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Abstract

Nuclear distribution element-like 1 (NDEL1/NUDEL) is a mammalian homolog of the Aspergillus
nidulans nuclear distribution molecule NudE. NDEL1 plays a critical role in neuronal migration,
neurite outgrowth and neuronal positioning during brain development; however within the adult
central nervous system, limited information is available regarding NDEL1 expression and
functions. Here, the goal was to examine inducible NDEL1 expression in the adult mouse
forebrain. Immunolabeling revealed NDEL1 within the forebrain, including the cortex and
hippocampus, as well as the midbrain and hypothalamus. Expression was principally localized to
perikarya. Using a combination of immunolabeling and RNA seq profiling, we detected a marked
and long-lasting upregulation of NDEL1 expression within the hippocampus following a
pilocarpine-evoked repetitive seizure paradigm. Chromatin immunoprecipitation (ChlP) analysis
identified a cCAMP response element-binding protein (CREB) binding site within the CpG island
proximal to the NDEL 1 gene, and /n vivo transgenic repression of CREB led to a marked
downregulation of seizure-evoked NDEL1 expression. Together these data indicate that NDEL1 is
inducibly expressed in the adult nervous system, and that signaling via the CREB/CRE
transcriptional pathway is likely involved. The role of NDEL1 in neuronal migration and neurite
outgrowth during development raises the interesting prospect that inducible NDELL1 in the mature
nervous system could contribute to the well-characterized structural and functional plasticity
resulting from repetitive seizure activity.
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INTRODUCTION

Nuclear distribution element-like 1 (NDEL1/NUDEL) is a mammalian homolog of the
nuclear distribution molecule NudE. NDEL1 is broadly expressed, with particularly high
levels detected in the brain. NDEL1 interacts with a number of proteins, including dynein,
lissencephaly 1 protein (LIS1), disrupted in schizophrenia 1 (DISC1), and 14-3-3C
(Chansard et al., 2011; Vallee et al., 2012; Bradshaw et al., 2013). Through its interactions
with LIS1, and as part of the dynein motor complex, NDEL1 has been shown to play a
variety of roles in cytoskeletal organization throughout development. Along these lines, in
progenitor cell populations, NDEL1 is concentrated at the centrosome and regulates mitotic
spindle pole organization and mitosis (Guo et al., 2006; Moon et al., 2014); whereas in
developing postmitotic neurons, NDEL1 redistributes to axons and cell soma and is essential
for normal neuronal migration, cortical layering, neurite outgrowth and neuronal polarity
(Niethammer et al., 2000; Sasaki et al., 2000; Lambert de Rouvroit and Goffinet, 2001;
Toyo-oka et al., 2003; Kamiya et al., 2006; Youn et al., 2009). Consistent with these key
developmental processes, germline deletion of NDELL1 is embryonically lethal at the peri-
implantation stage (Sasaki et al., 2005).

In the adult central nervous system NDEL 1 was found to interact with neurofilament light
subunit (NF-L) and to facilitate the polymerization of NFs (Sasaki et al., 2000; Nguyen et
al., 2004). Further, the deletion of NDEL1 in the postnatal mouse brain causes NF
alterations reminiscent of those observed during neurodegeneration (Nguyen et al., 2004),
thus indicating a key role for NDEL1 in neuronal morphology. Additional functional roles
for NDEL1 in the soma and cell processes include lysosome transport and organelle
positioning (Zhang et al., 2009; Lam et al., 2010). Notably, dysregulation of NDEL1 has
been linked to an array of mental and neurodegenerative disorders (Chansard et al., 2011).
For example, through its interactions with LIS1 and DISC1, NDEL1 may contribute to the
etiology of lissencephaly and schizophrenia, respectively (Ozeki et al., 2003; Shu et al.,
2004; Kamiya et al., 2006; Youn et al., 2009).

Although these studies have revealed functional aspects of NDELL1 in the mature brain, there
is still limited information about its neuroanatomical expression and whether NDEL1 is
regulated in an activity-dependent manner. Considering the dynamic roles of NDEL1 in
transport, neurite outgrowth and the integrity of adult CNS neurons, we posited that NDEL1
may be important for synaptic modification and reorganization following pathophysiological
levels of neuronal activity. Here, we begin to address this question with a series of
immunolabeling, ChiP Seq, RNA profiling and transgene studies. The findings presented
here reveal that NDEL1 expression is regulated by neuronal activity in the mature CNS and
that its expression is under the control of the CREB/CRE transcriptional pathway.

