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Abstract

Enzymes that regulate histone lysine methylation play important roles in neuronal differentiation,
but little is known about their contributions to activity-regulated gene transcription in
differentiated neurons. We characterized activity-regulated expression of lysine demethylases and
lysine methyltransferases in the hippocampus of adult male mice following pilocarpine-induced
seizure. Pilocarpine drove a 20-fold increase in mRNA encoding the histone H3 lysine27-specific
demethylase Kdmé6b selectively in granule neurons of the dentate gyrus, and this induction was
recapitulated in cultured hippocampal neurons by bicuculline and 4-aminopyridine (Bic+4AP)
stimulation of synaptic activity. Because activity-regulated gene expression is highly correlated
with neuronal survival, we tested the requirement for Kdméb expression in Bic+4AP induced
preconditioning of neuronal survival. Prior exposure to Bic+4AP promoted neuronal survival in
control neurons upon growth factor withdrawal, however this effect was ablated when we knocked
down Kdme6b expression. Loss of Kdmé6b did not disrupt activity-induced expression of most
genes, including that of a gene set previously established to promote neuronal survival in this
assay. However using bioinformatic analysis of RNA sequencing data, we discovered that Kdm6b
knockdown neurons showed impaired inducibility of a discrete set of genes annotated for their
function in inflammation. These data reveal a novel function for Kdméb in activity-regulated
neuronal survival, and they suggest that activity- and Kdm6b-dependent regulation of
inflammatory gene pathways may serve as an adaptive pro-survival response to increased neuronal
activity.
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Introduction

Stimulus-regulated changes in gene transcription play an essential role in coordinating
cellular adaptations to the environment. Given the broad relevance of neuronal activity-
regulated transcription to many of the adaptive processes that mediate brain plasticity -
including axon outgrowth, synapse development, excitation/inhibition balance, and network
homeostasis (West and Greenberg, 2011) - it is important to identify the transcriptional
regulators that underlie activity-regulated changes in neuronal gene transcription.

In addition to regulating the expression and/or activity of sequence-specific DNA binding
transcription factors (Lyons and West, 2011), neuronal activity also modulates gene
transcription by regulating histone modifying enzymes (Graff and Tsai, 2013). The
acetylation, methylation, or phosphorylation of specific amino acid residues in the N-
terminal tails of the histone proteins alters chromatin structure and function to either activate
or repress transcription of genes (Bonasio et al., 2010). The activity-dependent regulation of
histone acetylation and phosphorylation in neurons has been well documented (Guan et al.,
2002; Huang et al., 2002; Chwang et al., 2006). Multiple activity-dependent mechanisms
converge to regulate these histone madifications in neurons, via the activation of Erk1/2
(Huang et al., 2002; Ciccarelli et al., 2013), the recruitment of phosphorylated CBP to
CREB (Chrivia et al., 1993; Kwok et al., 1994; Chawla et al., 1998; Hu et al., 1999; Impey
et al., 2002), and the nuclear export of class I histone deacetylases (Chawla et al., 2003;
Nott et al., 2008; Guan et al., 2009).

Histone methylation is a complex and information-rich histone modification, however
comparatively little is known regarding neuronal activity-dependent regulation of this mark
or its mediators. Histones H3 and H4 can be mono-, di-, or tri-methylated at multiple lysine
and arginine residues resulting in transcriptional activation or repression. Histone
methylation status is controlled by members of the lysine demethylases (KDM) and lysine
methyltransferases (KMT) families, each of which has specificity for the modification of
histones H3 and H4 at specific amino acid residues (Black et al., 2012; Greer and Shi,
2012). Neurological disease-associated mutations have been identified in a number of these
enzymes including IMJID1C (autism), JARID2 (schizophrenia), KDM5C (X-linked mental
retardation), KDM5A and KDMB6B (intellectual disability), suggesting the functional
importance of regulating lysine methylation in the brain (Castermans et al., 2007; Iwase et
al., 2007; Pedrosa et al., 2007; Najmabadi et al., 2011). Emerging evidence also links KDMs
and KMTs with at least some aspects of activity-dependent brain plasticity. For example,
inhibition of the histone methyltransferase Enmt2 (a.k.a. G9a/Glp) in the entorhinal cortex
results in enhancement of fear conditioning and dysregulation of gene transcription and
hippocampal synaptic plasticity (Gupta-Agarwal et al., 2012). However the mechanisms that
couple neuronal activity with the function of KDMs and KMTs have remained unknown.

To gain insight into the potential roles of KDMs and KMTs in activity-dependent brain
plasticity, here we characterize the activity-regulated mMRNA expression of these enzymes in
the mouse hippocampus following pilocarpine-induced status epilepticus, an in vivo model
of elevated neuronal activity. We identify multiple activity-regulated KDMs and KMTs, and
we characterize the anatomical distribution and functional consequences of induction of the
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H3K27-specific histone demethylase Kdméb in hippocampal neurons. These data identify a
novel program of activity-regulated and Kdme6b-dependent genes that are annotated for their
function in inflammation, and we show for the first time that Kdmé6b is required for the
activity-dependent preconditioning of hippocampal neuronal survival.

Materials and Methods

Pilocarpine-induced seizure

Adult (8-12 week old) male C57BL6/J mice (Charles River Labs) were weighed and
injected with 1 mg/kg methyl scopolamine nitrate (i.p.). 30 min later mice were injected i.p.
with either 337 mg/kg pilocarpine HCI or saline (control mice). Stock solutions were
prepared in 0.9% injectable NaCl and each animal received 0.1 cc of drug. Following
pilocarpine injection, animals were monitored for the onset of status epilepticus, which was
defined using behavioral criteria as a continuous limbic motor seizure of stage 2 or higher
(Liu et al., 1999). During the seizure, mice were provided with food and water placed in a
dish at the bottom of the cage. Status epilepticus was allowed to proceed for 3 hrs and then
was terminated by administration of diazepam (10mg/kg, i.p.). Pilocarpine-treated animals
that failed to develop status epilepticus were excluded from the study. 1, 3, or 6 hrs
following the onset of status epilepticus, mice were deeply anesthetized with isofluorane and
decapitated for brain harvesting. Brains of control mice were harvested 3 hrs after the saline
injection. 5-6 mice were used for each time point. For RNA expression studies, the
hippocampus was rapidly dissected bilaterally, flash frozen on dry ice/ethanol, and stored at
—80°C prior to RNA harvesting. For in situ studies, whole brains were flash frozen in OCT
on a dry ice/ethanol bath and stored at —80°C. All experiments were conducted in
accordance with an animal protocol approved by the Duke University Institutional Animal
Care and Use Committee.

