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Excessive glutamate signaling is thought to underlie neurodegeneration in multiple contexts,
yet the pro-degenerative signaling pathways downstream of glutamate receptor activation
are not well defined. We show that dual leucine zipper kinase (DLK) is essential for excito-
toxicity-induced degeneration of neurons in vivo. In mature neurons, DLK is present in the
synapse and interacts with multiple known postsynaptic density proteins including the
scaffolding protein PSD-95. To examine DLK function in the adult, DLK-inducible knockout
mice were generated through Tamoxifen-induced activation of Cre-ERT in mice containing a
floxed DLK allele, which circumvents the neonatal lethality associated with germline dele-
tion. DLK-inducible knockouts displayed a modest increase in basal synaptic transmission but
had an attenuation of the JNK/c-Jun stress response pathway activation and significantly
reduced neuronal degeneration after kainic acid-induced seizures. Together, these data
demonstrate that DLK is a critical upstream regulator of JNK-mediated neurodegeneration
downstream of glutamate receptor hyper-activation and represents an attractive target for
the treatment of indications where excitotoxicity is a primary driver of neuronal loss.

Glutamate-based excitotoxicity is thought to un-
derlie much of the neuronal damage that occurs
after stroke or traumatic brain injury and contrib-
utes to functional decline in neurodegenerative
disorders such as amyotrophic lateral sclerosis
(ALS) and Alzheimer’s disease (Hardingham and
Bading, 2010; Lau and Tymianski, 2010). An ex-
cess of extracellular glutamate present as a result
of trauma or disease leads to hyper-activation of
ionotrophic glutamate receptors, causing high
levels of calcium influx into affected neurons that
eventually results in degeneration (Choi, 1985).
The N-methyl D-aspartate (NMDA) receptor has
been shown to be a primary mediator of excito-
toxicity-induced neuronal cell death, and treat-
ment with NMDA receptor-specific antagonists
is neuroprotective in several degeneration models
(Simon et al., 1984;Virgili et al., 1992).
Uncoupling of NMDA receptors from the
associated scaffolding protein PSD-95 can pro-
tect neurons from excitotoxic degeneration,
suggesting that an interaction with intracellular
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signaling molecules is required to initiate a pro-
apoptotic response (Aarts et al., 2002; Cook
et al., 2012). In particular, the JNK pathway
has emerged as an important regulator of neu-
ronal degeneration induced by NMDA recep-
tor hyper-activation. Inhibitors of JNK activity
can prevent both NMDA-mediated neuronal
apoptosis in vitro and after ischemia in vivo
(Borsello et al., 2003; Gao et al., 2005). Addi-
tionally, significant neuroprotection from kainic
acid—induced excitotoxicity was observed in
mice lacking expression of JNK3 or expressing a
mutated form of the downstream transcription
factor c-Jun that cannot be phosphorylated by
JNK (Yang et al., 1997; Behrens et al., 1999).
However, despite extensive data supporting a
role for JNK in excitotoxic neurodegeneration,
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Figure 1. Generation and characterization of DLK-inducible knockout mice. (A) Schematic of the strategy used to generate DLK-inducible knock-
out mice. DLK** mice were crossed to CAG-CreERT mice to generate DLKX;Crer>s mice. Tamoxifen exposure resulted in excision of DLK exons 2-5. P1, P2,
and P3 represent primers used for analysis of recombination. (B) Experimental design for DLK excision in the adult DLK'**;Crers animals. Mice were fed
Tamoxifen chow for 3 wk and received three Tamoxifen injections (i.p.) during week 2 before initiating studies at the end of week 4. (C) Genomic DNA PCR
from the CNS of Tamoxifen-treated DLK'%;CrePos or DLK!**;Cre™ mice. Cre genotype is annotated by a + or — symbol. The upper band (263 bp) corre-
sponds to full-length unrecombined DLK (P1+P2), whereas the lower band (150 bp) is the product of DLK recombination in DLK'**;Creros mice (P1+P3).
Data are representative of n> 10 mice per genotype. Ctx = cortex, Hc = hippocampus, Str = striatum, Cb = cerebellum, Ob = olfactory bulb, Sc = spinal
cord, Ret = retina. (D) Western blot analysis of DLK protein in various regions of the CNS in DLK'%;Cre?°s and DLK'%;Cre"9 mice. Cre genotype is annotated
by a + or — symbol and Actin is shown as a loading control. Data are representative of n =5 mice per genotype. Ctx = cortex, Hc = hippocampus, Str =
striatum, Cb = cerebellum, Ob = olfactory bulb, Sc = spinal cord. (E-N) Immunohistochemistry for GFAP (E and J), Nissl stain (F and K), and NeuN (G and L)
on hemibrains from DLK'X;Cre"<9 (top) and DLK'*;Creros mice (bottom). Bars, 300 um. High magnification images of cortex (H and M) and hippocampus
(I'and N) of Tamoxifen-treated DLK'*%;Cre™9 or DLK'**;Creros mice after NeuN staining. Bars: (E-G and J-L) 300 pum; (H and M) 50 um; (I and N) 30 um. Data
are representative of n> 5 mice per genotype. (0) Mean log, normalized expression for all genes in the microarray experiment is plotted for DLK'*;Crene
samples (x-axis) and DLKIx;Crers samples (y-axis). Significantly different genes are highlighted in red (DIk) and blue (Esr7; P < 0.01 for both genes). n = 4
animals for DLK'*x;Cre9 and 5 for DLK'%;CrePos. (P) Esr1, DLK, c-Jun, JNK3, and PSD-95 expression levels from microarray in DLK'°%;CrePos samples (purple)
as compared with DLK'*%;Cre"d controls (yellow). The y-axis was set based on the maximum and minimum expression observed in individual animals and
differs for each gene shown. n = 4 animals for DLK'**;Cre"d and 5 for DLK'*;Crepos,
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Table 1. DLK-interacting proteins identified by mass spectrometry

Gene Uniprot Symbol  Present in PSD Peptides in DLK'*x:Crened Peptides in DLK'*x:Crepos
DLK MAP3K12 X 23 1
Beta spectrin 2 Spnb2 X 28 0
LZK MAP3K13 13 0
Neurofilament light Nefl X 13 0
Neurofilament medium Nefm X 12 0
Beta spectrin 3 Spnb3 X 10 0
Internexin Ina X 9 0
Matrin 3 Matr3 7 0
Purine rich binding protein element A Pura X 7 0
Microtubule associate protein 1A Map1a X 6 0
Contactin 1 Cntn1 X 5 0
Actinin alpha 1 Actn1 X 5 0
DEAH box polypeptide 9 Dhx9 5 0
Synaptic RAS GTPase activating protein Syngap1 X 4 0
Microtubule associate protein 4 Map4 X 4 0
Heterogeneous nuclear ribonucleoprotein a2b1 HNRPa2b1 4 0
BR serine/threonine kinase 1 Brsk1 4 0
PSD-95 DLG4 X 3 0
Set binding factor 1 sbf1 X 3 0
Kinesin family member 2A Kif2 X 2 0

"Present in PSD" denotes peptides identified in PSD fraction after biochemical fractionation. All peptides except DLK and Map4 have been identified in multiple independent studies.

the upstream factors that link JNK to glutamate receptor
hyper-activation remain poorly understood.

