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Activation of mitogen-activated protein kinase pathways is critically involved in naturally occurring programmed cell death of motoneu-
rons during development, but the upstream mediators remain undetermined. We found that mice deficient in ZPK, also called DLK
(ZPK/DLK), an upstream kinase in these pathways, have twice as many spinal motoneurons as do their wild-type littermates. Nuclear
HB9/MNX1-positive motoneuron pools were generated similarly in the spinal cord of both ZPK/DLK-deficient and wild-type embryos.
Thereafter, however, significantly less apoptotic motoneurons were found in ZPK/DLK-deficient embryos compared with wild-type
embryos, resulting in retention of excess numbers of motoneurons after birth. Notably, these excess motoneurons remained viable
without atrophic changes in the ZPK/DLK-deficient mice surviving into adulthood. Analysis of the diaphragm and the phrenic nerve
revealed that clustering and innervation of neuromuscular junctions were indistinguishable between ZPK/DLK-deficient and wild-type
mice, whereas the proximal portion of the phrenic nerve of ZPK/DLK-deficient mice contained significantly more axons than the distal
portion. This result supports the hypothesis that some excess ZPK/DLK-deficient motoneurons survived without atrophy despite failure
to establish axonal contact with their targets. This study provides compelling evidence for a critical role for ZPK/DLK in naturally
occurring programmed cell death of motoneurons and suggests that ZPK/DLK could become a strategic therapeutic target in motor
neuron diseases in which aberrant activation of the apoptogenic cascade is involved.

Introduction
During development, �50% of motoneurons generated are
eliminated. This process, which is referred to as naturally occur-
ring programmed cell death (NPCD) (Hamburger, 1975; Oppen-
heim, 1991), occurs in a strictly reproducible temporal and
spatial pattern (Yamamoto and Henderson, 1999) and is essential
for quantitative neuron-target matching. The molecular mecha-
nisms underlying motoneuron NPCD have been intensively
studied, yielding identification of a number of muscle-derived
and other tissue-derived trophic molecules for motoneurons
(Oppenheim, 1996). In general, insufficient supply of these mol-
ecules elicits activation of mitogen-activated protein kinase
(MAPK) pathways, particularly the c-Jun N-terminal kinase
(JNK, also referred to as stress-activated protein kinase) pathway

in neurons, and eventually results in motoneuron apoptosis
through the intrinsic apoptotic pathway (Putcha and Johnson,
2004). The MAPK signaling cascade forms a three-tiered phos-
phorelay module consisting of MAPKs and their upstream ki-
nases, MAPK kinases and MAPK kinase kinases (MAP3Ks)
(Gallo and Johnson, 2002). Some MAP3Ks at the apical level are
collectively termed mixed lineage kinases (MLKs), because their
catalytic domain is a hybrid of serine/threonine and tyrosine ki-
nases. Involvement of MLKs in apoptosis of motoneurons has
been suggested by pharmacological studies using the MLK inhib-
itors, 3,9-bis[(ethylthio)methyl]-K-252a (CEP-1347/KT7515)
and its derivative bis-isopropylthiomethyl-K-252a (CEP-11004)
(Glicksman et al., 1998; Maroney et al., 1998; Murakata et al.,
2002). Because these compounds inhibit a relatively broad range
of the MLK family (Murakata et al., 2002; Chen et al., 2008)
and activate Akt through an MLK-independent pathway
(Roux et al., 2002), the identity of the MLK member that
mediates activation of MAPK pathways leading to motoneu-
ron NPCD remains an open question.