RNA harvesting and quantitative PCR

RNA was harvested using the Absolutely RNA kit (Agilent). 800ng of RNA was used for
reverse transcription with oligo dT primers and Superscript 1l (Invitrogen). Quantitative
SYBR green PCR was performed on an ABI 7300 real-time PCR machine (Applied
Biosystems) using the intron-spanning primers (IDT) listed in Table S1. Each sample was
measured in triplicate, and all data were normalized to the expression of the housekeeping
gene Gapdh as a control for RNA quantity and sample processing.

In situ hybridization and immunostaining of brain sections and cultured neurons

Fresh frozen brains were cryostat sectioned coronally at 18um, then fixed in 3%
paraformaldehyde, and rinsed with 1x phosphate-buffer saline (PBS). For radioactive probe
detection, slides were dehydrated in ethanol, air dried, and hybridized at 65°C with 1x10°
cpm per slide of either antisense or sense 3°S-UTP-labeled riboprobes for the gene of
interest. We generated riboprobes from cloned cDNA of mouse Kdm6b exon 111
(NM_001017426) and mouse Bdnf exon I1X (NM_001017426). Slides were processed for
autoradiography on film (Kodak) to detect the in situ signal, and counterstained with cresyl-
violet for identification of anatomical landmarks. For fluorescent in situ hybridization,
digoxigenin (DIG)-labeled antisense riboprobes targeting mouse Kdméb exon 111 were used.
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Hybridized riboprobes were visualized by detection with peroxidase-conjugated anti-DIG
Fab fragments (Roche) and developed using TSA (Perkin Elmer). For
immunohistochemistry, slides were blocked in 14% NGS and permeabilized in 0.3% Triton
X-100 prior to antibody incubation. Hoechst dye was used to label nuclei for identification
of anatomical landmarks. Images were captured on a Leica DMI4000 inverted fluorescence
microscope at 20x magnification. Primary antibodies used in this study were mouse a-
human Ki67 (BD Pharmingen, 1:100), rabbit anti-Histone H3 pS10/K14Ac (Millipore
07-081), mouse anti-histone H3K27me3 (Abcam 2006), rabbit anti-histone H3K27me3
(Active Motif 39155), rabbit anti-histone H3K27me3 (Millipore 07-499), mouse anti-glial-
fibrillary acid protein (GFAP; Abcam 10062) and chicken anti-microtubule associated
protein 2 (MAP2, Millipore AB5543).

Hippocampal neuronal culture and lentiviral RNA interference

Hippocampal cultures were prepared from PO CD1 mouse pups (Charles River
Laboratories). Cells were plated on poly-D-lysine (PDL) and laminin (Invitrogen)-coated
coverslips for cell survival assay or plates for RNA analysis in Neurobasal-A medium
(Invitrogen) containing B27 supplements (Invitrogen), 1% fetal bovine serum and penicillin
and streptomycin (Sigma). 5uM AraC was added on the fourth day in vitro (DIV) to block
the proliferation of glial cells. For RNA interference, we purchased two independent
shRNAs targeting non-overlapping sequences in mouse Kdmgéb that were cloned in the
lentiviral vector pLKO.1 (Thermo Scientific). Kdméb shRNAL (TRC#0000095265):
CTGTTCTTGAGGGACAAACTC. Kdm6b shRNA2 (TRC#0000095266):
GTTCGTTACAAGTGAGAACTC. Empty pLKO.1 vector was used as the control. Viral
shRNAs were packaged as lentivirus in HEK293T cells (ATCC). Neurons were infected
with virus at a multiplicity of infection of 1 on DIV4.

Western blot analysis

The Kdm6b expression plasmid containing FLAG-tagged Kdméb (base pairs 3513-5336) in
the vector pcDNA3 was a kind gift of Dr. Mary E. Donohoe (Burke Research Institute of
Weill Cornell Medical School)(Kamikawa and Donohoe, 2014). HEK-293T cells were
transfected by calcium phosphate precipitation and extracts were harvested two days later
for expression analysis. Nuclear extracts were run for SDS-PAGE and transferred to PVDF
for western blotting. Bands were visualized with fluorescent secondary antibodies using the
Odyssey imaging system (LI-COR Bioscience). Actin was used as a loading control.
Primary antibodies used in this study were mouse anti-FLAG (Sigma F3165), mouse anti-
Actin (Millipore MAB1501), and chicken anti-GFP (Chemicon AB16901).

Neuronal survival assay

The neuronal survival assay was carried out in accordance with previously published
protocols (Zhang et al., 2007). DIV11 neurons were either left untreated or treated with the
addition of 50uM bicuculline (Sigma) and 2.5 mM 4-aminopyridine (Sigma) (Bic+4AP).
After 16 hrs of Bic+4AP treatment, media was switched to minimal medium lacking serum
and growth factors - salt-glucose-glycine (SGG) solution [10mM Hepes (pH7.4), 114mM
NaCl, 26.1mM NaHCO3, 5.3mM KCI, 1mM MgCI2, 2mM CaCl2, 30mM glucose, 1mM
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glycine, 0.5mM sodium pyruvate, and 0.001% phenol red] and phosphate-free Eagle’s
minimum essential medium (MEM) (99:1 vol:vol) or complete media — above media
supplemented with insulin (7.5pg/mL), transferrin (7.5g/mL), sodium selenite (7.5ng/mL),
penicillin G (50U/mL), and streptomycin sulfate (50pg/mL) (Bading et al., 1993). Neuronal
firing was terminated by addition of 1uM TTX (Tocris). Cells were then fixed in 4%
paraformaldehyde and nuclei were visualized by Hoechst 33258 staining and fluorescent
microscopy. Cells undergoing apoptosis were identified by their condensed nuclear
morphology (Bonni et al., 1999) and confirmed by immunoreactivity with an antibody
against cleaved-caspase-3 (Cell Signaling 9661, 1:100). Neurons were identified by
immunoreactivity with MAP2 (Millipore AB5543, 1:2000). Neuronal death was quantified
by counting the number of apoptotic neuronal nuclei as a percentage of the total neuronal
nuclei.