Dual leucine zipper kinase (DLK) is an evolutionarily con-
served mixed lineage kinase that is required for stress-induced
JNK activity in neurons during development (Ghosh et al.,2011)
and is essential for both neurodegeneration and axon re-
generation of dorsal root ganglion (DRG) and retinal gan-
glion cell neurons after insult (Miller et al., 2009; Ghosh et al.,
2011; Shin et al., 2012; Watkins et al., 2013). These findings,
together with the localization of DLK protein to the axon (Hirai
et al., 2005; Lewcock et al., 2007), have led to the hypoth-
esis that DLK acts as a damage sensor to control the neuronal
response to axonal injury. High levels of DLK expression can
be found throughout the adult brain (Mata et al., 1996), yet the
function of DLK outside of these specific populations of pro-
jection neurons remains unclear. In this study, we performed an
unbiased analysis of DLK-interacting proteins in the adult brain
and found that DLK is present at the postsynaptic density and
can interact with many PSD components, including PSD-95 in
mature neurons. Removal of DLK in adult animals provided
significant protection of neurons from excitotoxicity-induced
degeneration via attenuation of stress-induced JNK signaling.
These results represent a novel role for DLK in the response to
neuronal insult originating at the synapse and suggest that DLK
may broadly regulate neurodegeneration in the adult brain.

RESULTS

To investigate the role of DLK in the adult brain, we gener-
ated mice in which excision of the DLK allele can be temporally
controlled to avoid the lethality observed at early postnatal

JEM Vol. 210, No. 12

ages in DLK-null mice (Hirai et al., 2006). This was achieved
by crossing mice with DLK exons 25 flanked by loxP sites
(DLK"*/1%) to a Tamoxifen-inducible Cre-ERT transgene
driven by the CMV early enhancer/chicken 3 actin (CAG) pro-
moter (Fig. 1 A) that expresses high levels of Cre-ERT in brain
and most peripheral tissues (Hayashi and McMahon, 2002).
DLK!"*¥1o¢/Cre-ERT?* mice (referred to as DLK!;CreP®) dis-
played minimal recombination of the DLK allele in the absence
of Tamoxifen and survived to adulthood. To induce DLK re-
combination, 10-12-wk-old DLK!*%;CreP* mice were put on
a Tamoxifen diet for 3 wk combined with three high-dose
injections of Tamoxifen (Fig. 1 B), which resulted in efficient
excision of DLK in most brain regions (Fig. 1 C). Although
the vast majority of DLK protein was eliminated in many brain
regions 1 wk after completion of Tamoxifen dosing, a small
amount of DLK protein was still present, consistent with the
levels of unrecombined DLK observed by PCR in each brain
region (Fig. 1, C and D). Nonetheless, this dosing regimen
achieved a reduction in DLK levels that was adequate to assess
the function of this kinase in the adult CNS and thus avoid
confounding developmental phenotypes.

The effect of DLK deletion in DLK!*;CreP°s brains was
first assessed by histological analysis of animals after Tamoxifen
administration, which identified no gross abnormalities as com-
pared with control littermates lacking Cre expression (Fig. 1,
E-N). NeuN staining (Fig. 1, I and N) of brains of both gen-
otypes revealed normal morphology and organization of neu-
rons in the cortex and hippocampus. To examine what changes
in gene expression resulted from Tamoxifen-induced excision
of DLK, we performed microarray analysis on the hippocampi
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Figure 2. DLK is present in the postsynaptic density and associates with PSD-95. (A) Western blot of adult rat brain fractionated to isolate the
postsynaptic density blotted with antibodies to DLK, PSD-95, synaptophysin, GSK33, tubulin, and histone 2B (H2B). P2 = crude synaptosome proteins,
PSDI = synaptosome proteins, and PSDII = core PSD proteins. Data are representative of three independent experiments. (B) Immunoprecipitation (IP) with
antibodies for DLK from adult rat brain followed by blotting for PSD-95 (top) or IP with PSD-95 followed by blotting for DLK (bottom). A nonspecific

IgG antibody was used as a negative control. Molecular masses are in kilodaltons. Data are representative of at least three independent experiments.
(C-J) Confocal images of mature rat hippocampal cultures (21 DIV) stained with Map2 (C), PSD-95 (D), and DLK (E). Merged images are shown in F. In the
merged image, DLK is shown in red, PSD-95 in green, and Map2 in blue. Data are representative of n > 5 cells from three independent experiments. Bar,
30 um. (G-J) High magnification images of dendrites from neurons in C-J stained with Map2 (G), PSD-95 (H), and DLK (I). Merged image is shown in J.

In the merged image, DLK is shown in red, PSD-95 in green, and Map2 in blue. Arrowheads highlight areas of colocalization between DLK and PSD-95.
Bar, 10 um. (K) Quantification of colocalization between PSD-95 and DLK along mature hippocampal dendrites based on n > 15 cells from three indepen-
dent experiments. 83 + 6.1% of PSD-95 positive puncta also contained DLK signal, whereas 43 + 4.4% of DLK-positive puncta contained PSD-95.
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of Tamoxifen-treated DLK!%;CreP* and DLK"%;Cre"¢ age-
matched controls. The genetic profiles of the two groups were
strikingly similar, including genes potentially involved in DLK
signaling such as ¢-Jun, JNK3, and PSD-95. Surprisingly, the
only genes that displayed a significant difference in expression
identified between groups were estrogen receptor a (Esr1) and
DLK (Fig. 1, O and P). The expression change observed in
Esrl was expected as a result of the estrogen response element
present in the Cre-ER transgene and thus represented a use-
ful internal control for the experiment. Consistent with these
findings, observation of DLK!%;CreP® animals for 3 mo after
Tamoxifen treatment revealed no changes in body weight or
decreased viability as a result of the reduced DLK expression.
Together, these data suggest that deletion of DLK in the adult
brain does not result in similar phenotypes to those observed
in germline DLK-null animals (Hirai et al., 2006).

DLK is present at the postsynaptic density

and interacts with PSD-95

To better define the role of DLK in the adult brain, we per-
formed a mass spectrometry—based screen for DLK-interacting
proteins. DLK protein complexes were immunoprecipitated
from whole brains of ~15-wk-old DLK!"%;Cre®¢ animals
with an antibody directed against the C terminus of DLK, and
then immunoprecipitated protein complexes were subsequently
separated by SDS-PAGE and a series of regions spanning the
length of the gel were subjected to tryptic digestion and mass
spectrometry analysis (see Materials and methods). Immuno-
precipitation from brains of Tamoxifen-treated DLK!X;CreP*
animals with significantly reduced DLK expression were used
as controls to ensure the interacting proteins identified were
DLK dependent. Although DLK"¥;CreP* mice did retain very
low levels of DLK protein (Fig. 1 D) and one peptide corre-
sponding to DLK was identified by mass spectrometry in these
animals after immunoprecipitation (Table 1), we restricted
our analysis to peptides that were specific to the DLK*%;Crems
condition (i.e., no peptides identified in DLK**;CreP® ani-
mals) to ensure any proteins identified were true components
of'a DLK protein complex.

Several DLK -interacting proteins were discovered through
this analysis, including the closely related mixed lineage kinase
LZK (MAP3K13) and several components of the neuronal
cytoskeleton such as 3 spectrin (Spnb2), neurofilament light
(Nefl), neurofilament medium (Nefm), and microtubule-
associated protein la (Mapla;Table 1). Additional DLK-specific
interactors included proteins with known roles in synaptic
development/function such as contactin 1 (Cntnl; Murai et al.,
2002), synaptic Ras GTPase (Syngap1; Kim et al., 1998), and

Article

PSD-95 (Sampedro et al., 1981). PSD-95 localization is re-
stricted to the postsynaptic density of mature neurons where
it acts as an essential regulator of proper synaptic function
(Migaud et al., 1998), and the identification of PSD-95 in our
unbiased screen suggests that at least a subset of DLK protein
may also be present at the synapse. Indeed, further analysis
revealed that a majority of the DLK interactors found here
have previously been identified as PSD components by inde-
pendent mass spectrometry studies which used biochemi-
cal fractionation to isolate the postsynaptic density (Table 1;
Walikonis et al., 2000; Jordan et al., 2004; Li et al., 2004; Peng
et al., 2004; Yoshimura et al., 2004; Collins et al., 2006), and
a subset of these studies also identified DLK as a component
of the PSD. This observation, along with the interaction ob-
served between DLK and multiple known PSD proteins, sug-
gests that DLK may be present at synapses.