ZPK (also known as DLK, MUK, and MAP3K12; ZPK/DLK
hereafter), a member of the MLK family, is most abundantly
expressed in developing nervous tissues, thus suggesting a dis-
tinctive role in neural development (Holzman et al., 1994; Reddy
and Pleasure, 1994; Fan et al., 1996; Hirai et al., 1996). Indeed,
ZPK/DLK is known to regulate migration of immature neocorti-
cal neurons (Hirai et al., 2002, 2006). Recent studies using Cae-
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norhabditis elegans and Drosophila melanogaster further revealed
that their ZPK/DLK homologues (named DLK-1 and Wallenda,
respectively) positively regulate terminal formation by presynap-
tic neurons during development (Nakata et al., 2005; Collins et
al., 2006) and promote axon regeneration (Hammarlund et al.,
2009), as well as Wallerian degeneration (Miller et al., 2009), after
axonal injury. Moreover, as a molecular mechanism underlying
these conserved functions of ZPK/DLK in neurons, DLK-1 has
been shown to regulate local protein synthesis in axon terminals
by enhancing mRNA stability (Yan et al., 2009). We also demon-
strated recently that ZPK/DLK promotes axonal regeneration of
mammalian primary sensory neurons using ZPK/DLK-deficient
mice (Itoh et al., 2009). Here, further analysis of these mice un-
expectedly revealed a critical role for ZPK/DLK in NPCD of
motoneurons.

Materials and Methods
ZPK/DLK-deficient mice. ZPK/DLK-deficient mice were derived from
the gene-trap embryonic stem cell clone RRN366 (BayGenomics) as re-
ported previously (Itoh et al., 2009). In this study, mice of both genders
were used in conformity with a protocol approved by the Institutional
Animal Care and Use Committee of the University of California Davis.

Reagents and chemicals. All reagents were purchased from either Sigma
or Invitrogen, unless otherwise specified.

Immunohistochemistry. Mice were perfusion-fixed with 4% (w/v)
paraformaldehyde in PBS, as reported previously (Itoh et al., 2009), ex-
cept that embryos were immersion-fixed in the same fixative overnight.
Tissue sections 6 �m thick were prepared by a cryostat (CM1950; Leica
Microsystems); rinsed in PBS; incubated for 30 min at room temperature
in a blocking solution containing 0.4% (w/w) Triton X-100, 10% (v/v)
donkey serum, 15 mM HEPES, 0.02% (w/v) sodium azide in 1� mini-
mum essential medium; and incubated with primary antibodies in the
blocking solution overnight at 4°C. The following primary antibodies
were used: rabbit monoclonal anti-cleaved caspase-3 (1:100; Cell Signal-
ing Technology), goat polyclonal anti-choline acetyltransferase (AB144,
1:100; Millipore), mouse monoclonal anti-NeuN (MAB377, 1:100; Mil-
lipore), mouse monoclonal anti-HB9 (or MNR2; 81.5C10, 1:25, hybrid-
oma supernatant; Developmental Studies Hybridoma Bank), rabbit
antiserum against anti-NF-200 (N4142, 1:500; Sigma), and rat monoclo-
nal anti-myelin basic protein (MBP) (NB600 –717, 1:20; Novus Biologi-
cals). Then, the sections were washed with PBS, incubated for 1 h in
appropriate rhodamine, DyLight 488, or DyLight 549-conjugated secondary
antibodies (1:500; Jackson Immunoresearch) at room temperature, and
mounted with ProLong Gold antifade reagent with 4,6-diamidino-2-
phenylindole (Invitrogen).