EXPERIMENTAL PROCEDURES

Animals and tissue processing

C57BL/6 mice (mixed gender: 7-10 weeks of age) were used for all of the experiments
described here. A total of 52 mice were used to generate the data presented in Figs. 1-3 and
6; data presented in Figs. 4 and 5B were curated from our recently published Illumina
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Sequencing studies (Lesiak et al., 2013; Hansen et al., 2014); data presented in Fig. 5A was
derived from a combination of /n sifico studies and cell culture studies published as part of
the ENCODE consortium project (for additional details, please see the ChlP seq section
below). For immunolabeling assays, mice were anesthetized with an intraperitoneal injection
of ketamine (91 mg/ml) and xylaxine (9 mg/ml) and then transcardially perfused with cold
saline, followed by 4% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4).
Brains were then post-fixed in 4% paraformaldehyde for 4 h at 4 °C and cryoprotected with
30% sucrose solution in PBS. Coronal sections (40 um) through the whole brain were
prepared using a freezing microtome. For Western analysis, mice were euthanized via CO; —
mediated asphyxiation, brains were isolated and placed in ice-cold oxygenation media, and
the striatum were rapidly dissected and stored at —80 °C. A detailed description of the tissue
isolation method for the RNA seq analysis is provided in Hansen et al. (2014). All
procedures involving mice were approved by the Institutional Animal Care and Use
Committee at Ohio State University.

Immunohistochemistry and immunofluorescence

For immunohistochemistry, sections were washed with phosphate-buffered saline (PBS) and
incubated in 0.3% hydrogen peroxide/PBS for 20 min to eliminate endogenous peroxidase-
like activity. After several washes with PBS, sections were blocked with 10% normal goat
serum in PBS, followed by overnight incubation with rabbit anti-NDEL1 antibody (1:1000
dilution: Life Technologies, # PA5-19996, Carlshad, CA, USA) at 4 °C. Sections were then
processed using the ABC staining method (Vector Lab, Burlingame, CA, USA). Nickel-
intensified diaminobenzidine (DAB: Vector Labs) was used to visualize the signal. To
demonstrate the specificity of anti-NDEL1 antibody, synthetic NDEL1 peptide (Zymed
laboratories) was mixed with anti-NDEL 1antibody (1:100 excess of the peptide) and
incubated for 5 min at room temperature just before the tissues were labeled using the noted
procedures. Photomicrographs were captured using a 16-bit digital camera (Micromax YHS
1300; Princeton Instruments, Trenton, NJ. USA) mounted on a Leica DM IRB microscope
(Nussloch, Germany).

For immunofluorescence labeling, sections were washed in PBS with 0.1% Triton-X
(PBST), and then incubated with PBST containing 0.3% hydrogen peroxide with 10%
normal goat serum in PBS (40 min). Next, tissue was incubated overnight with both rabbit
anti-NDEL1 (1:100 dilution: Life Technologies) and one of the following antibodies: mouse
anti-glial fibrillary acidic protein (GFAP) (1:250 dilution; Invitrogen #A21282, Waltham,
Massachusetts, USA); mouse anti-parvalbumin (1:250 dilution; Chemicon #MAB1572,
Temecula, CA, USA); chicken anti-green fluorescent protein (GFP) (1:2000 dilution; Abcam
#: ab13970, Cambridge UK).

To develop a fluorescence signal for NDEL1, we utilized the tyramide amplification method
described by Vize et al. (2009). To this end, sections were labeled with a goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody (1:500 dilution; Perkin Elmer,
Waltham, MA, # NEF812001EA) for 2 h at room temperature in PBS containing 10%
normal goat serum. Next, sections were incubated with tyramide Alexa 488 substrate in PBS
containing 10 mM imidazole, 0.2% bovine serum albumin, 0.0015% hydrogen peroxide, and
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0.05% Tween 20 for 1 h. Following the tyramide labeling sections were washed and standard
labeling for the second primary antibody was performed. To this end, sections were
incubated with Alexa 594-conjugated secondary antibodies (1:1000; Molecular Probes,
Eugene, OR, USA) to either mouse 1gG (for the GFAP and parvalbumin primary antibodies)
or chicken IgG (for the GFP primary antibody) for 2 h at room temperature. Lastly, sections
were labeled with the DNA stain DraQ5 (Biostatus Limited, 1:5000 dilution, Leicestershire,
UK) then mounted with Gelmount (Biomeda, Hatfield, PA, USA). Images were captured
using a Zeiss 510 Meta confocal microscope (2-um-thick optical section).

Ratiometric densitometric analysis was used to quantify NDEL1 expression. To this end,
fluorescence photomicrographs of NDEL1 expression were captured using a Leica DMIRB
microscope at 20x magnification and images were acquired and quantitation was performed
using MetaMorph software (Universal Imaging, West Chester, PA). Forty-um regions of the
GCL (upper and lower blades), the lateral CA3 and the medial CA1 were outlined and the
mean labeling intensity was determined using a 0-255 unit, 8-bit scale. On a section-by-
section basis, ratiometric values were generated by dividing the intensity values of the noted
regions with the NDEL1 labeling values within the corpus callosum; of note, NDEL 1
expression within the corpus callosum was not significantly different between wildtype
(WT) and A-CREB transgenic mice. Regions were collected from two dorsal hippocampal
sections, per animal; sections were separated by an ~200-um interval (stereotaxic coordinate
AP, approximately —1.30 mm to —2.00 mm). Ratiometric data were averaged for each animal
and the mean value (plus the standard error of the mean) of each group is presented.
Significance was assessed using a two-tailed Student’s #test.

