and
ZPK/DLK- and MKK4/MAP2K4-independent mechanisms. It
should be emphasized that, despite the reduced NPCD in the
embryos lacking ZPK/DLK or MKK4/MAP2K4, the ZPK/DLK-
and MKK4/MAP2K4-dependent mechanism contributes pre-
dominantly to quantitative control of developing facial MNs
before E16.5, before the time window of their NPCD.

Facial MNs in ZPK/DLK-deficient and CNS MKK4/MAP2K4-
deficient neonatal mice are virtually resistant against
axotomy-induced death

To determine contributions of ZPK/DLK and MKK4/MAP2K4
to axotomy-induced death of neonatal MNs, we performed uni-
lateral facial nerve axotomy in ZPK/DLK-deficient and CNS
MKK4/MAP2K4-deficient P2 mice and quantified surviving fa-

cial MNs at 5 d after axotomy (P7). We transected the main
branch of facial nerve immediately beneath the external acoustic
meatus, thus preserving the retroauricular branch that consists of
the axons originating from the ventromedial (VM) facial subnu-
cleus (Fig. 6A), so that the intact MNs in the VM subnucleus serve
as an additional internal control on the ipsilateral side (Olsson
and Kristensson, 1979; Dubois-Dauphin et al., 1994). Five days
was chosen as the longest interval after axotomy, because both
ZPK/DLK-deficient and CNS MKK4/MAP2K4-deficient mice
demonstrate severe growth retardation after birth even without
any experimental insults and usually die before the time of wean-
ing (Wang et al., 2007b; Itoh et al., 2009). At P7, ChAT-positive
facial MNs were almost completely absent in the wild-type facial
nuclei on the transected side save for the VM subnuclei. In clear
contrast, almost all facial MNs of ZPK/DLK-deficient and CNS
MKK4/MAP2K4-deficient mice were still viable without obvious
degenerative changes and expressed ChAT at levels similar to
those on the intact side even at 5 d after axotomy. Quantitative
analysis confirmed that there was no statistical difference in num-
bers of surviving MNs between the transected and intact sides in
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Facial MNs are totally resistant against axotomy-induced death in ZPK/DLK-deficient and CNS MKK4/MAP2K4-deficient neonates. A, Transection site of left facial nerve (scissors icons).

Topis lateral view (M, external acoustic meatus; RA Br, retroauricular branch). Bottom is transverse sectional view. The path of facial motor axons from the facial nucleus (N VII) to the facial nerve (FN)
is delineated in the coronal section of the brainstem (Genu, genu of the facial nerve; IV, fourth ventricle). The arrow in the top indicates the position of the distal nerve segment examined in Figure
11.B, C, Representativeimmunohistochemical images of the facial nuclei from ZPK/DLK-deficient mice (tp/tp) and wild-type littermates (+/+) (B) and from CNS MKK4/MAP2K4-deficient mice and
littermate controls (€) at 5 d afteraxotomy at P2 (P7). Nuclei were counterstained with DAP! (blue). The MNs in the VM subnucleus remained viable on the transected side of wild-type mice (delineated by a dotted
circlein B). D, Quantitative results of B and C. Three animals per genotype were examined. **p << 0.01 and not significant (NS) compared with the intact side (unpaired ¢ test). Scale bars, 100 um.

these mutant mice (Fig. 6). In wild-type neonatal MNs, accumu-
lation of phosphorylated c-Jun in the nucleus increased within
24 h after axotomy, and cleavage of Caspase-3 reached a peak at
~24 h after axotomy. We confirmed that these events were vir-
tually absent in ZPK/DLK-deficient and CNS MKK4/MAP2K4-
deficient mice after axotomy (Fig. 7). This experiment also
revealed that cytosolic immunoreactivity for ChAT in facial MN's
on the transected side was rapidly downregulated in control mice
at 24 h after axotomy, whereas it remained unchanged in ZPK/
DLK-deficient and CNS MKK4/MAP2K4-deficient mice. Al-
though the numbers of facial motor axons at the transection site
correlated well with the increased numbers of facial MNs in ZPK/
DLK-deficient and CNS MKK4/MAP2K4-deficient mice, it re-
mained to be verified that these excess facial MNs indeed sent
their axons at least through the site of axonal injury. We used
retrograde labeling with fluoro-ruby (Invitrogen) after axotomy
to identify axotomized MNs and to assess neuronal ability to
retrogradely transport fluoro-ruby from the transected axonal
end to the cell body in the absence of ZPK/DLK or MKK4/
MAP2K4. At 24 h after axotomy, almost all facial MNs, except for
most MNs in the VM and dorsal accessory (DA) subnuclei, were
labeled with fluoro-ruby on the transected side in both ZPK/
DLK-deficient and CNS MKK4/MAP2K4-deficient mice (Fig. 8),
indicating that the molecular mechanisms underlying retrograde
transport of fluoro-ruby are not functionally defective in the ab-
sence of ZPK/DLK or MKK4/MAP2K4. In addition, accumula-
tion of microglia in the facial nucleus on the transected side was