Figure 1. ZPK/DLK-deficient mice have more than twice as many spinal motoneurons as do wild-type mice. A, Six-micrometer-thick cross-sections of the L4 spinal segments from wild-type
(�/�) and ZPK/DLK-deficient (tp/tp) mice at PN21 were immunolabeled for choline acetyltransferase (ChAT, red) and neuron-specific nuclear protein (NeuN, green). Motoneurons were identified
as a ChAT � neuronal subset (yellow to red). B, Quantitative analysis of motoneurons in the C4 (fourth cervical), Th4 (fourth thoracic), and L4 spinal segments of wild-type and ZPK/DLK-deficient
mice at PN21 and in adulthood. Motoneurons with visible nucleoli were counted in at least nine sections per animal, and the average number of motoneurons per section of the anterior horn on one
side was calculated. At least three animals per genotype were examined in each age group. C, Axons in the L4 anterior root were also increased in number in ZPK/DLK-deficient mice. Representative
confocal images of NF200-positive axons (inverted) in the L4 anterior roots from wild-type and ZPK/DLK-deficient mice are shown. D, Quantitative analysis of axon numbers in the L4 anterior roots
(AR) from PN21 and adult mice as in B. E, A representative set of frequency histograms revealed that axons were increased in the entire range of axon sizes in ZPK/DLK-deficient mice at PN21. F,
Motoneuron NPCD was reduced in ZPK/DLK-deficient mice. The lumbar spinal segments from wild-type (�/�) and ZPK/DLK-deficient (tp/tp) embryos at E12.5 and E13.5 were immunolabeled for
HB9 (green) and cleaved caspase-3 (red). Nuclei were counterstained with 4,6-diamidino-2-phenylindole (blue). The clusters of HB9-positive cells (boxed areas) were enlarged in the right column.
At E13.5, cleaved caspase-3-positive cells were frequently observed in the HB9-positive motoneuron cluster of the wild-type spinal cord (arrows). These cells had pyknotic nuclei typical of cells
undergoing apoptosis. Arrowheads indicate apoptotic cells outside of the motoneuron clusters. **p � 0.01 (unpaired t test). Scale bars, 100 �m.
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Diaphragms were processed as whole mounts in situ after fixation in
2% (w/v) paraformaldehyde in PBS at 4°C overnight. The fixed dia-
phragms were incubated in 0.1 M glycine in PBS, pH 7.3, for 30 min at
room temperature, blocked in the blocking solution containing
tetramethylrhodamine-conjugated �-bungarotoxin (T1175, 10 �8

M; In-
vitrogen) for 1 h, incubated in 100% methanol at �20°C for 7 min for
permeabilization, rinsed three times in 0.5% Triton-X in PBS, and then
incubated with the primary antiserum for NF200 at 4°C overnight. The
tissues were rinsed three times in 0.5% Triton-X in PBS, incubated with
a secondary antibody at 4°C overnight, and mounted on slide glasses after
rinsing in 0.5% Triton-X in PBS.

Quantitative histological analysis. Digitized fluorescent images were cap-
tured with a fluorescent microscope equipped with the Desk Scanning Unit
(BX61; Olympus) and imaging software (Slidebox; Olympus). Numbers of
neurons per 6-�m-thick cross-sections were counted in at least nine sections
at a 60-�m-interval per tissue. At least three mice were analyzed in each
genotype group. To quantify axon numbers, 6-�m-thick transverse sections
of nerves were double-stained with anti-MBP and anti-NF200. Optical sec-
tions of confocal fluorescence images were acquired using a 60�oil objective
(TE2000-E, numerical aperture 1.40; Nikon). NF200-positive axons were
counted in digitally processed, single-channel, 8-bit fluorescence images us-
ing ImageJ software (http://rsbweb.nih.gov/ij/). The myelinated axon num-
bers obtained by this method were generally very similar to those obtained by
counting in semithin sections, which validated accuracy of this quantitative
analysis.

Semithin sections of the phrenic nerves. Phrenic nerves were fixed with
Karnovsky’s fixative (2% paraformaldehyde and 2.5% glutaraldehyde in
0.08 M phosphage, pH 7.3–7.4), secondary fixed in 2% osmium tetroxide,
and embedded in epoxy resin polymerized at 65–70°C. Sections (1-�m-
thick) were prepared with an ultramicrotome (Leica Ultracut UCT) and
stained with methylene blue and azure B. High-magnification images
were taken with a microscope (BX61; Olympus) equipped with a digital
camera (DP71; Olympus) and imaging software (DPController and
DPManager).

Statistical analysis. Data are presented as means � 1 SD of at least
triplicate experiments. Welch’s unpaired t test for unequal variances was
used to determine the significance of differences between the two exper-
imental groups. Otherwise, p values were calculated by ANOVA followed
by the Bonferroni/Dunn post hoc test.

