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Abstract

Adult progenitor cell proliferation in the subgranular zone (SGZ) of the dentate gyrus is a dynamic
process that is modulated by an array of physiological process, including locomotor activity and
novel environmental stimuli. In addition, pathophysiological events, such as ischemia and status
epilepticus (SE), have been shown to stimulate neurogenesis. Currently, limited information is
available regarding the extracellular stimuli, receptors, and downstream intracellular effectors that
couple excitotoxic stimulation to progenitor cell proliferation. Here we show that pilocarpine-
induced SE triggers a set of signaling events that impinge upon the p42/44 mitogen-activated
protein kinase (MAPK) pathway to drive progenitor cell proliferation in the SGZ at 2-days post-
SE. Increased proliferation was dependent on insulin-like growth factor-1 (IGF-1), which was
localized to activated microglia near the SGZ. Using a combination of techniques, we show that
IGF-1 is a CREB-regulated gene and that SE triggered CRE-dependent transcription in microglia
at 2-days post-SE. Together, these data identify a potential signaling program that couples SE to
progenitor cell proliferation. SE triggers CREB-dependent transcription in reactive microglia. As a
CREB-target gene, IGF-1 expression is upregulated, and by 2-days post-SE, IGF-1 triggers
MAPK pathway activation in progenitor cells and, in turn, an increase in progenitor cell
proliferation.
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INTRODUCTION

Within the dentate gyrus of the hippocampus resides a bed of progenitor cells that seed the
granule cell layer (GCL) throughout life. Adult-born neurons in the dentate gyrus exhibit the
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electrophysiological properties of granule neurons (Song et al., 2002; van Praag et al., 2002;
Wang et al., 2000) and form mossy fiber projections to area CA3 (Hastings and Gould,
1999; Markakis and Gage, 1999; Stanfield and Trice, 1988), suggesting that they play an
important role in activity-dependent hippocampal physiology. Indeed, external stimuli, such
as exercise and hippocampal-dependent learning paradigms increase adult neural stem/
progenitor cell proliferation within the subgranular zone (SGZ) (Gould et al., 1999; Olson et
al., 2006) and manipulations that inhibit neurogenesis disrupt memory formation (Shors et
al., 2001). These findings indicate a degree of plasticity within the pool of progenitor cells
which allows the rate of proliferation to match the physiological stimulus. This plasticity
extends to an array of cytotoxic insults (Parent, 2003; Picard-Riera et al., 2004). For
example, both ischemia and status epilepticus (SE) induce a transient increase in the rate of
SGZ neurogenesis (Liu et al., 1998; Parent et al., 1997). Although this increase in
neurogenesis has been suggested to contribute to aberrant hippocampal physiology (Parent
etal., 1997, 2006), the regenerative potential of adult progenitor cells make them attractive
candidates for therapeutic interventions against neurodegenerative disorders. In line with
this idea, the identification of the upstream neurotransmitter systems and intracellular
signaling events that regulate the rate of injury-induced progenitor cell proliferation are of
significant interest.

One signaling cascade that has been implicated in regulating the proliferative capacity of
adult stem cells is the p42/44 mitogen-activated protein kinase (MAPK) pathway. The
MAPK pathways consist of three kinases: Raf, Mek, and ERK. In the phosphorylated, and
thus activated state, ERK translocates from the cytosol to the nucleus, where it regulates
transcription (Chen et al., 1992). Several lines of evidence support a role for the MAPK
pathway in stress-induced adult neurogenesis. First, pathophysiological stimuli, including
SE and ischemia activate the MAPK pathway within the hippocampus (Choi et al., 2007; Hu
et al., 2000). Second, an array of signaling molecules, including glutamate and
neurotrophins stimulate both the MAPK cascade and progenitor cell proliferation and
postmitotic cell differentiation (Chun et al., 2006; Deisseroth et al., 2004; Lee et al., 2002).
Third, the MAPK cascade has been implicated in progenitor cell proliferation or
differentiation in a number of model systems. For example, MAPK signaling has been
shown to stimulate hypoxia-induced neurogenesis (Zhou and Miller, 2006; Zhou et al.,
2004). These findings led us to perform a systematic examination of the potential role of the
MAPK pathway in SE-induced progenitor cell proliferation in the SGZ.