For gene expression studies, mouse hippocampal neurons were plated, cultured, and infected
as described above for the neuronal survival assay. DIV11 neurons were either left untreated
or treated with the addition of 50uM bicuculline (Sigma) and 2.5 mM 4-aminopyridine
(Sigma) (Bic+4AP) for 3 hrs prior to RNA harvesting. For each treatment condition (pLKO
vector/control, pLKO vector/Bic+4AP, Kdm6b shRNA1/control, Kdm6b shRNA1/Bic
+4AP), triplicate replicates were pooled. Each pool was then used to generate the four
treatment condition libraries for sequencing. RNA-Seq libraries were generated by the Duke
University sequencing core facility and subjected to 50bp paired-end Illumina Hi-Seq
sequencing. Following quality score-based trimming and adapter filtering, sequences were
aligned to the mouse UCSC gene reference transcriptome (mm39, July 2007) using Tophat
v2.0.8b with options -T, -x 4, and -n 2 (Trapnell et al., 2009). Cufflinks v2.0.2 with option —
u for multi-read correction was used to extract normalized read counts collapsed to a single
value of Fragments Per Kilobase of exon per Million fragments mapped (FPKM) for each
gene (Trapnell et al., 2010). Gene sets were analyzed using the Database for Annotation,
Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov) (Huang et
al., 2008). We used default parameters with the following modifications: KEGG and Panther
were used for pathways analysis and we focused our search on biological pathways by
choosing GO_TERM_BP_FAT for GO analysis. We considered as significant those
pathways with Benjamini-corrected p values less than 0.05 and FDR less than 0.2. Fully
independent replicate samples with both Kdm6éb shRNAs were used for quantitative PCR
validation of sequencing results.

Astrocyte cultures

Astrocyte cultures were generated by plating papain-dissociated cells from postnatal day 0-2
mouse brains onto poly-D-lysine coated flasks in DMEM with 10% FBS and N2
supplements (Invitrogen). 3 days after plating, flasks were shaken vigorously to remove any
neurons that may have attached. Flasks were cultured until astrocytes were confluent, then
cells were split with trypsin, replated, and grown until confluent again. For the experiments
in which we assessed the regulation of gene expression in astrocytes, Bic+4AP was first
added to DIV 11 hippocampal neuronal cultures in the neuronal culture medium for three
hours as described in the RNA-Seq section above. Conditioned medium from control or Bic
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+4AP-treated neurons was then removed and placed on astrocyte cultures for 3 hours prior
to astrocyte RNA harvesting.

Statistical analyses

Results

Unless otherwise indicated, all data presented are the average of at least three measurements
from each of at least two independent experiments. Quantitative PCR data following
pilocarpine injection were analyzed by one-way ANOVA followed by Bonferroni corrected
post-hoc comparisons for changes in gene expression over time after onset of seizure. All
other data were analyzed by a Student’s unpaired t-test. Bar graphs show mean values and
error bars show S.E.M. In all cases a p<0.05 was considered significant.

Pilocarpine-induced seizure regulates expression of multiple KDMs in the hippocampus

To identify KDMs that may contribute to activity-dependent changes in gene transcription,
we quantified expression of MRNAS in extracts from adult male mouse hippocampus either
following a control saline injection or 1, 3, or 6 hrs after pilocarpine-induced status
epilepticus, an in vivo experimental model of elevated synaptic activity (Curia et al., 2008).
We quantified expression of all 21 mouse KDMs that have experimentally validated
enzymatic activities as histone demethylases as well as 5 additional neuronally-expressed
jumonji C (JmjC) domain containing proteins whose enzymatic activities as histone
demethylases are either absent or uncharacterized (Black et al., 2012; Greer and Shi, 2012).
We detected all 26 of these mMRNA transcripts in hippocampal extracts (Table 1).

One-way ANOVA revealed significant pilocarpine-induced, time-dependent increases or
decreases in the expression of 12 KDM family genes (Table 1). 5 KDMs showed decreased
expression over time after pilocarpine (Fig 1A). These included the H3K27 demethylase
Kdm6a and the mixed specificity (H3K9/36) demethylases Kdmda, Kdmdb, Kdmdc, and
Kdmdd. Overall these reductions were small in magnitude, with only Kdmdb mRNA levels
falling more than 2-fold during the 6hr period. 7 KDMs showed significantly increased
mMRNA expression after seizure (Fig. 1B). These included the H3K9 demethylase Jmjdic,
the H3K27 demethylase Kdm6b, the H3K36 demethylase Kdm?2a, the mixed specificity
(H3K9/27) demethylase Jhdmld, and the JmjC-domain containing genes Jmjd6, Jarid2, and
Uty. These inductions were of larger magnitude than the activity-induced decreases in KDM
expression, with all but Kdm2a and Jmjd6 rising more than 2-fold during the 6hr period.
Most strikingly, Kdm6b showed a 20-fold increase in mRNA expression by 6hrs after
pilocarpine injection. This induction is similar in magnitude to the induction of the canonical
activity-regulated gene encoding Brain-Derived Neurotrophic Factor, Bdnf (fold increase
Bdnf after pilocarpine compared to control: 1hr, 9.25+1.54; 3hr, 22.96+1.7; 6hr, 17.51+1.95)
(Castren et al., 1993; West, 2008). These data reveal that multiple KDMs undergo synaptic
activity-dependent regulation of their expression in the hippocampus in vivo, and
furthermore our findings suggest that among the KDMs, Kdm6b may be particularly
relevant for synaptic activity-dependent transcriptional regulation.
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Pilocarpine induces Kdm6b mRNA expression in granule neurons of the dentate gyrus

Very little is known about the expression or functions of Kdméb in the adult CNS. Thus to
investigate potential functions for Kdméb in the hippocampus we set out to determine in
which cells Kdmeb mRNA was induced following seizure. We first localized Kdméb mRNA
expression within the subregions of the hippocampus by performing in situ hybridization on
coronal brain sections of adult mice after either saline or pilocarpine injection. A robust
increase of Kdm6b mRNA was seen selectively over the dentate gyrus (DG) of the
hippocampus in pilocarpine-treated mice. These data again mimic the magnitude and pattern
of pilocarpine-induced Bdnf (Fig. 2A). Minimal induction of either Kdm6b or Bdnf was seen
in the CA1 or CA3 regions of the hippocampus, which is consistent with previous studies
showing predominant Bdnf induction in DG compared with CA1 or CA3 at 3-6 hrs after
pilocarpine treatment (Schmidt-Kastner et al., 1996). No significant hybridization was
observed with sense probes against either target in control or pilocarpine-treated mice
validating the specificity of the hybridization signal.