Fluoro-Jade labeling

Formaldehyde-fixed thin-brain sections were prepared as described above, mounted on
gelatin-coated slides, washed with distilled water, and then immersed in a solution of 0.2%
NaOH/80% ethanol (5 min). Next, the slides were transferred to 70% ethanol solution (2
min), rinsed with distilled water (2 min) and then immersed in a 0.06% potassium
permanganate solution (5 min). Slides were then incubated in solution of 0.00015% Fluoro-
Jade C and 0.1% acetic acid (20 min). After washing in distilled water, the sections were
dried, cleared with xylenes (3 min) and coverslipped with DPX mounting media. A total of
16 mice were used for our Fluro-Jade data sets.

Western blotting

Striatal tissue was suspended and sonicated in RIPA buffer (50 mM Tris—HCI, 1% NP-40,
0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM sodium vanadate and 1 mM
NaF-containing protease inhibitor cocktail: Roche Bio.) and supernatants were isolated by
centrifugation (13,000xg) for 10 min. Immediately prior to loading, lysates (5 pg/lane) were
diluted in 6% gel-loading buffer, then electrophoresed on a 12% SDS polyacrylamide gel.
Samples were transblotted onto polyvinylidene fluoride membrane (Immobilon P; Millipore,
Bedford, MA, USA), blocked, and then incubated with the noted NDEL1 antibody (Life
Technologies, 1:2,000), Membranes were then washed and incubated (2 h at room
temperature) with horseradish peroxidase-conjugated secondary antibody (1:2,000;
PerkinElmer Life Sciences, Norwalk, CT, USA), and the signal was visualized by using
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Renaissance Chemiluminescent HRP substrate (PerkinElmer Life Sciences). Subsequently,
the blots were stripped and labeled with rabbit p44/42 antibody (Santa Cruz, 1:2000, Dallas,
TX, USA) and then rabbit anti-eGFP antibody (1:4,000, Clontech, Mountain View, CA,
USA) and labeling was visualized as described above. Image J software was used to
quantitate band intensity. Band intensity for NDEL1 was normalized to the ERK1 level for
the corresponding lane. Data were averaged for each condition and the mean value (plus the
standard error of the mean) for each group is presented. Analysis was performed on lysates
from 6 animals: three for each condition. Datasets were confirmed using a second cohort of
mice; 6 animals: three for each condition. Significance was assessed using a two-tailed
Student’s #test.

Pilocarpine-induced status epilepticus (SE), and tissue profiling

Animals initially received an intraperitoneal (i.p.) injection with 1 mg/kg atropine methyl
nitrate (Sigma) 30 min before being injected (i.p.) with pilocarpine (325 mg/kg, Sigma,
diluted in physiological saline,). SE was defined as a continuous (>60 min) motor seizure of
stage 4 (rearing and falling), 5 (loss of balance, continuous rearing and falling) or stage 6
(severe tonic—clonic seizures). Only mice that developed SE after pilocarpine administration
were used. For experiments involving A-CREB transgenic mice (and their non-transgenic
counterparts) SE was terminated after 2 h with diazepam (5 mg/kg, i.p.); for all other
experiments, SE was not terminated. Both A-CREB transgenic and WT mice exhibited
robust seizure activity, with both lines exhibiting approximately 40% mortality at 1 day post-
SE. For immunohistochemical processing, mice were sacrificed 6 h, 2 days or 4 weeks post-
SE using the methods described above. A total of 16 animals (4 animals per time point) were
used for this analysis. The RNA deep sequencing on NDEL1 data was generated as part of
our recent work examining SE-evoked gene expression (Hansen et al., 2014). As such, the
details of the tissue isolation method, RNA purification, and all sequence profiling and
analysis steps can be found in Hansen et al. (2014). Briefly, expression of NDEL 1 at each of
the 3 post-SE time points (12 h, 2 days, 6 weeks) was analyzed in relation to NDEL1
expression under the control (no stimulation) condition. For this, analysis, likelihood-ratio
statistic (Marioni et al., 2008) and the Storey Q-test were performed to correct for multiple
comparisons (Bioconductor g value package). Ref-Seq genes with a g value <0.01 were
considered significant. Here, only the 12-h time point reached significance. The RNA seq
data from the Hansen et al. (2014) study can be viewed via the NCBI database GEO (http://
www.nchi.nlm.nih.gov/geo/) using the following accession code: GSE72402.