Here, we propose a series of signaling events that couple SE to MAPK pathway-dependent
progenitor cell proliferation in the SGZ of the dentate gyrus. The initial SE insult drives a
wave of brain injury that results in microgliosis. Reactive microglia adjacent to the SGZ
express the CREB-regulated gene insulin-like growth factor-1 (IGF-1). IGF-1 stimulates the
MAPK pathway in progenitor cells, which, in turn, stimulates their proliferative capacity.

MATERIALS AND METHODS

Pilocarpine-Induced Status Epilepticus and Progenitor Cell Proliferation

SE was induced in male C57BL/6 mice (8 weeks of age; Harlan, Indianapolis, IN) by the
intraperitoneal (i.p.) injection of pilocarpine (325 mg/kg, diluted in physiological saline,
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Sigma, St. Louis, MO). Animals were injected (i.p.) with 1 mg/kg atropine methyl nitrate
(Sigma) 30 min before injection with pilocarpine. SE was defined as a continuous motor
seizure of stage 4 (rearing and falling), 5 (loss of balance, continuous rearing and falling), or
stage 6 (severe tonic-clonic seizures). Allowed to run its complete course, SE persisted for
6-7 h in all mice. To label proliferating cells, 5-bromo-2’-deoxyuridine (50 mg/kg in saline,
Sigma) was injected (i.p.) three times: 6, 4, and 2 h before sacrifice. Mice transgenic for the
CRE-regulated p-galactosidase reporter construct were provided by Dr. Daniel R. Storm
(University of Washington). All procedures were in accordance with Ohio State University
animal welfare guidelines.

Immunohistochemistry and Immunofluorescence

Mice were transcardially perfused with cold phosphate-buffered saline (PBS, 10 mM, pH
7.4) followed by 4% paraformaldehyde in PBS, under ketamine/xylazine anesthesia. Brains
were post-fixed in 4% paraformaldehyde for 4 h at 4°C and cryoprotected with 30% sucrose
in PBS. Coronal sections (40 um) through the dorsal hippocampus were prepared using a
freezing microtome.

For immunohistochemistry, sections were washed with PBS and incubated in 0.3%
hydrogen peroxide/PBS for 20 min to eliminate endogenous peroxidase activity. After
several washes with PBS, sections were blocked with 10% normal goat serum in PBS,
followed by overnight incubation with rabbit anti-pERK antibody (1:2,000, Cell Signaling,
Danvers, MA), rabbit anti-pCREB antibody (1:2,000, Cell Signaling), rat anti-CD11b
antibody (1:2,000, BioLegend, San Diego, CA), rabbit anti-c-Fos antibody (1:20,000, EMD
Chemicals Inc, San Diego, CA) or mouse anti-IGF-1 antibody (1:2,000, EMD Chemicals
Inc) at 4°C. Sections were then processed using the ABC staining method (Vector Labs,
Burlingame, CA). Nickel-intensified DAB (Vector Labs) was used to visualize the signal.
Photomicrographs were captured using a 16-bit digital camera (Micromax YHS 1300;
Princeton Instruments, Trenton, NJ) mounted on a Leica DM IRB microscope (Nussloch,
Germany). For BrdU staining, sections were incubated in 2XSSC/50% formamide for 2 h at
65°C, followed by incubation in 2 N HCI at 37°C for 1 h. After washing with 0.05 M borate
buffer (pH 8.5) for 10 min and washing with PBS, sections were blocked with 10% normal
goat serum in PBS and incubated with rat anti-BrdU antibody (1:400, Accurate Chemical,
West-bury, NY) at 4°C. After washing with PBS, sections were incubated with HRP-
conjugated anti-rat 19gG (1:400, Jackson Immunoresearch, West Grove, PA) for 2 h at room
temperature and developed with nickel-intensified DAB.

For immunofluorescence labeling, sections were blocked with 10% normal goat serum in
PBS, followed by overnight incubation with mouse anti-nestin antibody (1:1,000, Millipore,
Billerica, MA), rabbit anti-pERK antibody (1:1,000, Cell Signaling), rabbit anti-pCREB
antibody (1:1,000, Cell Signaling), rabbit anti-c-Fos antibody (1:10,000, EMD Chemicals
Inc), rabbit anti-Ki67 antibody (1:1000, Vector Labs) or rabbit anti-p-galactosidase antibody
(1:50,000, Cortex Biochem, San Leandro, CA). After several washes, sections were
incubated with secondary antibodies conjugated with Alexa 488, Alexa 546, Alexa 594, or
Alexa 633 (1:1,000, Invitrogen, Carls-bad, CA) for 2 h at room temperature, then mounted
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with Cytoseal (Richard-Allan Scientific, Kalamazoo, MI). Fluorescence images were
captured using a Zeiss 510 Meta confocal microscope (2-um thick optical section).