We next sought to more conclusively validate the presence
of DLK in the postsynaptic density using several approaches.
First, the PSD was isolated by biochemical fractionation to
examine whether DLK protein was a component in the en-
riched PSDII fraction comprised of only core PSD proteins.
We observed DLK in the PSDII fraction, while three controls
(synaptophysin, tubulin, and histone H2B) known to be absent
from the PSD were not present (Fig. 2 A). The lack of enrich-
ment for DLK in the PSDII fraction indicates that DLK pro-
tein is not exclusively localized to the PSD and is also present
in other subcellular domains. This distribution is common for
many previously identified components of the PSD such as
GSK3p (Fig. 2 A; Collins et al., 2006). We next performed
coimmunoprecipitation of DLK and PSD-95 from adult rat
brain to confirm the interaction observed by mass spectrome-
try. An interaction between these proteins was observed when
using either DLK or PSD-95 for pulldown, although immuno-
precipitation with DLK pulled down only a fraction of
PSD-95, consistent with our biochemical results (Fig. 2 B). Last,
immunohistochemistry was performed on mature hippocam-
pal neuron cultures, which revealed punctate DLK staining
in MAP2-positive dendrites that colocalized with PSD-95 in
some regions of the dendrite (Fig. 2, C—J). The specificity of
the DLK antibody was confirmed through staining of neurons
from DLK-null mice, in which the punctate DLK staining in
neurites was not observed. Staining of cell bodies still occurred
in neurons lacking DLK expression, suggesting nonspecific
labeling in this region of the neuron (not depicted; Ghosh
et al., 2011). Automated quantification of PSD-95 and DLK
colocalization along dendrites revealed that the significant
majority (83%) of PSD-95—positive puncta contained DLK,
whereas only 43% of the total DLK was localized within

Error bars represent SD. (L) Representative fluorescent micrographs of apical dendrite segments from neurons electroporated with an RFP-expressing
plasmid (top) and both RFP- and Cre-expressing plasmids (bottom) in DLK'* animals. Bar, 1 um. (M and N) Quantification of the mean spine density and
relative spine volume from Cre-negative versus Cre-positive DLK'* neurons labeled with RFP. Bar graph represents the mean across animals per group
and gray circles represent average measures from individual animals, **, P < 0.01, unpaired Student's t test, n = 5 animals, 31 cells, 1,522 spines for Cre-
negative and 6, 34 and 1,799 for Cre-positive groups. Error bars represent SEM. (0) Mean frequency distribution of spine volumes for experiments shown
in L-N, binned in 0.1-um? increments per animal and averaged across each group. Error bars represent SEM per volume bin per group.
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Figure 3. Assessment of neuronal morphology and synaptic activity in DLK-inducible knockout mice. (A) Quantification of EPSP magnitude in
response to logarithmically increasing stimulus strengths for DLK'%;CrePs compared with DLK'%;Cre"e9 animals (P < 0.001, n = 18 individual recordings for
DLK'*;Creros and 19 for DLK'**;Cren<9). Example responses for each genotype are shown inset with the scale bar representing 1 mV and 5 ms. (B) Quantifica-
tion of paired pulse ratios (PPRs) for EPSPs elicited at 25, 50, 100, 200, 400, 800, or 1,600 ms interstimulus interval in both genotypes (n = 18 individual
recordings for DLK'*%;Crers and 19 for DLK'*%;Cre"<9). Example overlaid EPSP recordings from each genotype for the 25-400-ms intervals are shown inset for
each genotype with scale bars representing 1 mV and 20 ms. (C) LTP measurements in slices from DLK'%;Cre?os and DLK'X;Cre"¢ mice after sequential bouts
of 1,2, or 3x theta burst stimulation (TBS, indicated by arrows). n = 6 individual recordings for DLK'%;Crers and 7 for DLK'%;Cren<s, Example traces from
each genotype for the baseline period and after the 3x TBS are shown inset with the scale bar representing 1 mV and 5 ms. Error bars in A-C represent
SEM. (D and E) Quantification of mean spine density and relative spine volume in GFP labeled neurons from DLK*;Cre"? and DLK'%;CreP>s mice after tamoxifen-
induced recombination in the adult animal. Bar graphs represent the mean across animals per group and gray circles represent average measures from
individual animals. P-values calculated from unpaired Student's ¢ test (P = 0.8), n = 7 animals, 42 cells, 2,643 spines for DLK'*;Cre" and 7, 45, and 2,699,
respectively, for DLK'%;Creros groups. Error bars represent SEM. (F) Mean frequency distribution of spine volumes for experiment shown in D and E, binned
in 0.1-um? increments per animal, and averaged across each group. Error bars represent SEM per volume bin per group. (G) Whole mount images of GFP-
labeled cortical neurons from adult DLK'®;Cre9 or DLK'**;CreP°s mice. Bar, 30 um. Images are representative of n = 5 neurons from at least three animals.

PSD-95—positive regions. Collectively, these data demonstrate
that although DLK is not restricted to the postsynaptic den-
sity, some DLK protein is present at the PSD and can interact
with PSD-95.

To explore whether DLK signaling has a functional role at
postsynaptic sites, we assessed the density and size of dendritic

2558

spines in pyramidal neurons lacking DLK. As spine density in
cultured neurons can be variable, we examined spine morphol-
ogy in vivo using in utero electroporation of DLK!"*%;Cre"ee
embryonic day 16.5 (E16.5) mice with Cre-expressing plasmids
to allow for examination of cell-autonomous DLK-dependent
alterations in neuronal morphology (Saito and Nakatsuji, 2001).
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A ,_8 166 B . 6 . * Figure 4. DLK-null neurons display attenuated JNK
= EMINMDA S 5 : activation after NMDA treatment. (A) Western blots
© 30" 60" 90’ 120°240° 'g' T for DLK, p-JNK, and p-c-Jun of lysates from hippocampal

DLK| -] o0 557 neurons (21-28 DIV) treated with NMDA for 30, 60, 90,
-50kD 6 £ [ 120, or 240 min. Actin is shown as a loading control.
p-JNK‘h______ — ‘ é-% 2] (B) Quantification of p-c-Jun levels in NMDA treated
p-c-Jun‘ ———— ‘-50 kD 2, hippo_campal neurons shown in (A). n=6 independgnt
= experiments; *, P < 0.01 and *, P = 0.025 as determined
ActinlL 1_50 kD OControl 30' 60 90' 120' 240' by an unpaired Student's t test. Error bars represent SEM.
Time (min) (C) Western blots for p-c-Jun and p-JNK from DLK WT
and KO cortical neurons (14 DIV) treated with NMDA for
C bik:_- | i I - | - l + | + D:m M DLKWT 60 min. GAPDH is shown as a loading control. (D) Quan-
NMDA: - [ -[+]+]+ ]+ % pif IMBLKK® 1 tification of p-c-Jun protein levels in NMDA-treated DLK
D-UNK [ 5 s e -50 kD < 8 . WT versus KO neurons shown in (C). n = 6 total samples
W ——— - S 9 from three independent experiments. **, P < 0.01; error
p-c-Jun —50 kD Q(F_’ § 4 bars represent SEM.
o
GAPDH [smr me wm e e e "50KD 3 2

Control

When two independent cohorts were assessed at postnatal
day 30, loss of DLK did not result in alterations in dendritic
spine density along apical dendrites (Fig. 2, L and M), but
mean spine volume was increased (Fig. 2 N). Further analysis
of spine volume distribution in Cre™ versus Cre" neurons re-
vealed that the increase in mean spine volume was the result of
an increase in the number of medium spines at the expense of
smaller sized spines, with the population of large spines being
relatively unaffected (Fig. 2 O).These data suggest that DLK
has a functional role at the synapse; however, it is unclear
whether the spine size increase is a result of alterations in syn-
aptic development or maintenance.