Results
Excess motoneurons persist in ZPK/DLK-deficient mice
ZPK/DLK-deficient mice were born alive, but most died by the
fourth postnatal week with only a few surviving to adulthood
(Itoh et al., 2009). Although there were no gross anatomical ab-
normalities in the spinal cord segments and associated peripheral
nerves of ZPK/DLK-deficient mice, ZPK/DLK-deficient spinal
cords contained significantly more motoneurons positive for
choline acetyltransferase than wild-type spinal cords at postnatal
day (PN)21 and 6 months (Fig. 1). Correspondingly, there were
2.8-fold more axons in the ZPK/DLK-deficient fourth lumbar
(L4) anterior root than in the wild-type L4 anterior root at
PN21, and 2.7-fold more at 6 months. Based on the size dis-
tribution of myelinated axons in the L4 anterior root, this
increase in number was unlikely to be restricted to a specific
motoneuron subset (Fig. 1 E).

Motoneuron NPCD is reduced in ZPK/DLK-deficient mice
We next examined whether the increase in motoneurons in
ZPK/DLK-deficient mice was a consequence of reduced mo-
toneuron NPCD during embryogenesis. The cells committed
to motoneurons in the spinal cord were identified by nuclear
immunoreactivity for the homeobox transcription factor HB9
(also known as MNX1 and MNR2) (Arber et al., 1999). At
embryonic day (E)12.5, there was no quantitative difference in
HB9-positive cells between ZPK/DLK-deficient and wild-type

embryos, indicating that motoneuron specification was not en-
hanced by loss of ZPK/DLK. In wild-type embryos, cleaved
caspase-3-postive apoptotic cells in the HB9-positive motoneu-
ron cluster became apparent at the cervical spinal levels at E12.5,
and at the lumbar levels at E13.5, followed by a reduction of
HB9-positive cells. In contrast, motoneuron NPCD in ZPK/
DLK-deficient embryos remained significantly less than that in
wild-type embryos. At E16.5, motoneuron NPCD was completed
in wild-type embryos, and no delayed NPCD was observed in
ZPK/DLK-deficient embryos (Fig. 1F, Table 1).

No remarkable abnormalities in the muscles and
neuromuscular junctions of ZPK/DLK-deficient mice
Enhanced survival of motoneurons in ZPK/DLK-deficient mice
might be associated with aberrant development of muscles
and/or neuromuscular junctions (NMJs). To address this, we
analyzed the diaphragm and the phrenic nerve. No gross anatom-
ical abnormalities were found in the diaphragm or the phrenic
nerve of ZPK/DLK-deficient E16.5 embryos (Fig. 2). Averaged
NMJ densities calculated from the multiple confocal images (Fig.
2E,F) of the diaphragm were 24 � 8 (n � 4) and 24 � 6 (n � 3)
per 100 �m of the long axis of the NMJ clusters in ZPK/DLK-
deficient and wild-type E16.5 embryos, respectively ( p � 0.05)
and no multiple innervation was found in PN21 ZPK/DLK-
deficient mice (90 NMJs were examined) (Fig. 2G,H). From these
results, we hypothesized that excess motoneurons remained via-
ble even though their axons failed to reach the target in ZPK/
DLK-deficient mice. In support of this hypothesis, myelinated
axons in the proximal portion of the phrenic nerve were always
more than those in the distal portion in ZPK/DLK-deficient mice
at PN21. Since no aberrant branches were observed between the
two portions examined, this result suggests that some excess my-
elinated axons present in the proximal portion failed to reach the
distal portion in the ZPK/DLK-deficient phrenic nerve. In clear
contrast, such quantitative mismatch between proximal and dis-
tal myelinated axons was never found in wild-type phrenic nerves
(Fig. 3).