Drug Microinfusion

Mice were placed in a stereotaxic frame (David Kopf Instruments) under ketamine/xylazine
anesthesia and guide cannulae (24G) were aimed at the suprapyramidal blade of dentate
gyrus (stereotaxic coordinates: AP: —1.75 mm, ML: +1.00 mm, DV: -1.75 mm). Following
surgery, mice were allowed to recover for 10 days. At the indicated time points, mice were
restrained by hand and infused (1 uL) with U0126 (10 mM in DMSO, A.G. Scientific, San
Diego, CA), AG1024 (1 mM in DMSO, EMD Chemicals Inc), MK801 (10 mM in DMSO
Sigma/RBI, St. Louis, MO), or vehicle (DMSO) through an injector cannula (30G) for 2
min.

Cell Quantitation

To measure GCL/SGZ area, photomicrographs were captured at 10x magnification using a
16-bit digital camera and quantitation was performed using Meta-Morph software
(Universal Imaging). The total number of BrdU-positive cells was counted bilaterally in
each animal at 40-100x magnification from three dorsal hippocampal sections (AP
coordinate of first, dorsal-most, section: —=1.40 um) separated by 160 pm intervals. The
number of cells was given as mean + SEM from 5-6 mice in each group. Cell counts were
analyzed statistically using the nonparametric Wilcoxon rank-sum test, and significance was
accepted for P < 0.05.

Mixed Microglial Cell Culture

Mixed microglia cultures were prepared using the method described by Saura et al. (2003)
with minor modification. Briefly, mixed glial cultures were prepared from cerebral cortices
of 1-day-old C57BI/6 mice. After mincing with a razor blade, tissue was transferred to pre-
warmed papain (100 U/mg, Sigma) dissociation media and incubated for 25 min at 37°C.
After washing with DMEM containing 10% FBS, the tissue was triturated and cortical cells
were plated at a density of 250,000 cells/mL (density of ~65,000 cells/cm?) in a 100-mm
culture dish and cultured in DMEM with 10% FBS and penicillin/streptomycin at 37°C in a
humidified incubator (5% CO,/95% air). Media was replaced every 4-5 days; confluency
was attained after 10-12 days in vitro. Cultures were then trypsinized (0.05% trysin for 5
min, Invitrogen), and suspended. Viable cells, including microglia, were seeded in poly-o-
lysine-coated 24-well plates and cultured as described above. At 3-days post-plating, 85% of
cells were microglia, as assessed by double labeling with Hoecht and CD11b. This value
approximates the microglial purity reported by Saura et al. (2003).

IGF-1 Induction in Cultured Microglia

Mixed microglia cultures were transfected (4 ug of DNA per well) after 3 days in culture
with Lipofectamine 2000 (Invitrogen) using the manufacturer’s guidelines. Cells were
transfected with eGFP (500 ng/well) and either pcDNA (empty vector: 3.5 pg/well) or A-
CREB (3.5 pg/well). Two days after transfection microglia were stimulated with forskolin
(10 uM, Invitrogen) for 6 h. To examine IGF-1 expression in microglia, cultures were
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initially washed with cold PBS, blocked (30 min) with 3% bovine serum albumin, and then
incubated with rat anti-CD11b antibody (1:4,000, BioLegend) for 15 min at 4°C. After
washing with cold PBS, cultures were incubated (30 min) with Alexa 546-conjugated anti-
rat IgG (1:1,000, Invitrogen) at 4°C. Next, cultures were washed with cold PBS, and fixed (3
min) with 4% paraformaldehyde. After permeabilization with PBS containing 0.01% Triton
X-100 for 1 min and blocking with 3% BSA for 30 min, cells were incubated with rabbit
anti-eGFP antibody (1:8,000 University of Alberta) and mouse anti-IGF-1 antibody
(1:2,000, EMD Chemicals Inc) for 1 h at RT. Finally, cultures were incubated (30 min at
RT) with Alexa 488-conjugated anti-rabbit IgG and Alexa 633-conjugated anti-mouse 1gG,
washed and mounted with cytoseal.