A-CREB transgenic mice

A description of the generation of the tetracycline-inducible bicistronic A-CREB-eGFP
transgenic mouse strain can be found in Lee et al. (2007). To drive transgene expression, the
A-CREB-eGFP mice were crossed with aCaMKII promoter-tTA transgenic mice (Mayford
et al., 1996). Bitransgenic offspring were identified via PCR-based genotyping, and
transgene expression was confirmed using immunohistochemistry against eGFP. A-CREB-
eGFP:tTA mice (hereafter referred to as A-CREB mice) were maintained on a C57BL/6
background. Dynamic regulation of A-CREB via doxycycline was not used in any of the
experiments described here. A total of 8 animals (4 of each genetype: A-CREB and wild-
type) were used for this analysis.
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For the human NDEL1 gene, the 2009 (GRCh37/hg19) assembly was loaded onto the UCSC
genome browser, and the ATF1, AFT3 and CREB ChlIP tracks provided by the Encode
Consortium and were uploaded under the ENCODE Regulation ‘Super-track’ setting. ATF1
ChIP data were generated using K562 cells (untreated, UCSC Accession:
wgEncodeEH002865); ATF3 ChlIP data were generated using K562 cells (untreated, UCSC
Accession: wgEncodeEH001662); CREB1 ChIP data were generated using A549 cells
(treated with dexamethasone, UCSC Accession: wgEncode EH001662). Details of the ChIP
methods can be found in (http://genome.cshlp.org/content/22/9/1798.1ong). Murine CREB
ChIP profiling data were derived from the published work of Lesiak et al. (2013). We used
the blat option on the UCSC genome browser (MM9 2007 genome assembly) to generate the
ChIP tag count data presented here. CpG island data were pulled-up as part of the UCSC
browser, and were based on the CpG analysis methods described by (Gardiner-Garden and
Frommer, 1987). For clarity, Genome Browser assembly data were reorganized in
Photoshop, and unnecessary information was eliminated.

NDEL1 expression in the adult mouse brain

Initially, we performed an immunohistochemical analysis of NDEL1 expression in the adult
mouse brain. As shown in Fig. 1, NDEL1 expression was detected in the motor cortex,
striatum and the cerebellum (Fig. 1A—C). Scattered NDEL 1-expressing cells were also
observed in the hypothalamus, including the suprachiasmatic nucleus (Fig. 1D),
periventricular nucleus and paraventricular nucleus (data not shown). The specificity of the
antibody used for this study was tested by incubating it with a synthetic NDEL1 peptide
prior to immunolabeling. With this approach, the noted NDEL 1 expression pattern was
eliminated: representative data are presented for the motor cortex (Fig. 1E). Further, Western
analysis with the same NDEL1 antibody generated an ~38 kd band, which is consistent with
the molecular mass of NDEL1 (Fig. 6).

Inducible NDEL1 expression

Next, we examined whether synaptic activity regulates NDEL1 expression. To this end we
utilized the pilocarpine model of status epilepticus (SE) and examined induction within the
hippocampus. Pilocarpine is a muscarinic acetylcholine receptor agonist that elicits a dose-
dependent increase in synaptic discharges within the hippocampus, with high levels of
pilocarpine leading to the development of SE. Of interest to us here, SE triggers a well
characterized set of pathophysiological effects within the hippocampus, including the loss of
hilar interneurons and pyramidal cells of the CA3 and CAL1 cell layer, via both necrotic and
apoptotic mechanisms (Fujikawa et al., 2000; Wang et al., 2008). Further, SE leads to robust
granule cell synaptic reorganization and granule cell dispersion (Leite et al., 2002; Dudek et
al., 2002). Given that NDEL1 is thought to play an important role in synaptic modification
and in neuronal migration during development, we posited that SE, would be a suitable
model system to examine inducible NDEL1 expression within the adult nervous system.
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For our immunohistochemical analysis of NDEL1, mice were sacrificed 6 h, 2 days or 4
weeks after SE. In control mice (no pilocarpine) limited NDEL1 expression was detected in
the hippocampus (Fig. 2A). In contrast to control mice, SE evoked a marked increase in
NDEL1 expression at all three time points (Fig. 2A, B). Induction was detected in the
principal cell layers (i.e., CA1l, CA3 and GCL), and at a cellular level, this increase in
labeling was observed in both the cell processes and in the perikarya (Fig. 2B). To confirm
that our SE paradigm elicited the expected cell death profile, hippocampal tissue was
isolated 2 days post-SE and processed using Fluoro-Jade, and marker of dead and dying
cells. As expected, marked cell death was observed in the CAL cell layer and in the hilus;
with limited cell death detected in the granule cell layer (Fig. 2C).