The subgranular zone (SGZ) of the dentate gyrus in the hippocampus is one of only two
places in the adult rodent brain that have ongoing neurogenesis (Alvarez-Buylla and Garcia-
Verdugo, 2002) and pilocarpine-induced seizure is known to induce hippocampal
neurogenesis (Parent et al., 1997). Previous studies have shown transient upregulation of
Kdm6b expression at times of fate transition in differentiating neurons (Jepsen et al., 2007;
Burgold et al., 2008); thus to determine whether pilocarpine-induced Kdm6b expression
might be occurring selectively in neural precursors or newborn neurons of the hippocampus,
we used fluorescent in situ (FISH) to achieve cellular resolution of the Kdméb mRNA
signal. Neural progenitor cells are located in the SGZ just under the hilar side of the granule
cell layer (Lledo et al., 2006). We identified these precursors by immunolabeling with the
Ki67 antibody, which reacts with an antigen in dividing cells. Sparse Ki67+ precursors were
apparent, however Kdmgb mRNA was not detected in Ki67+ cells either in control mice or
after pilocarpine-induced seizure (Fig. 2B). By contrast, after pilocarpine, Kdméb mRNA
was robustly and widely induced in an even distribution across the full extent of the densely
packed granule neuron layer of the DG (Fig. 2B). This pattern is distinct from the
localization of newborn neurons, which can be identified by their expression of
Doublecortin and are found along the hilar side of the DG (Ming and Song, 2005). It is also
distinct from the distribution of non-neuronal cells such as astrocytes and microglia, which
are sparsely and evenly distributed both within and around the granule cell layer
(Williamson et al., 2012). Although we cannot rule out Kdm6éb expression in additional cell
types, our data showing dense pilocarpine-induced Kdmg6b expression enriched within the
granule neuron layer of the DG are most consistent with pilocarpine selectively inducing
expression of Kdm6b in granule neurons of the adult DG. These data provide the first
evidence that neuronal Kdm6b expression is regulated by synaptic activity in neurons in vivo
and they raise the possibility that Kdm6b may contribute to activity-dependent aspects of
plasticity in differentiated neurons.

Upregulation of Kdm6b in the DG is not accompanied by global demethylation of H3K27

As a histone lysine demethylase, Kdme6b is part of a small subfamily of just two
enzymatically active members (Kdm6b/Jmjd3 and Kdm6a/Utx) that have specificity for di-
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and trimethylated H3K27 (Greer and Shi, 2012). Because we saw increases in expression of
Kdmeb in dentate granule neurons of the hippocampus, we wanted to determine whether
seizure would result in concomitant decreases in H3K27 methylation. To test for global
changes in this histone modification, we used antibodies raised against the trimethylated
form of H3K27 (H3K27me3) and stained nuclei of hippocampal sections of control mice or
mice that had received pilocarpine (Fig. 3). We saw no differences in the intensity of
H3K27me3 immunoreactivity with any of three different antibodies raised against this
modification (Fig. 3A and data not shown). By contrast, immunoreactivity with an antibody
raised against a different histone H3 modification (Ser10 phosphorylation/K14 acetylation)
that has previously been shown to be neuronal activity-regulated in the hippocampus
(Levenson et al., 2004; Chwang et al., 2006) was robustly enhanced following pilocarpine
treatment in the same brains (Fig. 3B).

Our data showing no global change in H3K27me3 in the hippocampus after pilocarpine-
induced seizure do not rule out the possibility that changes in H3K27me3 may be localized
to specific regions of the genome. However since histone methylation is a dynamic process,
we also considered whether activity-induced increases in KDMs might be offset by activity-
induced expression of KMTs, leading to a globally balanced steady-state distribution of
these histone modifications. Because many of the activity-regulated KDMs we identified in
the hippocampus have specificity for histones methylated at K9 or K27, we analyzed the
hippocampal mRNA expression of 10 KMTs with specificity for methylation at these sites
(Black et al., 2012). All 10 KMTs were detected in the same hippocampal lysates used for
analysis of KDM expression (Table 2). ANOVA revealed significant time-dependent
increases in expression of two of these KDMs following pilocarpine-induced seizure: the
H3K9 methyltransferase Suv39h2 and the H3K27 methyltransferase Ezh2 (Fig. 4) both of
which showed ~2-fold increases in mRNA expression. These data raise the possibility that
balanced regulation of both KDMs and KMTs may act to maintain global chromatin state
following pilocarpine-induced increases in hippocampal neuronal activity.

Kdme6b is required for activity-dependent priming of neuronal survival

DG granule neurons are relatively resistant to cell death following seizure, and the induction
of synaptic activity-dependent gene transcription in the DG is thought to contribute to this
survival process (Clifford et al., 1987; Ploski et al., 2006). Given the induction of Kdmeb
expression in the DG following pilocarpine treatment and the overlap of this expression
pattern with the pro-survival neurotrophin Bdnf, we hypothesized that Kdm6b may
contribute to the activity-dependent promotion of hippocampal neuronal survival. This
ability of synaptic activity to promote neuronal survival can be recapitulated in cultured
hippocampal neurons. Treating neurons with the GABA-A receptor antagonist bicuculline
together with the potassium channel blocker 4-aminopyridine (Bic+4AP) activates glutamate
neurotransmission and action potentials, turns on activity-dependent gene transcription -
including the transcription of Kdmgb, and preconditions neuronal survival upon subsequent
growth factor withdrawal (Zhang et al., 2007; Zhang et al., 2009). Thus this paradigm offers
a useful model for discovery of the transcriptional mechanisms that underlie activity-
induced neuroprotection.
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We found that Kdm6b mRNA was significantly induced by Bic+4AP treatment of cultured
hippocampal neurons, again similar to Bdnf (Fig. 5A). To test the function of Kdmeéb
induction in these neurons, we knocked down expression of Kdméb with either of two
independent lentiviral SARNAs. Compared with vector control infected neurons, the neurons
expressing the Kdmeb shRNAs showed a significant reduction in Kdméb mRNA both at
baseline and after Bic+4AP (Fig. 5B). Expression of Kdm6b shRNA was also sufficient to
lead to loss of Kdm6b protein (Fig 5C).

In vector control infected neurons, serum withdrawal led to a significant increase in
neuronal death as indicated by the appearance of a condensed/fragmented nuclear
morphology and confirmed by immunoreactivity for active caspase-3 (Fig. 6A-C).
Pretreatment with Bic+4AP prevented death upon growth factor withdrawal in the control
neurons, demonstrating the preconditioning effect of activity on neuronal survival (Fig. 6C).
Knockdown with either of the two Kdm6b shRNAs did not increase neuronal death in full
growth media, and similar to the control neurons, neurons expressing the Kdméb shRNAs
showed a significant increase in cell death upon growth factor withdrawal. However unlike
control neurons, we found that Bic+4AP pretreatment failed to promote neuronal survival in
neurons expressing either of the two Kdm6b shRNAs (Fig. 6C). These data demonstrate that
expression of Kdmé6b is required for activity-conditioned hippocampal neuronal survival.