Temporal Profile of SE-Induced Progenitor Cell Proliferation

Initially, we examined the time course of seizure-induced cell division in the SGZ of the
dentate gyrus. To this end, mice (C57BI/6) were injected with pilocarpine (325 mg/kg, i.p.).
For these studies, we limited our analysis to mice that developed SE. SE was defined as
continuous motor seizures (rearing and falling, loss of balance) or severe tonic-clonic
seizures (Racine, 1972). SE lasted for 67 h, and out of the 103 mice injected with
pilocarpine, SE was induced in 66% of the animals and the mortality rate was 26%. To
monitor the rate of newly generated cells, mice were injected with 5-bromo-2’-deoxyuridine
(BrdU, 50 mg/kg) three times at 2-h intervals and sacrificed 2 h after the last injection.
Relative to saline-injected control mice, SE elicited a significant increase in the rate of cell
proliferation. At 7-h post SE, the number of BrdU-positive cells nearly doubled, and by 2-
days post-SE, cell division had increased by ~ fourfold relative to control levels. By 5-days
post-SE the number of BrdU-labeled cells had returned to near baseline levels (Figs. 1A,B).
These data are consistent with prior studies, which showed increased cell proliferation from
as early as 3-h post-SE by pilocarpine (Hagihara et al., 2005; Radley and Jacobs, 2003).

SE Stimulates MAPK Pathway Activation in the Subgranular Zone

Next, we examined the potential receptors and intracellular signaling events that couple
seizure activity to an increase in progenitor cell proliferation. To this end, we focused on the
activation state of the MAPK pathway. This signaling pathway was the focus because prior
studies have shown that SE stimulates robust activation of the MAPK pathway, and that its
downstream target CREB regulates adult progenitor cell proliferation (Choi et al., 2007;
Nakagawa et al., 2002; Zhu et al., 2004).

Immunohistochemical labeling for the phospho-activated form of ERK (pERK: a marker of
MAPK pathway activity) revealed that SE triggered MAPK pathway activation in the
dentate gyrus; induction was observed at both 15-min post-SE and 2 days after SE (Fig. 2A).
Interestingly at 15 min and 2-days post-SE, distinct differences in the pERK expression
pattern were observed within the dentate gyrus. At the 15 min time point, robust pERK
expression was clearly detected within granule cells. However, at 2 days, pERK expression
was largely limited to cells located within the SGZ. To determine whether SE stimulated
MAPK pathway activation in progenitor cells, tissue was double-labeled for pERK and
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Ki-67. High magnification microscopy of the SGZ revealed an increase in pERK expression
in Ki-67-positive cells (Fig. 2B). Similarly, activated ERK was detected in nestin-positive
cells of the SGZ at 2-days post-SE (Fig. 2C).

To assess whether ERK-regulated target genes were also activated, we examined the
expression pattern of c-Fos. Similar to pERK, c-Fos exhibited temporally distinct expression
patterns (Fig. 2A). Thus, at 4-h post-SE onset, c-Fos induction was observed in the granule
cell region, whereas by 2 days, marked expression was detected specifically within nestin-
positive cells of the SGZ (Figs. 2A,C). Altogether, data from Fig. 2 show that SE stimulates
a MAPK signaling program in neuronal progenitor cells of the SGZ.

Regulation of the MAPK Pathway by Insulin-like Growth Factor-1 (IGF-1) in Neuronal
Progenitor Cells