not observed in ZPK/DLK-deficient and CNS MKK4/MAP2K4-
deficient mice (Fig. 9).

MKK4/MAP2K4-dependent MN-autonomous mechanisms
mediate axotomy-induced death of neonatal facial MN's
Because nestin is expressed in early neuroepithelial cells giving
rise to neurons, astroglia, and oligodendroglia, the phenotypes
of CNS MKK4/MAP2K4-deficient mice might be attributable
to MKK4/MAP2K4-deficient macroglia. To further examine
whether MKK4/MAP2K4-mediated MN death is MN autonomous
or not, we used another MKK4/MAP2K4-conditional knock-out
mouse strain in which the mkk4/map2k4 gene was selectively inacti-
vated in neurons [mkk4/map2k4”’ Tg(synl:cre)™~, neuronal
MKK4/MAP2K4-deficient mice thereafter]. Unlike CNS MKK4/
MAP2K4-deficient mice, neuronal MKK4/MAP2K4-deficient
mice demonstrated neither gross anatomical anomaly nor
growth retardation and survived into adulthood. Nevertheless,
quantitative analysis of facial MNs revealed that neuronal MKK4/
MAP2K4-deficient mice had ~33% more facial MNs than litter-
mate controls [mkk4/map2k4™ " Tg(synl::cre) *'~]. Moreover,
70% of axotomized facial MNs survived in neuronal MKK4/
MAP2K4-deficient mice in the same experiment as performed in
Figure 6, whereas almost all facial MNs died except for those
in the VM subnucleus, consisting of ~20% of total facial MNs, in
littermate controls (Fig. 10). These results clearly indicate that
MKK4/MAP2K4-dependent MN-autonomous mechanisms are re-
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Figure7. Accumulation ofactivated c-Junin the nucleus, cleavage of Caspase-3, and acute reduction in ChATimmunoreactivity
did not occur after axotomy in ZPK/DLK-deficient and CNS MKK4/MAP2K4-deficient facial MNs. A, Double immunohistochemistry
for phospho-Ser ® of c-Jun (red) and ChAT (green) in the facial nuclei from ZPK/DLK-deficient mice (tp/tp) and wild-type litter-
mates (+/+) and from CNS MKK4/MAP2K4-deficient mice (f/f) and littermate controls (+/f) at 24 h after axotomy at P2. All
nuclei were visualized with DAPI (blue). Importantly, ChAT immunoreactivity was not reduced in ZPK/DLK-deficient and CNS
MKK4/MAP2K4-deficient MNs on the transected side compared with the corresponding controls. B, Quantitative analysis of
nuclear phospho-Ser ~ c-Jun-positive MNs in the facial nuclei of ZPK/DLK-deficient mice (tp/tp) and wild-type littermates
(+/+) and those of (NS MKK4/MAP2K4-deficient mice (f/f) and littermate controls (+/f) on the transected and intact sides at
24 h after axotomy. C, Cleaved Caspase-3 (Cleaved Casp3, red)-positive MNs (arrows) were not increased in the ZPK/DLK-deficient
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quired for death of at least a significant pro-
portion of axotomized neonatal facial MNs,
as well as NPCD.