DLK affects synaptic strength in the adult brain
The DLK-dependent change in spine size led us to ask whether
synaptic activity was altered in adult DLK!X;CreP* mice after
Tamoxifen-induced deletion of DLK. To assess basal synap-
tic strength, the input-output relationship was determined by
measuring excitatory postsynaptic potential (EPSP) magnitude
in pyramidal neurons in response to logarithmically increas-
ing stimulus strengths in hippocampi of DLK"*%;Cre" versus
DLK % CrePos animals 1 wk after Tamoxifen treatment. Inter-
estingly, DLK!'%;CreP® animals had a modest but signifi-
cant increase in basal synaptic strength as compared with
DLK"*%;Cre™8 age-matched controls (P < 0.001, n = 18 or 19
recordings, Fig. 3 A). To determine whether this increase in
amplitude was a result of presynaptic function, we next exam-
ined the paired pulse ratios of EPSPs at several interstimulus
intervals. No significant difference in presynaptic strength was
observed between genotypes (Fig. 3 B), suggesting that the
observed alterations in synaptic strength were postsynaptic in
origin. Examination of synaptic plasticity revealed no change
in the magnitude of long-term potentiation (LTP) in DLK!;
CreP* versus DLK!%;Cre¢ mice (Fig. 3 C).

We then asked whether Tamoxifen-induced excision of
DLK in the adult brain affected spine density or volume simi-
lar to what we observed in neurons when DLK was removed
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during embryonic development (Fig. 2, N and O). To test this,
brains of E16.5 embryos from DLK!%;Cre™¢ or DLK!¥;Creps
mice were electroporated with GFP and Cre reporter plas-
mids, treated with Tamoxifen in adulthood to recombine
DLK in CreP* animals, and imaged 1 wk later. In this experi-
mental paradigm, DLK deletion in adult neurons did not
significantly affect spine density or volume (Fig. 3, D and F),
possibly due to reduced plasticity and the slow rate of spine
turnover in the adult brain (Holtmaat et al., 2005; Zuo et al.,
2005). The labeling of individual neurons by in utero electro-
poration also allowed for visualization of neuronal morphology
including patterns of dendritic arborization. Consistent with
our histological findings (Fig. 1, J-N), we could detect no
abnormalities in the morphology or dendritic arborization of
DLK"*%;CreP neurons (Fig. 3 G). Together, these data indi-
cate that DLK functions at the synapse in the adult brain but
the modest changes in basal synaptic strength induced by DLK
deletion are not sufficient to result in any structural altera-
tions during the time course analyzed.

DLK is required for excitotoxicity-induced

JNK activation and neuronal degeneration

Previous studies have demonstrated that DLK is required for
stress-induced JNK signaling in DR G neurons after trophic fac-
tor deprivation or axonal injury (Ghosh et al., 2011; Watkins
et al., 2013), so we next asked whether excitotoxicity-induced
JNK activation is also DLK dependent. To test this, we added
NMDA to mature hippocampal cultures and assessed levels of
DLK/JNK signaling. Robust and reproducible induction of
stress-induced JNK activity was observed as early as 30 min after
application of 100 uM NMDA, as measured by phosphoryla-
tion of the stress-specific JNK target c-Jun (Fig. 4, A and B).
Levels of p-JNK were only slightly elevated after NMDA ad-
ministration, likely as a result of the high levels of physiologi-
cal JNK1 activity present in neurons that are independent of
the JNK2/3-dependent stress response (Coffey et al., 2002).
DLK protein levels were also increased, as has been observed
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Figure 5. Induction of the JNK-mediated neuronal stress response
after kainic acid-induced seizures is attenuated in DLK-inducible
knockout mice. (A) Seizure scores for kainic acid-treated DLK'*x;Crened or
DLK'*x:Creros mice. Mice were given three i.p. kainic acid injections: one at
onset of the experiment and two more at 30-min intervals, as marked by
dotted lines. Seizures were qualified according to Racine's scale (0 = nothing,
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after axonal injury (Xiong et al., 2010; Huntwork-R odriguez
et al., 2013), implying that DLK may contribute to JNK acti-
vation after NMDA application. To examine the functional
relevance of DLK in this setting, the induction of JNK and
c-Jun phosphorylation after NMDA application were mea-
sured in neurons from DLK knockout mice. Interestingly,
the NMDA-induced increase in p-c-Jun was significantly at-
tenuated in neurons lacking DLK (Fig. 4, C and D). DLK-
null neurons also lacked any increase in p-JNK after NMDA
application, arguing that DLK is required for NMDA receptor-
induced JNK activation and c-Jun phosphorylation.

The pathways that regulate neuronal excitotoxicity in vitro
have been shown to be highly dependent on the protocol
and cell type used (Ankarcrona et al., 1995; Bonfoco et al.,
1995; Dawson et al., 1996; Mandir et al., 2000), so we chose
to assess the role of DLK in this process in vivo using the kai-
nic acid model. This model is characterized by massive gluta-
mate release, seizures, and rapid c-Jun phosphorylation and
subsequent NMDA receptor dependent neurodegeneration
of hippocampal neurons over a period of days (Ben-Ari, 1985;
Yang et al., 1997). 1 wk after completion of the Tamoxifen dos-
ing regimen to excise DLK, DLK!*%;CreP® and DLK!;Cre"s
control mice were injected with kainic acid to induce seizures.
Three intraperitoneal injections of 10 mg/kg kainic acid were
administered at 30-min intervals (Hellier and Dudek, 2005)
to generate more consistent seizures and avoid the high rates
of mortality often observed with large bolus injections (McLin
and Steward, 2006). This multiple injection protocol trig-
gered severe seizures with maximal seizure scores of 4—6 in
both DLK*%;CreP* and DLK!*;Cre"# control groups (Fig. 5 A).
In DLK"%;Cre"¢ mice, kainic acid injection resulted in ro-
bust c-Jun phosphorylation in hippocampal neurons 4 h after
the first injection with some variability between animals (Fig. 5,
B-G'). In contrast, only a very few scattered p-c-Jun—positive
cells were observed in DLK!9%;CreP® hippocampi at the same
time point. To confirm the reduction in p-c-Jun levels, we
analyzed DLK'%;CreP* and control mice 4 h after kainic acid

1 = freezing, 2 = clonic posture, 3 = rearing, 4 = rearing and falling,

5 = continuous rearing and falling, 6 = grand mal seizure, and 7 = death).
Values represent the maximum seizure activity during each 15-min incre-
ment. n = 10 animals for DLK'*%;Cre"9 and 11 for DLK/**:CrePos, Error bars
represent SD. (B-G') Immunohistochemistry for p-c-Jun and NeuN in the
hippocampus of DLK'%;Cre" and DLK'%;CreP>s mice 4 h after kainic acid
treatment. (B'-G') p-c-Jun is labeled in green (left), whereas NeuN of the
same sections is shown in red (right) to visualize the neuronal architecture
of the hippocampus (CA1 = Cornu Ammonis area 1; DG = dentate gyrus).
Data are representative of n > 8 animals/genotype from three independent
experiments. Bar, 300 pm. (H) Western blots of hippocampal lysates from
kainic acid-treated DLK'*;Cree or DLK'X;Crer>s mice. Cre genotype is
annotated by a + or — symbol, and Actin is shown as a protein loading
control. Data are representative of three independent experiments.

(I) Quantification of p-c-Jun levels in kainic acid-treated DLK';Creros or
DLK'*x:Crened mice assessed by Western blot as shown in H. DLKox;Crened =
10.2 + 3.7- and DLK'*;Creros = 3.12 + 0.4-fold increase in p-c-Jun com-
pared with controls (n = 10 for DLK'X;Cred and 11 for DLK'**;Creres).