To elucidate the mechanism underlying SE-induced progenitor cell proliferation, we focused
on the 2-days post SE time point, when maximal cell proliferation was observed. First, we
examined the signaling events that couple SE to MAPK activation. Initially, we tested the
role of NMDA receptor signaling. Infusion of the NMDA receptor antagonist MK801 (10
mM, 1 uL), 2 hr before sacrifice did not alter ERK activation in the SGZ (Fig. 3A),
indicating that NMDA receptor activity does not drive MAPK signaling in the SGZ at 2-
days post SE. To ensure that our infusion paradigm was capable of effectively inhibiting
NMDA receptor activity, we tested the effects of MK801 on pERK expression in the GCL
during the initial bout of SE. To this end, MK801 was infused 10 min before pilocarpine
injection and mice were sacrificed 15-min post-SE onset (90-120 min after MK801
infusion). Representative data in Fig. 3B reveal that MK801 infusion effectively reduced
SE-induced MAPK activation, thus supporting the efficacy of our infusion paradigm. Next,
we tested candidate growth factors as potential regulators of MAPK pathway activity in
progenitor cells. Our attention centered on IGF-1 since it has been shown to both regulate
the MAPK cascade and increase the rate of progenitor cell proliferation in the dentate gyrus
(Aberg et al., 2000, 2003; Kurihara et al., 2000). Initially, we examined the expression
pattern of IGF-1 in the dentate gyrus. Under control conditions minimal IGF-1 expression
was detected (Fig. 4A). However, by 2-days post-SE, marked IGF-1 expression was
detected in cells near the SGZ. Double-labeling for IGF-1 and CD11b (a microglial marker)
revealed reactive microglia as the source of IGF-1 (Fig. 4B). Interestingly, by 5-days post-
SE, IGF-1 expression had returned to near basal levels. This decrease in expression
temporally correlates with both the decrease in progenitor cell proliferation and MAPK
activity at the 5-day post-SE time point. Next, we examined whether IGF-1 stimulates ERK-
dependent signaling in the SGZ at 2-days post-SE. For this, the IGF-1 receptor antagonist
AG1024 (3-bromo-5-t-butyl-4-hydroxy-benzylidenemalonitrile, 1 mM; Parrizas et al., 1997)
was infused into the hilus, and the levels of pERK and c-Fos were examined 2 h later (Fig.
4C). Disruption of IGF-1 signaling led to a dramatic decrease in ERK activation and a more
modest reduction in the level of c-Fos expression within the SGZ. The relative efficacy of
AG1024 is likely a reflection of the 2-h time course of the assay. Hence, AG1024 would
trigger a rapid reduction in the phosphorylation state of ERK, since it is tightly coupled to
IGF-1 receptor activity. Conversely, modulation of c-Fos expression, which is dictated by
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transcriptional, translational and post-translational processes, would likely require much
more time to show the same degree of regulation.

Signaling and SE-Induced Progenitor Cell Proliferation

The findings described above led us to examine the signaling events that couple SE to
progenitor cell proliferation. Given that pilocarpine-induced epileptiform activity triggers a
robust increase in extracellular hippocampal glutamate (Smolders et al., 1997), we tested
whether the NMDA receptor is a regulator of SE-induced progenitor cell proliferation. To
this end, mice were microinfused in the hilus with the NMDA receptor antagonist MK801
(10 mM, 1 L) 2-days post-SE. To monitor cell proliferation, BrdU was injected 1, 3, and 5
h after MK801 infusion and mice were killed 2 h after the last BrdU injection. As shown in
Fig. 5, MK801 did not significantly alter the rate of cell proliferation. Next, we examined
whether IGF-1 regulates progenitor cell proliferation at 2-days post-SE. To this end, mice
were microinfused with AG1024 (1 mM, 1 uL). AG1024 potently repressed SE-induced
progenitor cell proliferation (Figs. 5A,B). Given these results and the data in Fig. 4 showing
that IGF-1 stimulates MAPK activity, we tested whether MAPK signaling drives progenitor
cell proliferation. Thus, mice were microinfused with the MEK1/2 inhibitor U0126 (10 mM,
1 uL) (Figs. 5A,B). Disruption of MAPK signaling potently repressed SE-induced cell
proliferation, returning it to near baseline levels. Collectively, these data indicate that IGF-1
and the MAPK pathway form a signaling cassette that couples SE to progenitor cell
proliferation.

CREB/CRE-Dependent Transcription Regulates IGF-1 Expression in Microglia

Thomas et al. (1996) reported that the 5’ regulatory region of the IGF-1 gene contains a
cAMP response element (CRE) and that its transcription can be regulated by CREB. These
findings raise the possibility that SE drives CREB-dependent transcription, which in turn
stimulates IGF-1 expression in microglia. To explore this idea, we examined the pattern of
CRE-mediated gene expression in the dentate gyrus at 2-days post-SE using mice transgenic
for a CRE-regulated B-galactosidase reporter construct (Impey et al., 1996). Consistent with
our recent work showing that SE triggers microgliosis and induction of CRE-mediated gene
expression (Lee et al., 2007), we present representative data in Fig. 6A showing robust
CRE-reporter expression in CD11b-positive reactive microglia near the SGZ. Similarly, at
2-days post-SE, we detected the Ser133 phosphorylated form of CREB in the reactive
microglia (Fig. 6B).