Immunohistochemical analysis was complemented by double immunofluorescence labeling
at the 2-day post-SE time point to identify NDEL 1-positive cell populations in the
hippocampus (Fig. 3A, B). As anticipated, double labeling with the neuronal marker protein
NeuN (Fig. 3C, D), revealed robust increases in NDEL1 expression within the CA1 and
granule cell layers. In addition, using parvalbumin A as a marker of GABAergic neurons, we
also found SE-evoked NDEL 1 expression in inhibitory neuronal populations (Fig. 3E);
inducible NDEL1 expression was also detected in hilar interneuron cell populations (data
not shown). However, in contrast with the noted findings, an SE-evoked increase in NDEL1
expression was not detected in glial cell populations, as assessed by double labeling for
NDEL1 and GFAP (Fig. 3F); rather, within the glial cell population, NDEL1 expression was
relatively low under both the control condition and at 2 days-post SE.

Consistent with the findings from the immunolabeling studies, data from our recently
published RNA seq epileptogenesis study (Hansen et al., 2014) detected upregulation of
NDEL1 from 12 h to 6 weeks post-SE (Fig. 4A, B). Here we provide both representative tag
count data from the NMDEL 1 locus (for the control condition and for 12 h post-SE: Fig. 4A)
and fold-change tag count data over the 3 post-SE time points (Fig. 4B). Interestingly, the
long-lasting upregulation of NDEL1 following SE parallels the time course required for
robust synaptic reorganization within the hippocampus (Mathern et al., 1998). In total, these
data reveal that NDEL1 is upregulated by repetitive seizure activity in the hippocampus, and
that NDEL1 remained elevated throughout the period of robust structural remodeling.

CREB-mediated NDEL1 expression

The induction of NDEL1 following seizure activity led us to examine potential
transcriptional control mechanisms. To this end, bioinformatic (in silico) analysis of the
promoter/enhancer region of the human NDEL 1 gene detected a conserved cyclic AMP
response element (CRE) motif within a CpG island (Fig. 5A), and ChIP seq data provided
by the Encode Consortium revealed that the binding of ATF/CREB family members (i.e.,
ATF3, ATF1 and CREB) was associated with this CRE motif (Fig. 5A). The presence of a
CRE site is notable, given that transcription via the CREB/CRE pathway is regulated by
synaptic activity. Further, our data have shown that SE triggers a robust and persistent
increase in CRE-mediated gene expression within the hippocampus (Lee et al., 2007 and
Hansen et al., 2014). Similar to the human dataset, CREB ChIP seq data from mouse
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neurons (Lesiak et al., 2013) detected robust CREB binding within the CpG island proximal
to the majority of NDEL 1 gene variants (Fig. 5B).

Next, we tested the role of CREB in NDEL1 expression using our A-CREB transgenic
mouse line (Lee et al., 2007). A-CREB potentially suppresses CREB-dependent
transcription by binding to the basic leucine zipper region of endogenous CREB, and in turn
inhibiting its ability to bind to the cCAMP response element (Ahn et al., 1998). Our A-CREB
construct was also engineered to drive the expression of an enhanced green fluorescent
protein (eGFP) tag from an internal ribosomal entry site. As an initial assessment of the
effects of CREB repression on NDEL1 expression, striatal lysates from A-CREB transgenic
and WT mice were probed for NDEL1 expression via Western analysis. With this approach,
we found that NDEL1 expression was significantly reduced in A-CREB transgenic mice,
compared to WT controls (Fig. 6A; £=0.018, unpaired two-tailed Student’s #test, £=7.349,
df=2; Ftest to compare variance did not reveal a significant difference between the two
genotypes: P=0.2574, F=2.886, DFn=2, DFd=2). Next, SE-evoked NDEL1 expression
within the hippocampus was profiled in A-CREB transgenic and WT mice. Given the high
level of cell death associated with prolonged SE, and work reporting an elevated cell death
profile from the A-CREB transgene (Lee et al., 2005, 2009), we limited the duration of SE
to 2 h via the injection of diazepam (see Cunha et al. (2009) for a description of the
neuroprotective effects of terminating SE with diazepam). With this paradigm, we
consistently observed limited cell death in both WT mice and A-CREB transgenic mice at
the 2-day post-SE time point (Fig. 6B); of note, this contrasts with the robust cell death
observed in Fig. 2C, where SE activity was not terminated. As shown in Fig. 6C, D, NDEL1
expression at 2 days post-SE was significantly reduced in A-CREB transgenic mice
compared to wild-type littermates in the GCL (~=0.0043, unpaired two-tailed Student’s #
test, £=4.3464, df=6; Ftest to compare variance did not reveal a significant difference
between the two genotypes: P=0.4837, /=1.052, DFn=3, DFd=3), CA1 (~=0.0164, two-
tailed Student’s #test, £=3.298, df=6; Ftest to compare variance did not reveal a significant
difference between the two genotypes: £=0.3918, /=1.412, DFn=3, DFd=3), and CA3
(P=0.0018, two-tailed Student’s #test, £=5.3, df=6; Ftest to compare variance did not reveal
a significant difference between the two genotypes: £=0.2299, F=2.564, DFn=3, DFd=3).