Activation of MKK7/MAP2K7-
dependent MN-autonomous
mechanisms contributes to axotomy-
induced death of some neonatal facial
MNs

Although CNS MKK4/MAP2K4-deficient
mice demonstrated that MKK7/MAP2K7
cannot compensate for the functional
roles of MKK4/MAP2K4 in NPCD, it
remains to be clarified whether full activa-
tion of JNKs (and other downstream
substrates) requires cooperative and syner-
gistic phosphorylation by MKK4/MAP2K4
and MKK7/MAP2K7 in axotomy-induced
death of neonatal facial MNs. Tg(res:cre) -
mkk7/map2k7" mice cannot be used, be-
cause they die soon after birth (Yamasaki
etal., 2011). We thereby performed facial
nerve axotomy using Tg(synl:cre) ™'~
mkk7/map2k7” mice (neuronal MKK7/
MAP2K7-deficient mice thereafter), which
survived after birth without apparent
abnormalities. In contrast to neuronal
MKK4/MAP2K4-deficient mice, neuronal
MKK7/MAP2K7-deficient mice had the
same numbers of facial MNs as did litter-
mate controls [Tg(synl:cre) T mkk7/
map2k7*+ ). However, at 5 d after axotomy,
significantly more facial MNs survived in
neuronal MKK7/MAP2K7-deficient mice
than in littermate controls but to a lesser ex-
tent than those that survived in neuronal
MKK4/MAP2K4-deficient mice (Fig. 10),
supporting the notion that synergistic ef-
fects of MKK7/MAP2K7 are required for
death of a fraction of axotomized facial
MNs.

Degeneration of the distal motor axons
after axotomy is distinct from axotomy-
induced death of facial MNs in terms of
contributions of ZPK/DLK and MKK4/
MAP2K4

ZPK/DLK contributes to degeneration of
the distal segment of a transected axon
(Wallerian degeneration; Miller et al.,
2009; Ghosh et al., 2011). We examined

<«

and (NS MKK4/MAP2K4-deficient MNs at 24 h after axotomy.
The insets represent high-power images of cleaved Caspase-
3-positive MNs (left) and the fragmented and condensed nu-
clei (right, monochrome). D, Quantitative analysis of cleaved
(aspase-3-positive MNs in the facial nuclei. Cleaved Caspase-
3-positive MNs were counted in at least eight 6- um-thick sec-
tions in each animal. Three animals were analyzed in each
genotype. **p < 0.01 and not significant (NS) compared with
the intact side (unpaired ¢ test) or between the two groups
indicated. Scale bars, 100 m.
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Retrograde labeling of axotomized facial MNs with fluoro-ruby. Fluoro-ruby was applied to the proximal end of the transected nerve, and the facial nuclei were analyzed at 24 h after

axotomy. Almost all facial MNs, except for most MNs in the VM (circumscribed by dots in the nuclei) and DA (arrows) subnuclei, were similarly labeled with fluoro-ruby regardless of the expression
of either ZPK/DLK or MKK4/MAP2K4. Nevertheless, note that acute reduction in ChAT immunoreactivity in axotomized fluoro-ruby-positive MNs was not observed in ZPK/DLK-deficient and CNS

MKK4/MAP2K4-deficient mice at 24 h after axotomy. Scale bar, 100 um.

immunoreactivity for neurofilament 200 (NF200) in the distal
portions of axotomized facial nerves in ZPK/DLK-deficient and
CNS MKK4/MAP2K4-deficient mice to evaluate axonal degen-
eration (for the anatomical position examined, refer to Fig. 6A).
In contrast to almost complete resistance against axotomy-
induced MN death, NF200-positive distal axons were no longer
detected at 5 d after axotomy in both mutant mice. However, at
24 h after axotomy, more NF200-positive axons remained in
ZPK/DLK-deficient mice compared with wild-type littermates,
which is in agreement with the finding by Miller et al. (2009) that
loss of ZPK/DLK delayed Wallerian degeneration of sensory ax-
ons. We also observed a similar delay in degeneration of distal
axons at 24 h in CNS MKK4/MAP2K4-deficient mice (Fig. 11).