Finally, to determine whether the CREB/CRE pathway regulates IGF-1 expression, mixed
microglia cultures were transfected with a dominant negative CREB (A-CREB) construct.
A-CREB was generated by adding an acidic amphipathic extension to the leucine zipper
domain of CREB (Ahn et al., 1998). When bound to endogenous CREB, this extension
blocks binding to the cyclic AMP response element and thus represses CREB-mediated
transcription. To identify transfected cells, the enhanced green fluorescent protein (eGFP)
construct was co-transfected. Microglia were stimulated with forskolin (10 uM, 6 h), fixed
and immunolabeled for IGF-1, eGFP, and the microglial marker CD11b. This stimulation
paradigm was based on work showing that a 6-h treatment with parathyroid hormone (which
activates CRE-mediated gene expression: Pearman et al., 1996) induces IGF-1 expression in
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cultured osteoblasts (McCarthy et al., 1989). As shown in Figs. 6C,D, A-CREB led to a
significant decrease in forskolin-induced IGF-1 expression. In mock-treated microglia,
IGF-1 was not detected. Collectively, these data suggest that SE triggers the induction of
IGF-1 via a CREB-dependent mechanism in reactive microglia, and that the release of
IGF-1 drives progenitor cell proliferation in the SGZ.

DISCUSSION

The goal of this study was to begin to characterize the cellular signaling events that couple
SE to progenitor cell proliferation in the SGZ. The data presented here suggest that reactive
microgliosis, release of IGF-1 and subsequent activation of the MAPK in progenitor cells
are key events that facilitate the proliferative capacity of SGZ progenitor cells.

SE triggers a well-characterized set of histopathological alterations in the hippocampus,
including the rapid loss of pyramidal cells and hilar interneurons, reactive gliosis, and later,
the sprouting of mossy fibers (Morimoto et al., 2004; Parent and Lowenstein, 2002). Along
these lines, we previously reported that in mice, extensive cell loss in the hilar region was
detected 6-h post-SE, and by 48-h post-SE, marked cell death in area CAl and CA3, and
microgliosis was observed throughout the hippocampus (Choi et al., 2007; Lee et al., 2007).
Many of these changes are initiated by the acute release of glutamate. This excitotoxic
environment also leads to an increase in cytokine levels, which, when combined with high
levels of glutamate likely contributes further to SE-induced brain pathology. Within this
cytotoxic environment arises a dramatic increase in the rate of cell proliferation (Dash et al.,
2001; Jin et al., 2001; Liu et al., 1998; Parent et al., 1997). The reported physiological and
functional ramifications of SE-induced SGZ cell proliferation are quite varied. Recently,
Jakubs et al. (2006) reported that under epileptic conditions, newborn granule cells have
reduced excitatory input and increased inhibitory input. Thus, these neurons could have
beneficial effects by increasing the threshold for seizure propagation. Conversely, other
studies have shown that adult neurogenesis can contribute to dentate pathology. For
example, following SE, a subset of newborn cells migrates into hilus, mature into ectopic
granule cells, and contribute to recurrent seizure generation (Parent et al., 1997; Scharfman
et al., 2003; Scharfman and Hen, 2007). Likewise, McCloskey et al. (2006) reported that the
ectopic hilar granule cell number is correlated with recurrent seizure frequency.
Furthermore, aberrant neurogenesis following seizure activity was reported to contribute to
cognitive impairment (Jessberger et al., 2007). These varied physiological effects may, in
part, come from the difference in the migratory paths and resultant synaptic circuitry of the
newborn granule cells. These findings raise the prospect that targeted regulation (stimulation
or repression) of adult neurogenesis may attenuate brain pathology. To this end, a key issue
is to identify the receptor-mediated signaling events that couple SE to adult progenitor cell
proliferation.