Kdme6b is required for induction of a subset of activity-induced genes

Given that Kdme6b is a transcriptional regulator, and because activity-regulated gene
transcription is thought to mediate the conditioning effects of neuronal activity on survival,
we investigated whether Kdméb is required for Bic+4AP-dependent induction of known
pro-survival genes. Previous studies have identified a set of activity-inducible genes that are
both transcriptionally induced by the activation of synaptic NMDA receptors and required
for the promotion of neuronal survival upon growth factor withdrawal (Zhang et al., 2007;
Zhang et al., 2009). Many of these pro-survival genes are targets of the Erk1/2-CREB
transcriptional signaling pathway, which is strongly induced by both pilocarpine and Bic

+4 AP treatment of hippocampal neurons (Hardingham et al., 2002; Lee et al., 2009; Zhang
et al., 2009). To determine whether Kdméb is required for transcriptional regulation of these
pro-survival genes, we used quantitative PCR to measure the Bic+4AP-dependent induction
of Atf3, Bdnf, Btg2, Gadd45b, Gadd45g, Ifi202b, Inhba, Npas4, and Nr4al in both vector
control and Kdm6b knockdown neurons. Surprisingly, despite the failure of Bic+4AP to
promote neuronal survival in neurons lacking Kdmeéb, we found that all of these pro-
survival genes were induced to statistically indistinguishable levels in both control and
Kdméb knockdown neurons (Fig. S1). Importantly, these data establish that neurons lacking
Kdméb are capable of mounting a robust transcriptional response to Bic+4AP.

In addition to CREB, other transcription factors including NF-xB are induced by neuronal
activity and are required for the preconditioning of neuronal survival in models of ischemia
and epilepsy (Blondeau et al., 2001). Thus we considered the possibility that the induction of
transcriptional targets other than those in the Erk1/2-CREB pathway might be affected by
the loss of Kdme6b. To conduct an unbiased analysis of activity-induced gene transcription
we performed RNA-Seq on control and Kdm6b knockdown neurons under unstimulated
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conditions or following Bic+4AP (Table S2). From all genes induced >1.5 fold in response
to Bic+4AP (Table S3), we selected the top 100 that showed reduced Bic+4AP induction in
Kdméb knockdown neurons compared with vector infected control neurons (Table S4) and
used the Database for Annotation, Visualization and Integrated Discovery (DAVID) to
perform gene ontology (GO) classification and pathway analysis. This analysis identified
two biological processes significantly enriched in this gene set: Response to Wounding and
Inflammatory Response (Table 3). We first used quantitative PCR to validate the Bic+4AP
induction of a subset of these and functionally related genes from the Kdm6b knockdown
list. These genes included the chemokine Ccl4, the cytokine 1119, the INK/p38 MAP kinase
pathway upstream regulator Map3k6, the E3 ubiquitin ligase Rnf125, the proinflammatory
neuropeptide Tacl, and the TNF ligand superfamily member Tnfsf9 (Fig. 7A). We then
confirmed that each of these genes was significantly less Bic+4AP inducible in neuronal
cultures lacking Kdm6b expression compared with vector control infected neuronal cultures
(Fig. 7B).

Kdmeb is both induced by Bic+4AP and required for the Bic+4AP induction of specific
genes. However these data do not indicate whether increasing the expression of Kdméb
alone is sufficient to drive gene expression. To address this question we overexpressed
Kdméb in HEK-293T cells. Of the genes shown in Fig. 7B, which required Kdmeéb for their
induction by Bic+4AP, four genes (MAP3K6, RNF125, TAC1, and TNFSF9) as well as
KDMG6B were found to be expressed in HEK-293T cells. However only TAC1 showed a
small, though significant increase upon Kdméb overexpression (Fig. S2). We interpret these
data to imply that Kdméb likely cooperates with other Bic+4AP regulated transcriptional
mechanisms to modulate activity-dependent gene transcription.

Finally, in addition to being expressed in neurons, Kdmeb is also expressed in other brain
cell types including astrocytes (Fig 7C), which comprise ~20% of the cells in our dissociated
neuronal cultures (Fig. S3). Because our shRNA-expressing viruses infect both neurons and
astrocytes in these cultures (data not shown) we sought to determine in which cell type(s)
Kdméb was acting in order to regulate Bic+4AP-dependent gene induction. To address this
question, we prepared astrocyte cultures from postnatal mouse brain and compared gene
expression and regulation in these cells to that in our neuronally enriched cultures. Of the
Bic+4AP inducible genes shown in Fig. 7B, we found that all six were expressed in both
neuronal and astrocyte cultures (Fig. 7C). Kdm6b was expressed at similar levels in both
culture types. By contrast three of its candidate target genes (1119, Map3k6, and Tacl)
showed strong enrichment in neuronal cultures, whereas the other three (Ccl4, Rnf125, and
Tnfsf9) were preferentially expressed in astrocyte cultures (Fig. 7C). We then asked Bic
+4AP induced expression of these genes in astrocytes. Because the molecular targets of
bicuculline (GABAA receptors) and 4-aminopyridine (KCNA family voltage-gated potassium
channels) are primarily expressed in neurons, we first treated neuronal cultures with Bic
+4AP and then transferred the neuronal conditioned medium onto astrocyte cultures.
Interestingly, only Ccl4 showed significant Bic+4AP induction in astrocytes (Fig. 7D),
whereas all six genes along with Kdm6b were induced by Bic+4AP treatment of neuronal
cultures (Fig. 4B, 7A). These data strongly suggest that Kdm6b regulates Bic+4AP-
dependent gene expression via its actions in neurons. However the possibility remains that
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Kdme6b contributes to brain function via its expression in astrocytes as well as neurons. In
total, these data suggest that the activity- and Kdm6b-dependent regulation of a program of
gene expression that is enriched for genes annotated for their role in inflammation may
contribute to neuronal activity-dependent preconditioning of neuronal survival.

Discussion

Activity-dependent regulation of KDMs and KMTs in the adult hippocampus

In this study we have identified multiple KDMs and KMTs that show activity-dependent
expression changes in the hippocampus of the adult mouse brain. Several of these gene
products have previously been studied for their roles in nervous system development. For
example, knockdown of the Zebrafish ortholog of the H3K9/K27 demethylase Jhdm1d
results in early anatomical defects in the developing brain, mice lacking the JmjC-containing
protein Jarid2 show neural tube defects, the H3K27 demethylase Kdméb promotes neuronal
differentiation, and the KMT Ezh2 regulates the process of cortical neurogenesis (Takeuchi
et al., 1995; Jepsen et al., 2007; Burgold et al., 2008; Hirabayashi et al., 2009; Pereira et al.,
2010; Tsukada et al., 2010). Our data now suggest that these regulatory enzymes play
additional roles beyond development in post-mitotic, differentiated neurons of the adult
brain. We identify one such function by demonstrating that neuronal activity-dependent
induction of Kdmeb mRNA is required for activity-dependent survival of hippocampal
neurons. Finally our analysis of activity-regulated gene transcription in hippocampal
neurons lacking Kdmeb raises the possibility that Kdméb-dependent, inflammation-related
signaling pathways may contribute to the preconditioning of neuronal survival. Taken
together these data comprise experimental support for the hypothesis that activity-dependent
regulation of KDM/KMT expression contributes to transcription-dependent neuronal
adaptations in the adult brain.