Finally, high-magnification confocal microscopy of the CAL cell layer (Fig. 6E) was used to
detect cellular-level suppression of NDEL1 expression. Of note, A-CREB transgenic cells
exhibited relatively low NDEL1 expression, whereas marked NDEL1 expression was
detected in non-transgenic cells. Together these data indicate that NDEL1 expression is
regulated by the CREB/CRE transcriptional pathway in the CNS.

DISCUSSION

Here we provide evidence of broad-based NDEL1 expression in the brain. Further, we show
that NDEL1 expression is regulated by neuronal activity, and that this expression is likely to
be under the control of the CREB/CRE transcriptional pathway.

As noted above, in the developing CNS, NDEL1 is expressed in immature neurons where it
regulates neuronal migration, protein transport and neurite outgrowth (Niethammer et al.,
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2000; Sasaki et al., 2000; Toyo-oka et al., 2003; Kamiya et al., 2006). Further, in the mature
nervous system, the recent work of Pei et al. (2014) characterized an NDEL1 expression
pattern similar to the one described here. Along these lines, marked expression of NDEL1
was observed in cortex and cerebellar cell populations, whereas fairly modest expression
was detected within the principal cell layers of the hippocampus.

The upstream signaling events that regulate NDEL1 expression have not been well
characterized. However, one clue regarding its regulation was provided by Impey et al.
(2004), when they showed that forskolin can increase NDEL1 expression. Forskolin is an
adenylate cyclase activator used to increase CAMP, thus raising the prospect that NDEL1 is
under the control of the CREB/CRE transcriptional pathway. The CREB/CRE pathway is of
particular interest, given its well-characterized role in neuronal development and adaptive
plasticity in the CNS (Poser and Storm, 2001; Sakamoto et al., 2011; Kandel, 2012). In line
with this, CREB mediates activity-dependent dendritic outgrowth, branching and synapse
formation (Gruart et al., 2012; Dhar et al., 2014). Further, numerous genes that are important
for cell survival are transcribed via a CREB/CRE-dependent mechanism, including BDNF
and Bcl-2 (Wilson et al., 1996; Shieh and Ghosh, 1999; Obrietan et al., 2002).

Here we provide several data sets indicating that NDEL1 expression is regulated by CREB
activity. Along these lines, we provide data showing CREB occupancy within the CpG
island that is just upstream of the NDEL 1 transcriptional start site. Further, we show that
transgenic repression of CREB reduces NDEL 1 expression /77 vivo. These data provide solid
support for the idea that NDEL1 expression is regulated by the CREB/CRE pathway. Of
note, several studies have identified CRE motifs within the promotor region of the NDEL 1
gene. Along these lines Zhang et al. (2005), identified multiple (4) CRE half site upstream of
the mouse NDEL 1 gene. Further, CREB ChIP data from mouse neuronal culture were used
to identify numerous CREB bindings sites within the 5" regulatory region of the NDEL 1
gene (Lesiak et al., 2013). Finally, data from the ENCODE consortium used ChIP seq to
detect CREB binding near the promoter (and within the CpG island) of the human NDEL 1
gene (Gerstein et al., 2012; Wang et al., 2012, 2013). Thus, the CREB pathway likely
provides a clear mechanistic route through which changes in synaptic activity regulate
NDEL1 expression in the CNS. Although the functional ramifications of this inducible
expression are not clear, one possible effect could be at the level of synapse function and/or
formation. Along these lines, the NDEL1 homolog nuclear distribution factor E-homolog 1
(NDE1) was found to be associated with DISC1, and PDE4B at neuronal synapses
(Bradshaw et al., 2008). Likewise, disruption of NDEL1 function during development was
found to disrupt LIS1 and DISC1 transport to the developing nerve end (Okamoto et al.,
2015), and the selective disruption of DISCL/NDEL1 binding was found to affect dendritic
development in adult born granule cell neurons (Duan et al., 2007). Together, these data
raise the interesting prospect that CREB-regulated NDEL1 expression may play an
important role in activity-dependent morphological plasticity in the CNS.

To examine the inducible nature of NDEL1 we profiled its expression using the pilocarpine
model of SE. We previously reported that pilocarpine-induced seizures result in CREB
phosphorylation and CRE-mediated gene expression (Lee et al., 2007; Hansen et al., 2014).
SE also triggers profound alterations in synaptic architecture within the hippocampus,
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including the aberrant sprouting of granule cell axons, and CA1 dendrite reorganization
(Coulter, 1999; Dudek et al., 2002; Hansen et al., 2014). Hence, given the well-characterized
effects that NDEL1 has on neuronal development (including axon extension and growth
cone motility) we felt that this model would be an ideal system to examine evoked NDEL1
expression in the mature CNS.