To begin to address this issue, we examined the temporal profile of SE-induced signaling in
progenitor cells. A key finding from this examination was that SE triggered robust ERK
activation in the SGZ at 2-days post-SE. Given that the temporal profile of SE-induced
MAPK activity overlapped with the period when robust progenitor cell division occurred,
we examined whether activity-dependent MAPK signaling contributes to cell proliferation.
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To address this issue, mice were microinfused with the MEK inhibitor U0126. Disruption of
MAPK signaling abrogated SE-induced cell proliferation, indicating a central role for this
pathway in activity-dependent mitosis. Interestingly, the basal level of proliferation was not
affected by U0126 microinfusion, indicating that the MAPK pathway is not required for
constitutive cell division. This observation is similar to a recent report by Howell et al.
(2005) showing that neuropeptide Y (NPY)-mediated MAPK pathway activity blocked
inducible but not the basal level of proliferation. With respect to inducible proliferation, our
data are consistent with a number of recent studies implicating MAPK signaling in
progenitor cell proliferation. For example, neuromodulators such as cannabinoids, opioid,
NPYas well as the mood stabilizer valproate increase neurogenesis via a MAPK-dependent
mechanism (Hao et al., 2004; Howell et al., 2005; Jiang et al., 2005; Persson et al., 2003;
Reuda et al., 2002). Furthermore, vascular endothelial growth factor-mediated proliferation
of retinal progenitor cells is also dependent on MAPK signaling (Hashimoto et al., 2006),
and using a slice culture technique, MAPK signaling has been shown to stimulate hypoxia-
induced neurogenesis (Zhou and Miller, 2006; Zhou et al., 2004).

The MAPK cascade is activated by diverse stimuli including neurotransmitters and growth
factors. The rapid (15-min post-SE) increase in ERK activation in the dentate gyrus GCL
raised the possibility that progenitor cells proliferation was directly regulated by the release
of glutamate. Supporting a role for NMDA receptors, Deisseroth et al. (2004) reported that
NMDA receptor activation increased progenitor cell proliferation and Chun et al. (2006)
found that tetanic stimulation of the perforant pathway increased neurogenesis in an NMDA
receptor-dependent manner. On the other hand, NMDA receptor antagonist injection has
been shown to increase progenitor cell proliferation (Cameron et al., 1995). In addition, it
was reported that proliferating cells in the adult dentate gyrus do not express detectable
levels of the NMDA NR1 receptor subunit (Cameron and Gould, 1996). In the data reported
here, we found that the microinfusion of MK801 did not block either SE-induced MAPK
activation or proliferation in the SGZ at 2-days post-SE, suggesting that a different
transmitter(s) elicited MAPK activation and proliferation. Importantly, these data do not rule
out the possibility that NMDA receptor activity influences the rate of proliferation prior to
2-days post-SE, the time point examined here.

To identify alternate signaling routes, we assessed whether changes in trophic support could
underlie the SE-induced increase in proliferation. To this end, we focused on IGF-1 as a
potential mitogenic signal. Interest was heightened by the observation that SE triggered a
robust increase in reactive microglia within the SGZ region and that these cells expressed
relatively high levels of IGF-1, thus raising the possibility that microglia facilitate
proliferation via the release of IGF-1. We found that the IGF-1 receptor antagonist AG1024
effectively blocked SE-induced MAPK activation and attenuated progenitor cell
proliferation. These observations are consistent with recent studies indicating an instructive
role for microglia in SGZ cell proliferation and neurogenesis (Aarum et al., 2003; Battista et
al., 2006; Walton et al., 2006; Yan et al., 2006). With respect to IGF-1, a number of studies
have shown that circulating levels of IGF-1 stimulate proliferation (Aberg et al., 2000; Trejo
et al., 2001). In addition, IGF-1 overexpression promotes neurogenesis and synaptogenesis
in the dentate gyrus and IGF-1 knock out mouse exhibit a reduction in granule cell numbers
(Beck et al., 1995; O’Kusky et al., 2000). Furthermore, Ziv et al. (2006) reported that
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environmental enrichment-induced neurogenesis in the hilus correlates with hilar microglial
activation and IGF-1 expression. Finally, in cell culture assays, the effects of IGF-1 on
hippocampal progenitor cell proliferation were shown to be mediated, in part, via the MAPK
pathway (Aberg et al., 2003). These findings, coupled with work implicating other trophic
factors (Battista et al., 2006; Walton et al., 2006) suggest that IGF-1 is one key regulator of
SE-induced progenitor cell proliferation.