Discussion
We here provide compelling evidence for the pivotal roles of
ZPK/DLK and MKK4/MAP2K4 in axotomy-induced MN death

in neonates. Remarkably, ablation of either ZPK/DLK or MKK4/
MAP2K4 protected MNs almost completely from axotomy-
induced death. Conversely, developmental death of facial MNs is
rather complex in terms of dependence on ZPK/DLK and MKK4/
MAP2K4. ZPK/DLK and MKK4/MAP2K4-mediated signals
contribute not only to apoptosis during NPCD (a late MN death)
but also to an early death of MN, before the time window of
NPCD. This early neuronal death is likely to be independent of
axonal contact to the target and equivalent to those observed in
the germinal zones of various CNS regions (Buss et al., 2006;
Vanderhaeghen and Cheng, 2010). ZPK/DLK and MKK4/
MAP2K4-independent mechanisms also contribute to elimina-
tion of superfluous MNs particularly in the late phase of NPCD,
which may involve non-apoptotic pathways. In fact, accumula-
tion of activated c-Jun in the nucleus of facial MN's was still found
in the E17.5 embryos lacking ZPK/DLK or MKK4/MAP2K4.
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Figure 9.  Accumulation of IBAT/AIF1-positive microglia was not observed in the axoto-

mized facial nuclei of ZPK/DLK-deficient and CNS MKK4/MAP2K4-deficient mice at 5 d after
axotomy. Six-micrometer-thick cross-sections of the facial nuclei from ZPK/DLK deficient- and
(NS MKK4/MAP2K4-deficient mice and their littermate controls of the indicated genotypes
wereimmunolabeled for IBA1/AIF1 (red). Representative confocal images of the facial nucleion
the transected side were shown. Scale bars, 100 m.

Moreover, our results could not rule out the possibility that more
facial MNs are generated in ZPK/DLK-deficient and CNS MKK4/
MAP2K4-deficient embryos than in control embryos. Therefore,
the ZPK/DLK and MKK4/MAP2K4-dependent mechanism is a
component of quantitative control of MNs during development
but is solely responsible for axotomy-induced MN death in
neonates.

A causative relationship of the JNK pathway with axotomy-
induced MN death has been indicated by studies using mice de-
ficientin JNKs. However, up to 50% of axotomized MNs still died
in JNK2 and JNK3-double-deficient mice (Keramaris et al.,
2005), suggesting redundancy in these downstream kinases in the
pathway and/or involvement of other pathways in neonatal MN
death after axotomy. Our results from ZPK/DLK-deficient and
CNS MKK4/MAP2K4-deficient mice indicate that activation of
ZPK/DLK and MKK4/MAP2K4 is absolutely required for execu-
tion of molecular events leading to MN death after axotomy. We
confirmed that this ZPK/DLK- and MKK4/MAP2K4-dependent
death of axotomized facial MNs is neuron autonomous, because
~70% of facial MNs were still resistant to axotomy-induced
death when MKK4/MAP2K4 was conditionally deleted only in
neurons. This conclusion is consistent with other studies demon-
strating that ZPK/DLK-mediated degeneration of other types of
neurons after injury or trophic factor withdrawal is neuron au-
tonomous (Ghosh et al., 2011; Watkins et al., 2013; Welsbie et al.,
2013). However, our results do not exclude contributions of
pathways other than the JNK pathway. Particularly, because
MKK4/MAP2K4 is capable of activating p38 kinases (Brancho et
al., 2003; Wang et al., 2007a), simultaneous activation of the p38
pathway might have synergistic effects on JNK-mediated MN
death. Glutamatergic excitotoxic stress has also been proposed as
an additional mechanism underlying axotomy-induced MN
death (Iwasaki et al., 1995; Lawson and Lowrie, 1998; Dekkers et
al., 2004), and ablation of ZPK/DLK protects neurons in adult
mouse brain from kainate-induced excitotoxic degeneration
(Pozniak et al., 2013). Our results predict that, although pro-
longed activation of glutamate receptors occurs after axotomy,

Itoh et al. @ ZPK and MKK4 in Axotomy-Induced Motoneuron Death

simultaneous or subsequent activation of both ZPK/DLK and
MKK4/MAP2K4 in the proximal axon or cell body is required for
excitotoxic death of MNs. Recent studies of the Caenorhabditis
elegans ZPK/DLK homolog DLK-1 have revealed a Ca’*-
dependent mechanism that enables rapid and localized activation
of the long isoform of DLK-1, DLK-1L, in response to axonal
injury (Ghosh-Royetal., 2010; Yan and Jin, 2012). If mammalian
ZPK/DLK is proven to use a similar Ca®"-dependent mechanism
for activation after axonal injury, this would provide a mechanis-
tic link between Ca*"-mediated excitotoxic stress and ZPK/DLK
and MKK4/MAP2K4-mediated MN death. However, Ca®*-
dependent activation of C. elegans DLK-1L is critically regulated
by a conserved C-terminus hexapeptide that is absent in mam-
malian ZPK/DLK but present in another mammalian MAP3K,
LZK/MAP3K13 (Yan and Jin, 2012). Additional studies will be
necessary to clarify this issue.