Five of the activity-regulated KDM/KMT genes we identified here have functional
connections to histone H3K27 methylation. These gene products include the H3K27
demethylase Kdméb; the Y chromosome paralog of Kdme6a called Uty, which has functions
in cell differentiation but is thought to be enzymatically inactive (Shpargel et al., 2012); the
mixed specificity H3K9/K27 demethylase Jhdm1d (Greer and Shi, 2012); the JmjC-domain
containing protein Jarid2, which plays a non-enzymatic role in recruiting the polycomb
PCR2 complex (Herz and Shilatifard, 2010); and Ezh2, which is the enzymatically active
H3K27 methyltransferase in the PRC2 complex (Black et al., 2012). Dynamic changes in
H3K27 methylation have been tightly correlated with the temporal regulation of gene
expression programs during neuronal differentiation (Mikkelsen et al., 2007; Mohn et al.,
2008). However, whether dynamic regulation of H3K27 methylation contributes to changes
in gene transcription in mature neurons remains unknown. Only one study published to date
has looked for activity-regulated changes in H3K27me3 genome-wide in neurons (Kim et
al., 2010). This study failed to identify statistically significant changes in the global or local
H3K27me3 patterns six hours following KCI-induced membrane depolarization of
dissociated hippocampal neuron cultures. However we note that expression of the H3K27
KDMs/KMTs were not KCl-induced in the Kim et al. (2010) study. By contrast, at least two
studies have identified stimulus-dependent changes in H3K27 methylation locally at
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promoters of the Bdnf gene in vivo, suggesting that there exist signaling cascades that can
induce changes in this histone modification in neurons (Tsankova et al., 2006; Karpova et
al., 2010). Although we found no global changes in H3K27me3 in hippocampal neurons
following pilocarpine-induced seizures, whether this stimulus may lead to promoter- or
enhancer-specific changes in histone H3 methylation remains to be addressed.

Functions of Kdm6b in the CNS

The robust activity-dependent induction of Kdm6b mRNA in the adult hippocampus led us
to pursue an anatomical and functional characterization of this KDM. Previous studies in a
number of different cell types have suggested that regulated expression of Kdm6b mRNA is
an important means of transitioning through stages of cell fate determination. Kdméb
expression is transiently upregulated when ES cells are induced to differentiate into neural
lineage precursors, and this upregulation of Kdméb is necessary for the induction of neural
lineage genes including Nestin (Burgold et al., 2008). Kdm6b is upregulated again when
neural stem cells are induced to differentiate into immature neurons, and in this system the
expression of Kdm6b has been shown to be sufficient to drive the expression of multiple
neuronal genes (Jepsen et al., 2007). Outside of the nervous system, transiently induced
expression of Kdm6b also heralds its function in differentiation of the macrophage lineage
(Hu et al., 2006; De Santa et al., 2007; Chen et al., 2012). However although neurogenesis is
ongoing and seizure-inducible in the subgranular zone (SGZ) of the dentate gyrus in the
rodent hippocampus, instead of localizing to the SGZ, our in situ analysis of seizure-induced
Kdme6b expression showed induction throughout the granule layer where mature neurons are
found. These data do not rule out a role for Kdméb in seizure-induced neurogenesis,
however they strongly suggest Kdmé6b has functions in mature, post-mitotic neurons.

In the macrophage lineage, in addition to its role during differentiation, Kdmeb expression
shows rapid (time course of hours) induction in response to macrophage-activating stimuli,
including bacterial lipopolysaccharides (LPS), cytokines, and TNFa (De Santa et al., 2007;
De Santa et al., 2009; Ishii et al., 2009; Kruidenier et al., 2012). In these cells Kdméb
contributes to the regulation of several hundred LPS-induced genes (De Santa et al., 2009).
Furthermore, Kdm6b knockout mice show impaired macrophage-mediated immunological
responses to helminth infection, suggesting the biological relevance of this transcriptional
dysregulation (Satoh et al., 2010).

In hippocampal neurons we find that activity-induced expression of Kdmgb is required for
the preconditioning of neuronal survival upon subsequent growth factor withdrawal. It is
well-established that low intensity exposure to certain environmental stressors can
temporarily protect neurons against subsequent damage from otherwise harmful insults in a
process called preconditioning (Kelly and Mclintyre, 1994; Gidday, 2006). In the case of
both ischemia and status epilepticus, which are pathologically-relevant insults in the adult
brain, long-lasting insult tolerance requires the induction of new protein synthesis (Jimenez-
Mateos et al., 2008). The preconditioning of neuronal survival is tightly linked with
activation of synaptic NMDA-type glutamate receptors and MAP kinase signaling pathways,
and inhibition of either Erk1/2 or p38 MAP kinases abrogates the protective effects of
preconditioning seizures on status epilepticus induced hippocampal cell death in vivo (Jiang
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et al., 2005; Zhang et al., 2007). CREB is a key transcriptional transducer of the survival
functions of the Erk1/2 pathway, via its ability to drive the transcription of pro-survival
genes including Bdnf and Bcl2 (Bonni et al., 1999). In parallel, the transcription factor NF-
kB is an important effector of the p38 MAP kinase pathway, and preconditioning with
kainate or ischemia exhibits NF-xB dependent protection against neuronal death (Blondeau
et al., 2001; Mattson and Meffert, 2006). However, knowledge of NF-xB gene targets in
neurons is limited, with only a few genes, such as the mitochondrial antioxidant enzyme
manganese superoxide dismutase (MnSOD) and pro-survival members of the Bcl2 family,
having been established as NF-xB targets that protect against apoptosis (Mattson et al.,
1997; Tamatani et al., 1999; Zong et al., 1999). Interestingly, the Kdm6b promoter contains
binding sites for the NF-xB family of transcription factors, and in macrophages, the
induction ofKdmgb by inflammatory stimuli occurs in an NF-xB-dependent manner (De
Santa et al., 2007). NF-xB-dependent transcription is strongly activated in cultured
hippocampal neurons following synaptic glutamate receptor activation (Meffert et al., 2003).
This same stimulus is sufficient to induce expression of Kdmeb (Zhang et al., 2009).
However we note that despite evidence that many of the genes induced by Bic+4AP
treatment in hippocampal neurons require glutamate receptor activation, the generation of
action potentials, and the elevation of nuclear calcium (Hardingham et al., 2001; Zhang et
al., 2007), whether the induction of Kdm6b by either pilocarpine or Bic+4AP requires
neuronal firing remains to be determined. If NF-xB mediates activity-dependent Kdméb
expression in hippocampal neurons, it is possible that Kdmeéb may be required downstream
of p38 MAP kinase and NF-kB to mediate preconditioning neuroprotection.