Table 1. Motoneuron NPCD was reduced in ZPK-deficient embryos compared with
wild-type littermates

Embryonic
age �/� tp/tp

p value
(Welch’s
unpaired
t test)

Cervical level
HB9 � cells E12.5 40 � 4 (n � 4) 42 � 4 (n � 3) 0.60
HB9 � cells E13.5 25 � 4 (n � 4) 37 � 6 (n � 4) 0.020
Cleaved caspase-3 �

cells E12.5 5.3 � 1.3 (n � 4) 1.6 � 0.4 (n � 3) 0.006
Cleaved caspase-3 �

cells E13.5 9.2 � 3.2 (n � 4) 1.7 � 0.5 (n � 4) 0.017

Lumber level
HB9 � cells E12.5 61 � 13 (n � 3) 61 � 3 (n � 3) 0.94
HB9 � cells E13.5 31 � 7 (n � 5) 43 � 2 (n � 4) 0.017
Cleaved caspase-3 �

cells E12.5 1.8 � 0.8 (n � 3) 0.8 � 0.5 (n � 3) 0.13
Cleaved caspase-3 �

cells E13.5 4.6 � 1.4 (n � 5) 1.4 � 0.6 (n � 4) 0.004
Cleaved caspase-3 �

cells E16.5 0.3 � 0.3 (n � 3) 0.3 � 0.2 (n � 3) 0.92

Quantitative results for HB9 � cells and cleaved caspase-3 � cells within the HB9 � motoneuron pool per 6-�m-
thick section of the ventral spinal cord on one side. Data are means�1 SD. More than eight sections per animal were
counted. n, Number of animals examined; tp/tp, ZPK-deficient; �/�, wild-type.
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Discussion
A series of studies proved that establishment of axonal connec-
tion to the target muscle suppresses NPCD in motoneurons
through interaction between axon terminals and a combination
of muscle-derived molecules (Oppenheim, 1996; Calderó et al.,

1998; Grieshammer et al., 1998). In developing sympathetic neu-
rons and differentiated PC12 pheochromocytoma cells, proto-
typical models of NPCD, deprivation of nerve growth factor
(NGF) elicits activation of a pathway serially involving the small
GTP-binding protein Rac1/Cdc42, MLKs, MKK4, MKK7, JNKs,

Figure 2. Innervation of the diaphragm by the phrenic nerve was indistinguishable between ZPK/DLK-deficient and wild-type mice. Whole-mount diaphragms and distal phrenic nerves from
wild-type (�/�) and ZPK/DLK-deficient (tp/tp) embryos at E16.5 were immunolabeled for NF200 (green) and �-bungarotoxin (�-Bgtx, red). Arrows in A and B indicate areas magnified in C and
D, respectively, to demonstrate terminal branching of the phrenic nerve and neuromuscular junctions. E, F, Representative Z-stacked confocal images of the �-bungarotoxin-labeled neuromuscular
junctions from the bottom to top surfaces of the diaphragm from wild-type (E) and ZPK/DLK-deficient (F ) E16.5 embryos demonstrate no obvious increase in clustering of neuromuscular junctions.
At PN21, all of the neuromuscular junctions examined were innervated by a single axon in the diaphragms of both ZPK/DLK-deficient (H ) and wild-type (G) mice. Representative pictures are shown.
Scale bars: A, B (in A), 500 �m; C–F (in C, E) 100 �m; G, H (in G), 10 �m V, Ventral; Rt, right.