** P <0.001, unpaired Student's t test; error bars represent SEM.
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Figure 6. Analysis of additional markers in brains of DLK-inducible
knockout mice. (A) Western blots for p-ATF2, p-AKT, p-ERK, and p-P38 in
hippocampal lysates from DLK'*;Cre"ed or DLK'*X;Creres mice treated with
saline or kainic acid. Cre genotype is annotated by a + or — symbol, and
Actin is shown as a loading control. Data are representative of n = 6 ani-
mals/genotype from two independent experiments. (B) Western blot for
NMDA receptor subunit NR1 and various glutamate receptor subunits
(GluR1, GIuR2, and GIuR6) from DLK'**;Cre"9 and DLK'**;CreP°s hippocampi.
Cre genotype is annotated by a + or — symbol, and Actin is shown as a
protein loading control. Data are representative of n > 6 animals/genotype
from two independent experiments. (C) Western blot for NMDA receptor
subunits NR2A and NR2B in hippocampal lysates of kainic acid-treated
DLK'x;Crened and DLK'*x;Creros hippocampi. Cre genotype is annotated by a
+ or — symbol, and Actin is shown as a protein loading control. A 1.3-fold
increase in NR2B was observed in DLK'**;Creros but this change was not
statistically significant (P = 0.411, paired Student's t test). Data are repre-
sentative of n = 6 animals/genotype from two independent experiments.

administration by Western blotting. Consistent with the
immunohistochemical staining, the kainic acid—induced phos-
phorylation of c-Jun was increased 10.2-fold in hippocampi of
DLK!;Cre"¢ mice, and this induction was largely attenuated
in DLK"*%;CreP® animals (Fig. 5, H and I). Levels of p-JNK
were not found to be elevated after kainic acid administration
in either genotype, consistent with our observations in vitro.
This suggests that DLK specifically regulates stress-induced
JNK activity in the adult brain after insult without affecting
other aspects of JNK signaling, as was observed in cultured
DRG neurons (Ghosh et al., 2011).

To investigate whether DLK deletion modified the activa-
tion state of other intracellular signaling pathways in addition to
JNK/c-Jun, we examined hippocampal lysates from Tamoxifen-
treated DLK!%;CreP>s and DLK!%;Cre®¢ 4 h after kainic acid
administration. The levels and phosphorylation state of several
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proteins, including ATF2, Akt, ERK, p38, CDKS5, Creb, and
c-Fos, were examined based on their known involvement in
the neuronal stress response and/or previous studies reporting
kainic acid—dependent changes in their activation state. Of all
the pathways investigated, only the increased ERK phosphory-
lation proved to be DLK dependent while others were unaf-
fected by DLK genotype (Fig. 6 A and not depicted). These
findings suggest that seizure-induced phosphorylation of ERK
is also downstream of DLK signaling, although the mechanism
of this regulation may be indirect.

To exclude the possibility that the reduction in p-c-Jun
and other alterations observed in DLK!%;CreP animals was a
result of changes in glutamate receptor expression, the levels
of various receptors were examined by Western blotting. The
NMDA receptor subunit NR 1, GluR 1, GluR2, and GluR 6
appeared equivalent in all samples regardless of genotype
(Fig. 6 B). Analysis of other NMDA receptor subunits de-
tected a 1.3-fold increase in NR2B levels in DLK!%;Crepes
animals as compared with DLK"*%;Cre®¢ littermates (Fig. 6 C),
which would not likely be sufficient to have any functional
effects (Papouin et al., 2012). Therefore, the differences in
phospho-c-Jun levels observed in DLK-inducible knockout
mice arise from inhibition of the signaling cascade downstream
of the NMDA receptor rather than alterations in the expres-
sion of particular glutamate receptor components.

Loss of DLK protects neurons against

excitotoxicity-induced degeneration

To determine if the loss of DLK expression would be sufficient
to protect neurons from degeneration, we measured various
markers of neuronal cell death in hippocampi of Tamoxifen-
treated DLK!%;Cre™¢ mice and DLK!°%;CreP®s littermates 7 d
after kainic acid administration. First, neuronal apoptosis
was examined using TUNEL staining. Although no TUNEL-
positive cells were detected in saline-treated control animals
of either genotype (not depicted), a considerable number of
TUNEL-positive neurons were observed in the CA1 and CA3
regions of the hippocampus in DLK!;Cre™# animals along
with scattered cells in the dentate gyrus and cortex (Fig. 7 A).
In DLK!%;CreP> mice, however, the number of TUNEL-
positive cells in all regions was significantly reduced and nearly
absent in most mice (Fig. 7 B). Quantification of TUNEL-
positive cells in the CA1 region of each animal revealed an
~24-fold decrease DLK*%;CreP* as compared with DLK%;
Cre™# mice at this time point (Fig. 7 C). To confirm that
neurons in DLK"*;CreP* were not lost via necrosis or other
caspase-independent degeneration pathways that would not
be detected by TUNEL labeling, we stained a subset of hip-
pocampal sections from kainic acid—treated DLK'%;Cre"¢ and
DLK!%;CrePos animals with NeuN and measured the number
of remaining CA1 neurons as compared with saline-treated
controls. Notably, in DLK"%;Cre™¢ mice which displayed in-
creased TUNEL reactivity, we observed a thinning of the
CA1 region, whereas significant levels of neuronal loss were
not seen in DLK!"%;Cre?® animals (Fig. 7, D-E’). Quantifica-
tion of the mean NeuN-positive neurons per section revealed
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Figure 7. DLK-inducible knockout mice are protected from kainic acid-induced neuronal degeneration. (A-B’) Images of TUNEL and DAPI
staining in the hippocampus of DLK'*X;Cre9 and DLK'**;Cre?os mice 7 d after treatment with kainic acid. TUNEL is shown on the left (A and B), and DAPI
staining of the same sections on the right (A’ and B’) to visualize the neuronal architecture of the hippocampus. Bar, 300 um. (C) Quantification of TUNEL
labeling shown in A-B’. The graph represents the mean number of TUNEL-positive cells quantified per section of the CA1 region. (Saline: DLK'**;Crend =
7.2 £ 1.1, n=2; DLK'*;,CreP>s = 4.9 + 0.8, n = 2; kainic acid: DLK'**;Cre"®d = 748 + 84.5, n = 11; DLK'x:Creros =31 + 4.27, n = 11;**, P < 0.01. Error bars
represent SEM.) (D-E’) NeuN immunohistochemistry in the CA1 region of hippocampus in saline- or kainic acid-treated mice. D and D’ depict
DLK'*x;Cre™9 animals and E and E’ show DLK'%;CreP°s animals. Bar, 100 um. (F) Quantification of NeuN labeling shown in D-E'. The graph represents the
mean number of NeuN-positive neurons per section in the CA1 region (saline = 146 + 16, n = 2/genotype; kainic acid: DLK'%;Cre™9 = 67 + 12 n = 5;
DLK'ox;Creros=135 + 15, n = 5; *, P < 0.05, Student's t test. Error bars represent SEM. (G and G’) Fluoro-Jade C staining in the CA1 region of the hippocam-
pus in kainic acid-treated DLK'**;,Cre™d (G) and DLK'*%;Crer°s (G’) mice. Bar, 50 um. (H) Quantification of Fluoro-Jade C staining shown in G and G'.
(DLK'*x;,Crenes = 39.6 + 10.6, n = 11; DLK'>*;CreP>s = 0.48 + 1.4, n = 11;*** P < 0.001, paired Student's t test. Error bars represent SEM).

an approximately twofold decrease in the number of neurons
in DLK!"%;Cre®*¢ animals as compared with DLK!*;Creros
(P < 0.05; Fig. 7 F), indicating that both apoptotic and nonapop-
totic mechanisms of cell death are reduced in DLK!¥;Crepes
animals treated with kainic acid.