Although MKK7/MAP2K?7 has been considered as the prefer-
ential substrate of ZPK/DLK (Merritt et al., 1999) at the MAP2K
level, particularly in retinal ganglion neurons (Welsbie et al.,
2013), our results indicate that MKK4/MAP2K4 is directly down-
stream of ZPK/DLK in the JNK pathway responsible for
axotomy-induced death and NPCD and that MKK4/MAP2K4
cannot be replaced by MKK7/MAP2K?7 in this functional role,
although we also found that full activation of the cell-death path-
way requires cooperative and synergistic phosphorylation by
MKK4/MAP2K4 and MKK7/MAP2K7 (Kishimoto et al., 2003;
Wang et al., 2007a) in death of some axotomized facial MNs.
Non-redundant functional roles of MKK4/MAP2K4 and MKK7/
MAP2K7 in MNs may be ensured by cell type-dependent and
compartmentalized distribution of particular JNK phospho-
relay modules, such as the three distinct JNK pools identified in
cerebellar granular neurons (Coffey et al., 2000). The JIP (JNK-
interacting protein) family of scaffold proteins is known to play a
role in assembly and subcellular localization of distinct JNK sig-
naling modules (Whitmarsh, 2006). ZPK/DLK has been shown
to bind to JIP1 (Yasuda et al., 1999; Nihalani et al., 2001), JIP2
(Yasuda et al., 1999), and JIP3 (Ghosh et al., 2011), whereas
MKK4/MAP2K4 interacts with JSAP1, an isoform of JIP3 (Ito et
al., 1999), but with neither JIP1 nor JIP2 (Yasuda et al., 1999;
Mooney and Whitmarsh, 2004). Therefore, it is conceivable that
ZPK/DLK and MKK4/MAP2K4 interact directly with the aid of
JIP3/JSAP1 in MNs. Our result also demonstrated that ZPK/DLK
protein levels were increased in the brainstem of CNS MKK4/
MAP2K4-deficient mice (Fig. 1E). Recent studies have proved
that the protein level of ZPK/DLK is a critical determinant of
downstream signaling in the JNK pathway, which is tightly regu-
lated by the ubiquitin—proteasome system and by a JNK-
dependent positive feedback mechanism (Bloom et al., 2007;
Xiong et al., 2010; Huntwork-Rodriguez et al., 2013). However,
the causative relationship between reduced MKK4/MAP2K4
protein level and increased ZPK/DLK protein level remains to be
investigated.

Despite the total dependence of axotomy-induced death of
MNs on ZPK/DLK and MKK4/MAP2K4, loss of either ZPK/DLK
or MKK4/MAP2K4 only delayed Wallerian degeneration. This
observation is consistent with the recent study by Osterloh et al.
(2012) demonstrating that Wallerian degeneration is an active
axon-autonomous self-destruction process that is molecularly
distinct from apoptosis. Another critical difference between
axotomy-induced MN death and Wallerian degeneration is that
MN death is at least partly dependent on transcriptional changes
after delivery of injury signals to the nucleus. Accumulation of
activated c-Jun in the nucleus is a well studied transcriptional
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Facial MNs are significantly resistant against axotomy-induced death in neuronal MKK4/MAP2K4-deficient neonates and, to a lesser extent, in neuronal MKK7/MAP2K7-deficient