Figure 3. ZPK/DLK-deficient mice had more myelinated axons in the proximal portion of the phrenic nerve than in the distal portion. A–D, Representative confocal laser micrographs of proximal (A, B) and
distal (C, D) portions of the wild-type (�/�) and ZPK/DLK-deficient (tp/tp) phrenic nerves immunolabeled for MBP and NF200. The proximal portion was at the level of the aortic arch and the distal portion was
immediatelyproximalofthefirstmajortrifurcationofthephrenicnerveadjacenttothediaphragm.E–H,Methyleneblue-stained1-�m-thickcross-sectionsoftheproximalportions(E, F )andthedistalportions
(G, H )ofthephrenicnervesfromwild-type(E, G)andZPK/DLK-deficient(F, H )mice.Representativehigh-powerimagesdemonstratethatthedistalportionofthephrenicnervefromaZPK/DLK-deficientmouse
was primarily composed of large-diameter myelinated axons, which were indistinguishable from that from a wild-type mouse. I, Quantitative analysis of myelinated axon numbers in the phrenic nerves from
ZPK/DLK-deficient (closed circles, tp/tp) and wild-type (open circles, �/�) mice at PN21. Each pair of the connected circles represents the myelinated axon numbers at the proximal and distal portions of a
phrenic nerve. Left and right phrenic nerves from three mice were quantified in each genotype. Scale bars, 100 �m.
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and c-JUN, resulting in activation of the intrinsic apoptotic path-
way (Wang et al., 2004). A similar molecular pathway involving
MLKs, JNKs, and c-JUN has been shown to underlie NPCD of
motoneurons (Maroney et al., 1998; Sun et al., 2005; Ribera et al.,
2007). Our study further indicates that motoneurons are largely
dependent on ZPK/DLK to mediate NPCD signaling, whereas
sympathetic neurons use a spectrum of MLKs such as MLK3 and
ASK1 for NPCD (Kanamoto et al., 2000; Mota et al., 2001; Xu et
al., 2001). Unlike motoneurons, we found only a small difference
in the numbers of primary sensory neurons between ZPK/DLK-
deficient and wild-type mice in a previous study (Itoh et al.,
2009), supporting the notion that each neuron system uses a
distinct set of MLKs for NPCD.

Activation of the intrinsic apoptotic pathway is a key event
before the execution phase of NPCD in motoneurons. BAX and
BAK, multidomain proapoptotic members of the Bcl-2-related
protein family, act as a checkpoint through which death signals
activate the intrinsic apoptotic pathway (Wei et al., 2001). In-
deed, NPCD of motoneurons is virtually absent in BAX-deficient
mice during development (Deckwerth et al., 1996; White et al.,
1998). Detailed analysis of BAX-deficient motoneurons by Sun et
al. (2003) revealed, however, that, though rescued from NPCD,
these motoneurons became so severely atrophic postnatally that
they could no longer be securely identified as motoneurons in
Nissl-stained sections. This observation is in line with our results
in BAX- and BAK-double-deficient oligodendrocytes (Kawai et
al., 2009), but clearly contrasts with the healthy-appearing excess
motoneurons in ZPK/DLK-deficient mice. Similarly, Harris et al.
(2002) reported that CEP-1347 preserved metabolism and
growth of sympathetic neurons deprived of NGF. Those results,
together with our observations in ZPK/DLK-deficient mice, in-
dicate that loss of BAX dissociates competence-to-die from met-
abolic downregulation during the execution phase of NPCD,
whereas ZPK/DLK is likely to be upstream of both processes.
These atrophic changes, particularly axonal degeneration of the
motoneurons committed to NPCD, might be associated with the
recent observation by Miller et al. (2009) that ZPK/DLK mediates
the axon self-destruction program in Wallerian degeneration.
Furthermore, recent studies have shown that DLK-1 and Wal-
lenda, the invertebrate ZPK/DLK homologues, play a critical role
in axon autonomous responses to various exogenous stimuli,
such as terminal formation and axon regeneration and degener-
ation, by regulating local protein synthesis and degradation in
axons (Nakata et al., 2005; Collins et al., 2006; Hammarlund et
al., 2009; Yan et al., 2009). Loss of these ZPK/DLK-mediated axon
autonomous mechanisms therefore might contribute to the axon
preservation of excess motoneurons and enhance their survival in
ZPK/DLK-deficient mice.

There is growing evidence that activation of the apoptotic
machinery plays a role not only in NPCD but also in neurode-
generative diseases such as Parkinson’s disease (Silva et al., 2005).
Since our results suggest that each neuron system uses a distinct
set of MLKs depending on exogenous signals, MLK inhibitors
more selective for ZPK/DLK rather than other MLKs might pro-
mote survival of motoneurons in certain types of motor neuron
diseases.
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