To examine whether neurons in DLK!%;CreP* mice dis-
played any sign of overt neuronal degeneration that was
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insufficient to induce cell death, we stained brain sections
from DLK!"*;Cre*¢ and DLK"%;CreP* with Fluoro-Jade C, a
marker which labels degenerating neurons including affected
neuronal processes (Schmued et al., 1997). Significant Fluoro-
Jade C staining was observed in CA1 regions of DLK"¥;Cre"s
mice, but little to no staining was evident in the hippocampus
of DLK!%;CreP* animals (Fig. 7, G and G'). Quantification
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revealed a decrease (~80-fold) in total levels of Fluoro-Jade
C staining in DLK"*%;CreP® mice after kainic acid treatment
(Fig. 7 H). Collectively, these results indicate that loss of DLK
results in a significant decrease in the levels of neuronal degen-
eration that result from kainic acid injection during the time
points analyzed.

DISCUSSION

In this study, we demonstrate that DLK is present at the post-
synaptic density and is an essential regulator of neuronal de-
generation after excitotoxic injury in the adult central nervous
system. This represents a departure from previous studies that
have demonstrated neuroprotective phenotypes resulting from
DLK deletion, all of which are dependent on insults that origi-
nate in the axon (Chen et al., 2008; Miller et al., 2009; Ghosh
et al., 2011; Shin et al., 2012). The divergent DLK localiza-
tion and function described here argues that DLK may regulate
neuronal degeneration in contexts such as cerebral ischemia,
where excitotoxicity is a predominant driver of neuronal cell
death. In addition, the diversity of degenerative phenotypes
now shown to be DLK-dependent implies that it may act
more broadly as a regulator of neuronal degeneration in devel-
opment and disease.

The neuroprotective effects elicited by DLK removal sug-
gest that DLK would be an attractive therapeutic target for
treatment of stroke and related neurodegenerative indica-
tions; several key observations made in this study lend sup-
port to this conclusion. First, DLK deletion appears to protect
neurons from both the apoptotic and nonapoptotic cell death
that are thought to occur after kainic acid administration (Ferrer
et al., 1995). A similar mixture of degeneration is known to
occur after ischemic insult (Charriaut-Marlangue et al., 1996;
Snider et al., 1999) and our data implies that DLK/JNK may
be involved in initiation of cell death via either mechanism.
Second, loss of DLK alone was sufficient to generate a signifi-
cant reduction in the phosphorylation of the stress-specific
JNK target c-Jun downstream of glutamate receptor hyper-
activation without affecting overall JNK activity (Fig. 4,
C and D). The JNK genes, particularly JNK3, have long been
pursued as targets for the treatment of cerebral ischemia based
on the observation that inhibition of signaling similarly reduces
excitotoxicity-driven neuronal degeneration (Yang et al., 1997;
Borsello et al., 2003; Kuan et al., 2003). However, JNK1 has
been shown to have important non—stress-related functions
in neurons (Chang et al., 2003; Tararuk et al., 2006), and ob-
taining specific, brain-penetrant inhibitors of JNK3 has proven
extremely difficult (Waetzig and Herdegen, 2005; Bogoyevitch
et al., 2010). Targeting DLK may provide an alternative ap-
proach to more specifically target JNK pathway-dependent
neuronal degeneration. Third, although the data presented
here demonstrates that DLK is essential for neuronal degen-
eration downstream of NMDA receptor hyper-activation
(Fig. 6, B and C), the normal viability of Tamoxifen-treated
DLK"*%;CreP® animals suggests that inhibition of DLK would
not be expected to demonstrate the same type of toxicity that
plagued NMDA receptor antagonists (Muir, 2006). However,
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a complete behavioral and electrophysiological assessment
of DLK!"*%;Cre?** mice will be required to definitively ad-
dress the consequences of DLK deletion/inhibition in un-
stressed neurons.

The DLK-interacting partners identified in this study are
consistent with DLK acting, at least in part, at the synapse to
direct JNK activation and neuronal degeneration after NMDA
receptor hyper-activation. Specifically, the interaction of DLK
with PSD-95, a core component of postsynaptic machinery
which is essential for proper synaptic function (Migaud et al.,
1998), argues that DLK protein is specifically targeted to the
synapse rather than being present through passive diffusion.
This hypothesis is further substantiated by the interaction
identified between DLK and other PSD proteins, such as
Syngap1, a PSD-95—interacting protein which regulates MAPK
activity (Kim et al., 1998). This postsynaptic localization of
DLK provides an appealing explanation for how excitotoxic
stress is coupled to JNK activation, as JNKs have not been
identified as present at the synapse (Collins et al., 2006). Inter-
estingly, the previously identified DLK interactor JIP3 (Ghosh
et al., 2011) was not identified in our screen and may reflect
the differences between DLK function in the adult versus
the embryo. Alternatively, given the interconnected network
of protein—protein interactions at the PSD (Sheng and Kim,
2011), it is possible that minor differences in the protocols used
to enrich DLK-interacting proteins could alter the composi-
tion and relative stoichiometry of proteins captured. Consis-
tent with this hypothesis, a recent mass spectrometry—based
study examining JIP3-interacting proteins identified >100
direct and indirect interactors but no MAP kinases (Abe et al.,
2009), despite several studies confirming that these proteins
indeed interact (Kelkar et al., 2000; Cavalli et al., 2005; Ghosh
etal,, 2011). Likewise, the stringent post-acquisition filtering
criteria used in our study likely resulted in the exclusion of a
subset of bona fide DLK-interacting proteins.

Interestingly, we did not observe a reduction in seizure
intensity in DLK%;CreP* mice after kainic acid administra-
tion, as was previously described in JNK3 knockouts or animals
expressing a mutant c-Jun that cannot be phosphorylated
(Behrens et al., 1999; Yang et al., 1997). This discrepancy could
be explained by the different protocols used in each study, as
the multiple kainic acid injections used here may have over-
come a suppressed seizure response. Alternatively, this discrep-
ancy may be a result of the strengthening in synaptic signaling
observed in DLK";CreP® mice (Fig. 3 A). In either case,
the normal neuronal morphology and viability in Tamoxifen-
treated DLK!%;CreP® mice suggests that DLK may function
predominantly as a stress sensor in the adult brain, similar to
what has previously been described in axonal injury paradigms.
It is possible that DLK also induces neuronal degeneration in
chronic paradigms such as Alzheimer’s disease, Parkinson’s
disease, or even environmental stresses. Indeed, there is pre-
cedence for JNK pathway activation and function in each
of these instances (Saporito et al., 1999; Morishima et al.,
2001; Hunot et al., 2004; Thakur et al., 2007; Sherrin et al.,
2010), all of which have the potential to be DLK dependent.
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In conclusion, the results described here define a function for
DILK in the adult brain that mirrors previously described roles
during development and point to the DLK/JNK pathway as
a conserved mechanism that directs neuronal degeneration in
response to a variety of insults.

MATERIALS AND METHODS

Generation of mice. DLK-inducible knockout mice were generated using
the same construct and ES cells previously described (Ghosh et al., 2011).
CAG-Cre-ERT mice (The Jackson Laboratory) have been previously de-
scribed (Hayashi and McMahon, 2002). To induce DLK recombination
mice were fed Tamoxifen chow for 21 d (animals ingest roughly 40 mg/kg/d)
and on day 22, mice were taken off Tamoxifen diet and put back on regular
chow for an additional week. For the kainic acid experiments, mice were
also dosed i.p. with 200 mg/kg Tamoxifen in corn oil on days 8, 10, and 12.
For experiments aimed to assess the long-term effects of DLK knockdown
in the adult brain and the microarray experiment, mice were fed Tamoxifen
chow for 21 d and then switched back to regular food for an additional 12
or 9 wk, respectively. DLK was assessed in various brain and tail samples
using PCR. methods previously described (Ghosh et al., 2011), and all pro-
tocols resulted in a sufficient reduction in DLK levels. DLK knockout mice
used in some of the in vitro experiments were generated as previously described
(Ghosh et al., 2011).