Transcriptional targets of Kdme6b in the preconditioning of neuronal survival

Hundreds of genes with a range of molecular functions show induced expression in parallel
with the survival-promoting effects of Bic+4AP. A previous study focused on nine highly
activity-induced genes and showed that each was sufficient to promote neuronal survival in
the absence of activity (Zhang et al., 2009). However our data demonstrate that induction of
this specific gene set is not sufficient to support activity-dependent neuronal survival when
neurons are stimulated with Bic+4-AP in the absence of Kdm6b. These data highlight the
importance of considering the full program of activity-induced gene regulation in context
and suggest that a balance between different gene pathways may be required to promote
neuronal survival. Interestingly, Kdm6b-dependent neuronal preconditioning of survival is
associated with the induction of a set of genes (including Ccl4, 1119, Map3k6, Rnf125, Tacl,
and Tnfsf9) that are annotated for their function in inflammation. Although inflammation can
reflect a pathological response to tissue injury, many inflammatory factors are also
synthesized and released in response to increased neuronal activity in the brain. For
example, expression of Tacl and Ccl4 is induced in the hippocampus after status epilepticus
(Sperk et al., 1990; Kan et al., 2012), and in vivo activation of kainate receptors induces
Map3k6 expression in the brain (Ryan et al., 2005). This process of “neurogenic
neuroinflammation” is proposed to function in homeostasis and to promote an adaptive
response to increased metabolic demands (Xanthos and Sandkuhler, 2014). Previous studies
support the role of many inflammatory factors in cell survival. For example, Substance P,
the gene product of the Tacl gene, mediates neuroprotection through activation of the Erk
and Akt signaling pathways (Amadoro et al., 2007) and outside of the CNS, Ccl4 promotes
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cell survival of immortalized lymphoblastoid cell lines (Tsai et al., 2013). Notably,
inflammatory gene products including the complement factor C1q, several class | major
histocompatibility receptors, and tumor necrosis factor a have all been found to mediate
physiologically relevant aspects of activity-dependent synapse development and plasticity
(Huh et al., 2000; Beattie et al., 2002; Schafer et al., 2012). Based on the data presented
here, we propose that the activity-dependent induction of inflammatory gene products is an
adaptive response that promotes neuronal survival, and that Kdméb is an integral
coordinator of this process.

Our data suggest that neurons are the major site of Kdméb and Bic+4AP-regulated changes
in gene expression, thus we think it is likely that Kdm6b is acting in neurons to promote
activity-dependent preconditioning of neuronal survival. However Ccl4, 1119, Map3k6,
Rnf125, Tacl, and Tnfsf9 are all components of intercellular signaling pathways (e.g.
cytokine, interleukin, TNF, interferon, and neuropeptide), and as we have shown (Fig. 7C)
these genes are expressed to different extents in both neurons and astrocytes. Thus we
cannot rule out the possibility that Kdm6b-dependent interactions between neurons and non-
neuronal cells could be required to promote neuronal survival. For example, a recent study
showed that inhibition of Kdm6b expression in the substantia nigra in vivo changes
microglial activation in a manner that results in enhanced neuronal death, though whether
Kdme6b was acting in the neurons or the microglia of the substantia nigra was not
determined (Tang et al., 2013). Future studies that address the cell-type specificity of
Kdmé6b expression and function will help resolve where and how this KDM is working to
effect its functions in neuronal survival.

Finally, how does the knockdown of Kdm6b result in dysregulation of activity-induced gene
expression? It is possible that the genes showing impaired inducibility in Kdm6éb
knockdown cells are direct targets of transcriptional activation by Kdm6b. Kdméb has
activity as a histone H3K27 demethylase, and trimethylation of H3K27 is correlated with
transcriptional repression (Agger et al., 2007; Mikkelsen et al., 2007). However to what
degree changes in H3K27 trimethylation are correlated with Kdm6b-dependent
transcriptional activation remains unclear (De Santa et al., 2009), and in at least some cases
Kdméb has been shown to activate genes through mechanisms that are independent of its
demethylase activity (Miller et al., 2010; Zhao et al., 2013). Future studies that
quantitatively assess H3K27 trimethylation levels genome-wide in control and Kdméb
knockdown neurons will be required to determine whether this mechanism is important in
the actions of Kdme6b described here. Regardless of the mechanisms by which it regulates
transcription, Kdmeb is recruited to its binding sites in genomic DNA via protein-protein
interactions with a variety of DNA binding proteins including T-box transcription factors,
Smad proteins, and the estrogen receptor (Akizu et al., 2010; Miller et al., 2010; Svotelis et
al., 2011). Overexpression of Kdme6b in heterologous cells was not sufficient to drive
expression of most of the Kdméb-dependent Bic+4AP-regulated genes we tested (Fig. S2),
which raises the possibility that Kdm6b may interact with Bic+4AP regulated transcription
factors in neurons. In this regard it is interesting that many cytokines, interleukins, and TNF
family genes are targets of regulation by the activity-regulated transcription factor NF-xB
(Mattson and Meffert, 2006). Given the potential of NF-xB to regulate Kdm6b expression as
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discussed above, we hypothesize that activity-induced expression of Kdm6b may function as
a positive feedback loop to increase the gain of NF-xB signaling in the brain, driving a
neuroinflammation-based homeostatic adaptive response to increased neuronal activity.
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Figure 1.
Regulated expression of KDMs in the hippocampus following pilocarpine-induced seizure.