Here we show that SE elicited a robust and lasting increase in NDEL1 expression in the
hippocampus. Increased expression was detected in cell processes as well as in the cell
bodies in all major cell layers of the hippocampus. In contrast to our findings, a recent study
found that pilocarpine stimulated expression of NDELL1 in ectopic blood vessels of the
hippocampus but not in the neuronal cell layers (Wu et al., 2014). The reason(s) behind the
discord in these findings is not known, although it is worth noting that the referenced study
used different post-stimulus time points and younger mice than we used.

In our study, both the acute and lasting increases in NDEL1 expression parallels the
expression pattern of other CREB-regulated genes following SE. Along these lines, our prior
work showed that over 70 CREB-regulated genes exhibit a similar profile to NDEL1
(Hansen et al., 2014). Further, our work and the work of other labs have shown that there are
multiple waves of CRE-mediated transcription induced by SE: from acute induction hours
after SE onset, to induction resulting from spontaneous seizure activity (typically occurring
many weeks following SE) (Lee et al., 2007; Beaumont et al., 2012; Hansen et al., 2014). As
noted above, CREB plays a key role in regulating activity-dependent synaptic plasticity in
the mature nervous system, and also is important for neuronal morphogenesis during
development. These observations raise the possibility that some of the effects of CREB on
neuronal development could be mediated by NDEL1. Further, it is tempting to hypothesize
that NDEL1 could contribute to SE-evoked pathophysiological alterations in neuronal cell
structure. Additional experiments that allow for the cell-specific and temporally-targeted
regulation of NDEL1 would be required to address this question.
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ChiP chromatin immunoprecipitation

CREB CAMP response element-binding protein
DAB diaminobenzidine

DISC1 disrupted in schizophrenia 1

GCL granule cell layer

GFP green fluorescent protein

GFAP glial fibrillary acidic protein

Neuroscience. Author manuscript; available in PMC 2017 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

CHOl et al. Page 11
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LIS1 lissencephaly 1 protein
NDEL /NUDEL Nuclear distribution element-like 1
NF-L neurofilament light subunit
ML molecular cell layer
PBS phosphate-buffered saline
PBST PBS with 0.1% Triton-X
PCL pyramidal cell layer
SE status epilepticus
SO striatum oriens
SR stratum radiatum
WT wildtype
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Fig. 1.
NDEL1 expression in the adult mouse brain. Representative immunolabeling for NDEL1 is

presented for the motor cortex (A), striatum (B), cerebellum (C) and suprachiasmatic
nucleus (D). Note the marked cellular expression within all brain regions. (E) As a control,
the NDEL1 antibody was incubated with an NDEL1 peptide, and then tissue from the motor
cortex was immunolabeled: note the loss of signal relative to the immunostaining shown in
A. Arrows in D indicate NDEL1 positive cells in the suprachiasmatic nucleus, and the boxed
region in C is magnified as a subpanel. Scale bars=50 um for A, B and E, 150 um for C, 10
um for the high-magnification image in C, and 100 um for D. Data are representative of 6
animals.
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Fig. 2.

Stgtus epilepticus stimulates NDEL1 expression in the hippocampus. (A, B) NDEL1
expression was examined at 3 post-SE time points: 6 h, 2 days and 4 weeks, as well as in
vehicle-injected control mice. Relative to control mice, SE evoked a marked increase in
NDELL1 expression at each of the three time points. Within the principal excitatory cell
layers, NDEL1 upregulation was observed in the cytosol and neuronal processes. Boxed
regions in A are magnified in B, and parallel high-magnification data sets are presented for
the 6-h and 2-day time points. SO, striatum oriens; PCL, pyramidal cell layer; SR, stratum
radiatum; ML, molecular cell layer; GCL, granule cell layer; Hil, hilus. Arrows in B indicate
representative NDEL 1-positive processes from CA1 neurons. Scale bars indicate 200 pm in
A and 20 um in B. Data are representative of 6 animals per condition. (C) Representative
hippocampal Fluoro-Jade labeling from vehicle-injected mice (top panel: Control) and from
animals processed at 2 days post-SE (middle panel). Of note, SE elicited marked cell death
in the hilus and CA1 cell layer; a magnified micrograph of the CA1 cell is shown in the
bottom panel. Cell death was not detected in control mice. Hil, hilus.
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Fig. 3.