Western blotting and immunoprecipitation. Tissues were lysed in ice-
cold RIPA buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1% NP-40, and
protease and phosphatase inhibitors) using the TissueLyzer (frequency 30/s,
6 min at 4°C; QIAGEN). Fractions from adult rat brain were isolated as pre-
viously described (Zhu et al., 2005). According to this method, P2 contains
crude synaptosomes, PSDI Triton X-100 insoluble synaptosomes, and PSDII
insoluble core PSD proteins. For mouse cortical (E15—16) or rat hippocampal
(E17—-18) neurons, media was removed, cells were rinsed with cold PBS, and
RIPA buffer was added directly to the plate to lyse the cells and neurons col-
lected using a cell scraper (Falcon). Lysates were rocked for 30 min at 4°C and
then centrifuged (14,000 rpm, 4°C) for 30 min. Protein amounts were quan-
tified using bicinchoninic acid (BCA) protein assay reagent (Thermo Fisher
Scientific). Samples were resuspended in 4X NuPAGE sample buffer (Invit-
rogen), boiled for 5 min, subjected to SDS/PAGE (4—12% gradient Bis-Tris;
Invitrogen), and transferred to a nitrocellulose membrane (Invitrogen). Mem-
branes were blocked for 30—60 min in 5% nonfat milk in Tris-buffered
saline + Tween 20 (TBST) at room temperature and then incubated overnight
in primary antibody at 4°C. Membranes were washed three times in TBST
(10 mM TRIS, pH 8.0, 150 mM NacCl, and 0.1% Tween 20), incubated in
HRP-conjugated secondary antibody (1:5,000) for 2 h, and then washed
again 3X in TBST. Proteins were detected with Westdura HRP substrate
(Thermo Fisher Scientific) and visualized on Versadoc or Chemidoc imager
(Bio-Rad Laboratories). Densitometry was performed with Image Lab soft-
ware (Bio-Rad Laboratories) and statistical significance determined by two-
way ANOVA or Student’s ¢ test. Primary antibodies used were as follows:
DLK, 1:1,000 (Genentech); PSD-95 K28 clone, 1:500 (Millipore); PSD-95,
1:500 (Abcam); Tubulin, 1:1,000 (Covance); NR 1, 1:1,000 (Abcam); NR2A,
1:1,000 (Phosphosolutions); NR2B, 1:500 (Abcam or Covance); GluR1,
1:1,000 (Millipore); GluR 2, 1:1,000 (Millipore); GluR 6, 1:1,000 (Millipore);
H2B, 1:1,000 (Millipore); p-c-Jun, 1:500 (Cell Signaling Technology); p-JNK,
1:1,000 (Cell Signaling Technology); GSK3, 1:1,000 (Cell Signaling Tech-
nology); GAPDH, 1:2,000 (Cell Signaling Technology); rabbit IgG (Sigma-
Aldrich); phospho-ATEF2, 1:1,000; phospho Akt (Thr 308 and Ser473), 1:1,000;
phospho ERK, 1:1,000; phospho p38, 1:1,000 (Cell Signaling Technology);
and actin, 1:2,000 (Sigma-Aldrich). Immunoblots were quantified by Image-
Lab software (Bio-Rad Laboratories).

For immunoprecipitation experiments, adult mouse brains were homog-
enized in Triton X-100 lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl,
and 0.1% Triton X-100 with protease and phosphatase inhibitors). Protein
amounts were quantified with BCA and 0.5-1.0 mg of protein was used
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for each immunoprecipitation, along with Protein A— Sepharose beads (GE
Healthcare) and antibodies to DLK, PSD-95 (Abcam), or a nonspecific rab-
bit IgG antibody (Sigma-Aldrich). Beads were washed 5% in lysis buffer and
proteins were eluted off the beads by boiling in 2X sample buffer. 10% of
protein was run as input while ~80% of the pulldown was run in each lane.
The experiment was repeated at least 3X on both mouse and rat brain with
similar results.

Mass spectrometry and data analysis. Immunoprecipitations were resolved
by SDS-PAGE and stained with Simply Blue Safe Stain (Invitrogen). Each lane
was cut into 14 regions to be reduced, alkylated, and digested overnight with
trypsin (Promega). Extracted peptides were analyzed on an LTQ Orbitrap
(Thermo Fisher Scientific) using a top 8 method over a 60-min gradient. Data
were searched against concatenated human and mouse entries in UniProt using
Mascot (Matrix Science) with the following parameters: precursor tolerance
50 ppm, MS/MS 0.8 D, <2 missed cleavages, oxidized methionine and carb-
amidomethylated cysteine as variable modifications. Spectral match data were
filtered to 1% false discovery rate using linear discriminant analysis.

Microarray analysis. RNA was extracted from DLK"%;Cre"¢ and DLK;
CreP hippocampi (QIAGEN) and microarrays were performed as previ-
ously described (Watkins et al., 2013). The data were analyzed using the
open source statistical software R (v 3.0) and Bioconductor (v 2.12). Raw
expression data were background corrected and normalized with the loess
method with the normalize Within Arrays and normalize Between Arrays
functions in the limma package. Expression probes were filtered with the
featureFilter function in genefilter so that a single probe represented the ex-
pression of each gene. Differential expression for each gene, i, was deter-
mined by fitting the following linear model in the limma package: Expression =
Boi + Bi*Genotype. P-values of the moderated T-statistic were adjusted for
multiple testing with the Benjamini and Hochberg method. Complete micro-
array data can be found under GEO accession no. GSE50245.

Electrophysiology. 400-500-pm horizontal slices containing hippocampus
were prepared with a vibrating sectioning system (Leica) and were recorded
in oxygenated Artificial Cerebrospinal Fluid (ACSF) containing (in millimoles)
127 NaCl, 2.5 KCl, 1.3 MgSO,, 2.5 CaCl,, 1.25 Na,HPO,, 25 NaHCO,
and 25 mM glucose. Slices were prepared in ice-cold oxygenated ACSF with
the MgSO, concentration elevated to 7 mM, NaCl replaced with 110 mM
choline and with 11.6 mM Na-ascorbate, and 3.1 mM Na-pyruvate. Field
recordings of EPSPs were measured from the stratum radiatum of CA1 in
response to stimulation of Schaffer collateral inputs. PPRs were measured by
dividing the slope of the second EPSP by the slope of the first EPSP evoked
using paired stimulations. Significance was assessed by comparing the PPRs
of each genotype using a Student’s ¢ test. Input-output relationships were
measured by stimulating at 15 logarithmically spaced stimulus intensities rang-
ing from 40 to 240 mA. Significance was assed using a two-way ANOVA
with genotype and stimulus intensity as the factors. LTP was induced using
one, two, or three bouts of theta burst stimulation separated by 20 s, each
consisting of five pulses at 100 Hz repeated 10 times at 200-ms intervals.
Significance was assessed by comparing the mean EPSP slope at the last 10 min
of recording post-LTP induction in each genotype using a Student’s  test.

In utero electroporation and spine density analysis. Progenitor cells
of cortical layer II/IIT excitatory neuron were electroporated at E16.5, as
described previously (Saito and Nakatsuji, 2001). DLK'%;Cre embryos
were injected with plasmid cocktails containing, as indicated in the text,
pCAGGS-based plasmids containing the cDNA for DsR ed-Express (Takara
Bio Inc.), Cre, or EGFP flanked by lox sites (Atasoy et al., 2008). Cortical
neural precursors in DLK'*%;Cre™¢ day 16.5 embryos were electroporated with
DsRed-Express to label electroporated neurons, a Cre expression construct,
and Cre recombinase—sensitive GFP to confirm DLK recombination in elec-
troporated neurons (referred to as Cre), whereas control animals received
DsRed-Express and Cre recombinase-sensitive GFP plasmids only (Cre™).
This strategy ensures that GFP-labeled neurons are expressing Cre and that any
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observed DLK-dependent alteration in neuronal morphology is cell auto-
nomous. At postnatal day 30, animals were perfused with 4% PFA in PBS, brains
harvested, incubated overnight in 4% PFA, and then washed in PBS. Apical
dendrites and their spines were imaged en bloc via two-photon microscopy
(Prairie Technologies) using a 40X objective (Olympus) with pixel resolution
of 0.0852 pm/pixel across a 1,024 X 1,024 field of view. Dendritic spine density
and size measures were generated using custom image analysis routines in Mat-
Lab (Mathworks). Spine density was estimated as the total number of visible den-
dritic spines divided by the corresponding length of dendrite. Relative spine
volumes were estimated for each detected spine based on the number of corre-
sponding DsR ed-Express+ pixels in xyz dimensions above a local threshold ap-
plied as part of an automated image segmentation algorithm. Low magnification
images of cortical neurons were acquired using a 20X objective (Olympus) with
pixel resolution of 0.2092 pm/pixel across a 1,024 X 1,024 field of view.