RNA isolated from the hippocampi of saline injected animals (control) or animals that
underwent pilocarpine-induced status epilepticus for 1, 3, or 6 hrs was used for quantitative
PCR. (A) 5 KDMs show decreased expression following pilocarpine. (B) 7 KDMs show
increased expression following pilocarpine. Data are normalized to Gapdh expression and
expressed as fold induction over control. *p < 0.05 compared with control, n=5-6/group.
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Figure 2.
Pilocarpine induces Kdm6b expression in the granule neurons of the dentate gyrus (DG). (A)

Autoradiography on coronal slices through hippocampus taken from animals 3 hr after
saline or pilocarpine injection using sense (control) and antisense probes against Kdméb or
Bdnf. Both antisense probes reveal a similar selective pattern of signal induction over the
DG following pilocarpine. Box shows region enlarged on right. Cresyl violet counterstain
(purple) used to visualize all cells. Scale bar left 5mm, scale bar right 30pm. (B) Fluorescent
in situ hybridization using antisense riboprobes against Kdmeéb 3hr following saline or
pilocarpine shows dense labeling in granule neurons but no colocalization with Ki67+ SGZ
progenitors cells. The DNA binding dye Hoeschst is used to label all nuclei. For
colocalization, Kdm6b mRNA (red), Ki67 (green), and Hoechst (blue). Orientation and
region as shown in the diagram in A. Scale bar 40um
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Figure 3.
No change in global H3K27me3 levels in the DG following pilocarpine. Mouse brains were

frozen 3hrs after injection with saline (control) or pilocarpine. Immunostaining was carried
out using antibodies specific for the following posttranslationally modified histones:
trimethylated histone H3 lysine 27 (H3K27me3), serine 10 phosphorylated and lysine 14
acetylated histone H3 (H3pS10/K14Ac). Nuclei were labeled with Hoechst, and Hoechst
intensity was used to normalize immunostaining intensity in each sample. Data shown are
using H3K27me3 antibody Active Motif 39155 (1:500), similar results were seen with two
additional antibodies selective for this mark. n=2/treatment group, *p<0.05 pilocarpine
compared with saline. Scale bar 40um.
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Figure 4.
Regulated expression of H3K9 and H3K27 KMTs in the hippocampus following

pilocarpine-induced seizure. RNA isolated from the hippocampi of saline injected animals
(control) or animals that underwent pilocarpine-induced status epilepticus for 1, 3, or 6 hrs
was used for quantitative PCR. Data are normalized to Gapdh expression and expressed as
fold induction over control. *p < 0.05 compared with control, n=5-6/group.
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Figure 5.

Bic+4AP treatment induces Kdmeb expression in hippocampal neuron cultures. (A)
Neuronal activity was in induced in hippocampal cultures (PO + 11DIV) by the addition of
the GABAA receptor antagonist bicuculline (1uM) along with the K channel blocker 4AP
(2.5mM). Quantitative PCR was used to assess Kdmeéb expression 0.5, 1, 3, and 6 hrs later,
and Bdnf is shown as a positive control. All data were normalized to expression of the
housekeeping gene Gapdh as a control for sample handling. Data are expressed as fold
induction over no treatment (-). *p < 0.05 versus no treatment, error bars represent mean +
S.E.M., n=5-6 per group. (B) Knockdown of Kdm6b by two independent lentiviral ShRNAs.
Neurons infected with virus expressing either empty vector (vector control) or Kdméhb-
specific ShRNA (Kdmgb shRNA1 and Kdm6b shRNA2) were left untreated (-) or stimulated
with Bic+4AP for 3hrs. Kdméb mRNA was measured by quantitative RT-PCR and
normalized to the expression of the housekeeping gene Gapdh. Data are expressed as fold
induction compared with no treatment, vector control. *p < 0.05 versus no treatment, error
bars represent + S.E.M., n=3 per group. (C) Knockdown of Kdméb protein expression by
lentiviral ShRNA plasmids. HEK 293T cells were cotransfected with either 1ug or 5ug of
either the empty plasmid vector (control plasmid) or a vector expressing FLAG-tagged
Kdméb, along with either 10ug of the lentiviral vector expressing Kdmeb shRNA2 or the
empty pLKO vector. GFP was cotransfected to confirm transfection efficiency. 3 days later,
nuclear extracts were prepared for analysis of protein expression. The anti-FLAG antibody
was used to detect Kdm6b expression. Actin is shown as a loading control. GFP is shown as
a control for transfection efficiency.
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Figure 6.
Kdméb is required for neuronal-activity-dependent priming of neuronal survival. (A)

Representative images of Hoechst-stained nuclei in cultured control (Vector control) and
Kdméb knockdown (shRNAZL, shRNA2) hippocampal neurons under full medium and
growth factor withdrawal conditions +/- pretreatment with Bic+4AP. Apoptotic cells were
identified by their pyknotic nuclei seen with Hoeschst (blue) and confirmed by cleaved-
caspase-3 staining (green). Neurons were identified by MAP2 staining (red). Scale bar 20um
top, 10um bottom. (B) Quantification of growth factor withdrawal induced cell death with or
without Bic+4AP pretreatment in vector control (white bars) and Kdm6b knockdown (black
bars) neurons. *p<0.05 Bic+4AP pretreatment compared with vector control in growth
factor withdrawal media. n=3 independent samples/treatment, 500700 cells counted per
sample.
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Figure 7.
Impaired neuronal activity-inducible expression of a subset of activity-regulated genes in

Kdméb knockdown neurons. (A) Bic+4AP treatment induces expression of Ccl4, 1119,
Map3k6, Rnf125, Tacl and Tnfsf9 in cultured hippocampal neurons. Quantitative PCR was
used to assess MRNA levels at baseline (control, white bars) or following 3hrs of Bic+4AP
treatment (black bars) in control pLKO shRNA vector infected neurons. *p < 0.05 Bic+4AP
compared with control, and n=6-9 per group. (B) Reduced Bic+4AP dependent induction of
Ccl4, 1119, Map3k6, Rnf125, Tacl and Tnfsf9 in Kdm6b knockdown neurons. Quantitative
PCR was used to measure baseline and Bic+4AP induced expression of the indicated genes
in neurons infected with the shRNA control vector (white bars) or either of two independent
Kdmeb shRNAs (gray and black bars). Two fully independent experiments were used for
each shRNA, and these samples were independent of the samples used for RNA sequencing.
Only Bic+4AP induced levels of gene expression are shown and data are graphed as the
percentage of Bic+4AP induced levels for each gene in the vector control infected cells.
n=6-9 per group. *p < 0.05 Kdméb knockdown compared with vector control, n=6-9 per
group. (C) Gene expression in neuronal and astrocyte cultures. Expression of each gene is
graphed as a percentage of the housekeeping gene Gapdh. n=3/cell type. (D) Bic+4AP
regulates Ccl4 expression in astrocyte cultures. Astrocyte cultures were exposed for 3 hrs to
conditioned medium from control neuronal cultures (CM) or conditioned medium from
neuronal cultures that had been treated for 3 hrs with Bic+4AP (CMBic+4AP). Expression
of each gene was normalized to control levels and fold change with Bic+4AP is graphed.
n=6/treatment, *p<0.05 CMBic+4AP compared with CM.
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