Cegll-type specific expression of NDELL1 in the hippocampus. (A, B) Representative
immunofluorescence images of the hippocampus from a control mouse and a mouse at the
2-day post-SE time point: note the elevated expression of NDEL1 in the principal cell layers
at the 2-day time point. Scale bar=300 um. (C, D). Double immunolabeling for NDEL1 and
NeuN confirmed that induction occurs in neuronal cells within the CAl and GCL. Scale
bar=40 pm. (E) Control and 2-day post-SE tissue was processed for NDEL1 and the
GABAergic neuronal marker parvalbumin A. Representative data from the CA3/CA2
junction reveals an SE-evoked increase in NDEL1 expression in parvalbumin A-positive
cells (Arrows denote the locations of parvalbumin-positive interneurons). For the 2-day time
point, the yellow hue of the parvalbumin-positive cells denotes colocalized expression with
NDEL1.Scale bar=15 um. (F) Representative immunolabeling reveals limited NDEL1
expression in GFAP-positive glial cells. Representative data are presented for the 2-day post-
SE time point. Scale bar=15 pm. Data are representative of 4 animals per condition. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Neuroscience. Author manuscript; available in PMC 2017 September 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

CHOl et al.

Page 18

A - NDEL1 RNA Seq Tag Count B 40,
Scale 688400001 2 lso0001 e 6600001 cesT0 | sase00001 c 1
50 c .g 30 .
03
Control 25
& 520
1. = e
507 23 ]
12 Hrs [ g 10 4
Post-SE ‘ 1
14 L] l | ] 0 .
Ndel1 oot 95000 ORI D11 B3 121 Control
T Simis som St s o .
Fig. 4.

12 hrs

10days 6 weeks »

Post-SE

Hippocampal NDEL1 expression profiling via RNA seq. (A) RNA seq tag count data from
the control condition and the 12-h post-SE time point were loaded on the UCSC genome
browser and presented for the NDEL 1 gene located on chromosome 11. Note the relative
increase in tag density for the 12-h time point. (B) Fold changes (relative to the control
condition) in NDEL 1 expression are presented for the 3 post-SE time points. * denotes a
statistically significant increase in NDEL1 expression (¢<0.01), relative to the control

condition.
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Fig. 5.

The CREB/CRE pathway regulates NDEL1 expression. (A) UCSC genome assembly (mm9)

for the human NVDEL 1 loci on chromosome 17. A subregion within the CpG island was
expanded, and the location of a putative CRE half-site is denoted (CRE motif). ChIP Seq
data provided by the Encode Consortium detected ATF3, ATF1 and CREB binding
associated with this CRE site. Sequence conservation data are also provided for the
expanded region. (B) Murine CREB ChlIP Seq data were loaded onto the UCSC genome

browser and presented for the mouse NDEL 1 loci located on chromosome 11. Note that the

CREB ChlIP tag density is located within a CpG island.
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The CREB/CRE pathway regulates NDEL1 expression (C) CaMKII-tTA mice were crossed
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with A-CREB/eGFP-transgenic mice, and NDEL1 expression was profiled under basal

conditions and following SE. (A: left panel) Striatal tissue was harvested from A-CREB
transgenic mice, and wild-type littermates and profiled for NDEL1 via Western analysis.
Relative to wild-type mice, NDEL1 expression was reduced in A-CREB transgene mice.
Tissue from three animals was profiled for each genotype. Total ERK expression was used
as a loading control, and eGFP was probed to monitor transgene expression. (A: right panel)
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Densitometric quantitation of NDEL1 expression in WT and A-CREB transgenic mice. For
each lane, NDEL1 expression was divided by ERK1 levels and expressed as the mean ratio
for the genotype. *P<0.05. (B) Representative Fluoro-Jade labeling within the CA1 cell layer
from WT and A-CREB transgenic mice. Of note, the 2-h SE paradigm elicited limited levels
of cell death in both mouse lines. Arrows denote a subset of the Fluoro-jade-positive cells.
Scale bar=20 pm. (C) NDEL1 expression was profiled via immunofluorescence labeling at 2
days post-SE in WT and A-CREB transgenic mice. Representative hippocampal sections
reveal a marked suppression of NDEL1 in A-CREB transgenic mice. Immunolabeling (using
the red channel) against the eGFP transgene revealed robust expression throughout the
hippocampus of A-CREB mice. (D) Quantitation of SE-evoked NDEL1 expression in the
hippocampus of WT and ACREB mice. Data were normalized to NDEL1 expression in the
corpus callosum on an animal-by-animal basis. Mean data (+ the SEM) are presented for the
major cell layers of the hippocampus. Data were averaged from 4 animals per

condition. */<0.05; **P<0.01. (E) NDEL1 expression in the CA1 cell layer of A-CREB
transgenic mice (2 days post-SE). Of note, in cells with relatively high levels of NDEL1
(denoted by arrows), minimal transgene expression was detected (as assessed via eGFP
labeling). However, in cells with high levels of the transgene (denoted with arrowheads),
relatively low levels of NDEL1 were detected. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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