Immunocytochemistry and imaging. Cultured neurons were fixed with
4% PFA/4% sucrose/PBS for 15 min at room temperature, washed three
times with PBS, and then blocked in PBS+0.1% Triton X-100 for 30 min.
Neurons were incubated with primary antibodies overnight at 4°C (anti-
Map2, 1:2,000; Abcam; anti-PSD-95 (K28), 1:500, Millipore; anti-DLK,
1:500, Genentech) and then washed 3% with PBS. Neurons were incubated
with secondary antibodies (Alexa Fluor 488/568/633, 1:400; Invitrogen) for
2 h at room temperature, washed 3X with PBS and mounted in Fluoro-
mount-G (Vector Laboratories). Neurons were imaged on a confocal mi-
croscope (LSM710; Carl Zeiss) using a 40 or 100X objective as a flattened
z-stack and presented as maximum intensity projections. Brightness and con-
trast were altered to more easily visualize the signal in Fig. 2 using Photoshop
(Adobe), but all data within a panel were identically imaged and modified.
Quantification of the PSD-95 and DLK colocalization was obtained in a
blinded fashion by analyzing three dimensional reconstruction of Z-stack
images using Volocity software as previously described (Ayalon et al., 2008).

Primary neuron cultures and NMDA treatment. E17-E18 rat hippo-
campi or E15-16 mouse cortical neurons were dissected and digested with
0.05% Trypsin (Worthington) for 20 min at 37°C. DNase (Sigma-Aldrich)
was added for 3 min at room temperature and a single cell suspension was
generated by gentle trituration using a P1000 pipetman (Rainin). The cor-
tical cell suspension was layered on top of cushion of heat inactivated fetal
bovine serum (1:1, FBS; Invitrogen) and spun in a tabletop centrifuge
(CentraCL2; Thermo Fisher Scientific) at 1,000 rpm for 5 min to remove
glial cells. The cell pellet was gently resuspended in 1ml of NbActive4
media (BrainBits) + 1% penstrep (Invitrogen) and cells were counted using
a cell counter (Immunicon) before being plated on precoated poly-p-lysine
chamber slides, 12- or 6-well dishes (Biocoat; BD) at densities of 25,000,
240,000, or 0.5 x 10° cells per well, respectively, and incubated at 37°C,
5% CO,. Every third day, half of the media was removed and replaced
with fresh NbActive4.

For NMDA experiments, conditioned media was removed and collected
from 21-28 DIV rat hippocampal neurons or 14 DIV mouse cortical neu-
rons. Cultures were over laid with sterile artificial CSF (aCSF; 119 mM NacCl,
26.2 mM NaHCO, 2.5 mM KCI, 1 mM NaH,PO, 1.3 mM MgCl,, 10 mM
glucose, 2 mM CaCl,, 20 uM glycine) and treated with 100 pM NMDA for
30 min at 37°C. NMDA containing aCSF was removed and conditioned
media mixed with fresh NbActive4 (1:1 ratio) was added back to cultures which
were incubated for an additional 30, 60, 90, 120, or 240 min before lysis.

Kainic acid treatment and tissue processing. All experiments with
mice were performed under animal protocols approved by the Animal care
and Use Committee at Genentech Inc. Kainic acid powder (Tocris) was re-
constituted in 22 mM NaOH, 0.9% sterile saline (Sigma-Aldrich), and kept on
ice throughout the experiment. DLK*%;Cre?e¢ and DLK%;CreP* mice that
had been treated previously with Tamoxifen were injected i.p. with 10-25 mg/kg
fresh Kainic acid at time 0, 30, and 60 min. Animals were observed and
behavior was scored every 5 min according to Racine’s scale. Control ani-
mals were injected with sterile saline. Animals were deeply anesthetized using
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i.p. injection of 0.5 mg/g Avertin 4 h or 7 d after treatment and then trans-
cardially perfused with cold PBS, pH 7.4, followed by 4% paraformaldehyde.
The brains were dissected, postfixed overnight at 4°C, and then cryopro-
tected in 30% sucrose/PBS. Frozen brains were sectioned on a cryostat at
20 uM and every third sample collected and mounted on a gelatin coated
glass slide (LabScientific).

Immunohistochemistry, TUNEL, and Fluoro-Jade C staining. Mouse
brain tissue was washed in PBS for 5 min then blocked in 5% normal goat
serum (Vector Laboratories) in PBS+0.5% Triton X-100 (PBST) for 30-60 min
at room temperature. Sections were incubated with NeuN (mouse, 1:500;
Millipore) for 2 h at room temperature or overnight at 4°C. After incubation,
sections were washed three times in PBS, incubated with secondary antibodies
(Alexa Fluor 488 and 546; Molecular Probes) for 2 h in the dark at room tem-
perature, washed again 3X in PBS, and mounted in Fluoromount-G (Vector
Laboratories). Fluoro-Jade C staining was done on frozen sections according
to the manufacturer’s protocol (Millipore). Brightness and contrast were
altered to more easily visualize the signal in Figs. 5 and 7 using Photoshop
(Adobe), but all data within a panel were identically imaged and modified.

Fluorescent images were acquired using a microscope (DM5500; Leica)
with a camera (DFC360) and a 5, 10, or 20X objective and imaging software
(Leica). Chromogenic immunohistochemistry and Nissl staining was done
according to proprietary methods at Neuroscience Associates (Knoxville,
TN). Bright field images were acquired using a 20 or 40X objective and Leica
imaging software. Equivalent regions of interest within the CA1 were com-
pared between saline or kainic acid—treated animals of each genotype. The
numbers of NeuN-positive CA1 pyramidal neurons were manually counted
in two sections per animal and mean number of NeuN-positive cells per
section was graphed. Identical methods were used to quantify Fluoro-Jade
C—positive cells in the kainic acid—treated DLK'%;Cre™¢ and DLK"*%;Creps
CAT1 region and mean number per section per genotype was graphed. Differ-
ences between DLK"%;Cre™¢ and DLK!X;CreP* animals were analyzed with
unpaired (NeuN) and paired (FluoroJade-C) Student’s ¢ tests.

For TUNEL labeling, mouse brain tissue was washed in PBS for 5 min
and then permeabilized with an ice-cold methanol/ethanol solution (2:1) at
—20°C for 5 min. Slides were washed in PBS and labeled with the Live/Dead
Fluorescein TUNEL kit (Promega) according to the manufacturer’s protocol.
The same sections were co-stained with antibodies to NeulN as described
above. Quantification of TUNEL-positive cells in the CA1 region was con-
ducted in a blinded fashion using Leica imaging software and manual count-
ing methods, or a journal written to quantify total TUNEL-positive cells per
area using MetaMorph software (Molecular Devices). A comparison of both
methods yielded nearly identical results. The mean number of TUNEL-positive
cells per CA1 area was calculated for each animal and the sums of the
means are depicted in the graph. Differences between DLK"%;Cre™¢ and
DLK"%;CreP* animals were analyzed with a one-way ANOVA.
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