neonates. Left facial nerve axotomy was performed as described in Figure 6. A, Representative immunohistochemicalimages of the facial nuclei from neuronal MKK4/MAP2K4-deficient 7-d-old mice
[mkk4/map2k4f " Tg(synT::cre) */71 and their littermate controls [mkk4/map2k4™ " Tg(synT::cre) */~1 and from neuronal MKK7/MAP2K7-deficient 7-d-old mice [mkk7/map2k7” 4
Tg(synT::cre) ™/~ ] and their littermate controls [mkk7/map2k7 ™+ " Tg(syn1::cre) ™/~ at 5 d after axotomy. Sections were immunolabeled as in Figure 6. B, Quantitative results of A. Three animals
per genotype were examined. In the right graphs, the data are calculated as percentage of total MNs on the transected side to those on the intact side. *p << 0.05, **p < 0.01, ***p < 0.001, and
not significant (NS) compared with the intact side or with the indicated pairs (unpaired ¢ test). Scale bars, 100 wm.

signature of MN responses to axonal injury, although it is not
always proapoptotic but also important in axonal regeneration
(Raivich et al., 2004; Itoh et al., 2009; Ruff et al., 2012; Shin et al.,
2012; Watkins et al., 2013). Our results demonstrate that, as far as
could be determined by nuclear accumulation of activated c-Jun,
the nucleus fails to respond to axonal injury in the absence
of either ZPK/DLK or MKK4/MAP2K4. This notion is also
supported by lack of acute downregulation of ChAT immunore-
activity in axotomized ZPK/DLK-deficient and MKK4/
MAP2K4-deficient MNs. It remains to be clarified how the
nucleus senses axonal injury through activation of ZPK/DLK and
MKK4/MAP2K4. One putative mechanism is referred to as “neg-

ative” injury signals (Abe and Cavalli, 2008). Insufficient supply
of target-derived trophic signals to the cell body triggers nuclear
responses to loss of axonal contact to the muscle. NPCD has been
considered a typical case of this negative injury signal, because
several exogenous neurotrophic molecules applied to the tran-
sected axons rescue MNs from axotomy-induced death (Sendt-
ner et al., 2000; Gould and Oppenheim, 2011). The mechanistic
similarity between axotomized neonatal MN death and an apo-
ptotic component of NPCD in terms of the common dependence
on ZPK/DLK and MKK4/MAP2K4 may support this mechanism
and suggests that various trophic signals from exogenous trophic
molecules commonly inhibit activation of ZPK/DLK and MKK4/
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MAP2K4 and thereby prevent MNs from

24 hours Post Transection(P3)

5 days Post Transection(P7) |

apoptosis. Another putative mechanism,
“positive” injury signals, depends on ret-
rograde transport of injury-triggered sig-
naling molecules from the injury site to
the cell body. Activated ZPK/DLK and
MKK4/MAP2K4 localized at the axonal
injury site could themselves be signaling
molecules or could play roles in genera-
tion or transport of signaling molecules.
In support of the positive signals, a recent
study by Shin et al. (2012) has demon-
strated ZPK/DLK-dependent retrograde
transport of signal molecules in the regen-
erative response of adult sensory nerves
to axonal injury. However, as far as could
be determined by a retrograde labeling
method, we could not find defective ret-
rograde transport in ZPK/DLK-deficient
neonatal MNs. The mechanistic link
between activated ZPK/DLK and MKK4/
MAP2K4 and injury-induced degenera-
tive or regenerative responses remain to
be clarified in each neuronal subset at dif-
ferent maturational stages.

In line with the failure in neuronal
response to axonal injury, microglia
around the axotomized facial nucleus also
failed to become activated in ZPK/DLK-
deficient and CNS MKK4/MAP2K4-
deficient neonates (Fig. 9). Because
microglia can detect even a subtle change
in their microenvironment and respond
to the alteration, this observation suggests
that, after axotomy, the MNs lacking ZPK/
DLK or MKK4/MAP2K4 remain “healthy”
without any injury-induced changes that
can be detectable by microglia.

In summary, our study demonstrates
for the first time that activation of both
ZPK/DLK and MKK4/MAP2K4 after axo-
tomy is absolutely required for axotomy-
induced MN death in neonates and may
open a new avenue for therapeutic inter-
ventions directed toward ZPK/DLK
and/or MKK4/MAP2K4 to inhibit MN degeneration after axonal
injury in newborns.

ZPK**

NF200/MBP
ZPKwp

MKK47*
Tg(Nes::Cre)*

MKK4"
Tg(Nes::Cre)*

Figure 11.
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