The robust induction of IGF-1 led us to examine the regulatory events that couple SE to
IGF-1 expression. Promoter analysis studies have shown that IGF-1 is a CREB target gene
(Thomas et al., 1996). This, combined with our recent work showing that SE triggers
activation of CRE-mediated gene expression in reactive microglia (Lee et al., 2007) raised
the possibility that IGF-1 expression in microglia is mediated by CREB. Using a cell
culture-based approach, we showed that a dominant-negative form of CREB effectively
blocked IGF-1 expression. Together, these findings are schematically outlined in Fig. 7.
Thus, SE-evoked glutamate release induces rapid neuronal injury, gliosis (Rizzi et al., 2003;
Borges et al., 2003; Choi et al., 2007; Lee et al., 2007), and the induction of CREB-
dependent transcription in both neurons and glial populations (Lee et al., 2007). As a CREB-
target gene, IGF-1 expression is upregulated, and actuates cell proliferation via a MAPK-
dependent mechanism.

An understanding of the cellular signaling events that regulate both activity-dependent
progenitor cell proliferation and lineage-specific cell differentiation should facilitate the
development of therapeutic approaches designed to ameliorate SE-induced hippocampal
pathology.
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Fig. 1.

Pilocarpine-induced SE increases cell proliferation in the SGZ. A: Mice were injected with
BrdU (three times: 2-h intervals) and perfused 2 h after the last BrdU injection. The post-SE
time point is shown to the left of each panel. Scale bar = 100 um. B: BrdU cell counts reveal
that cell proliferation was increased at 7 h and 2-days post SE and returned near basal level
by 5-days post-SE. Data were obtained from 5 to 6 mice per time point and BrdU-positive
cells were counted bilaterally from three dorsal hippocampal sections per animal. The area
of granule cell layer/subgranular zone was not significantly affected by pilocarpine-induced
SE (0.61 + 0.06, 0.60 + 0.03, 0.59 + 0.02 or 0.61 + 0.02 mm? for control, 7-h, 2- or 5-days
post SE, respectively). Six-10 animals were examined for each condition. Data are expressed
as the mean £ SEM. *P < 0.05 relative to control (saline) condition.
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Fig. 2.

Slég activates MAPK signaling in progenitor cells. A: Representative images of the dentate
gyrus immunolabeled for pERK and c-Fos expression. Low immunoreactivity was detected
under control conditions (saline injection: Sal). However, at the earlier post-SE time points
(15 min and 4-h post-SE), marked pERK and c-Fos were detected in the GCL. At 2-days
post-SE, pERK and c-Fos were detected in the subgranular zone (SGZ: arrow). Dashed lines
approximate the SGZ boundary. Immunoreactivity returned to near baseline levels by 5-days
post SE. Scale bar = 50 um. B: Double-labeling revealed that ERK is activated in Ki-67
positive progenitor cells (arrows) examined 2-days post-SE. Scale bar = 20 um. Hil: Hilus.
C: Double-labeling revealed that pERK and c-Fos were expressed in nestin-positive
progenitor cells. Data were obtained at 2-days post SE. Scale bar = 20 um. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 3.

EIgK activation in the SGZ. A: At 2 days after SE, mice were microinfused with vehicle or
MK801 (10 mM) and killed 2 h later. Immunohistochemical labeling revealed that MK801
had no effect on pERK levels in the subgranular zone (SGZ: arrow). B: Mice were infused
with MK801 10 min before pilocarpine injection and killed 15 min post-SE onset. Infusion
of MK801 attenuated SE-induced MAPK pathway activation in the granule cell layer
(GCL). This experiment attests to the efficacy of our microinjection technique. Scale bar =
50 pm.
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Fig. 4.
IGgF-l expression and ERK activation at 2-days post-SE. A: Immunohistochemical labeling
revealed that IGF-1 expression was increased within the GCL border at 2-days post SE. By
5-days post-SE, IGF-1 levels returned to near control levels. Scale bar = 50 um (B) Double-
labeling for IGF-1 and CD11b revealed that IGF-1 was specifically expressed in microglia.
Arrows denote IGF-1-positive microglia located near the SGZ. Scale bar = 50 um. C:
Infusion of the IGF-1 receptor antagonist, AG1024, blocked ERK activation and reduced c-
Fos expression in the SGZ. AG1024 was microinfused at 2-days post-SE, and mice were
sacrificed 2 h after AG1024 administration. Scale bar = 50 pm. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 5.

Cgll proliferation, IGF-1 and the MAPK cascade. A: Representative images of BrdU
incorporation in the dentate gyrus. BrdU was injected 1, 3, and 5 h after MK801, AG1024,
U0126 or vehicle infusion. All mice were perfused 2 h after the last BrdU injection. Scale
bar = 100 pm. B: Quantitative analysis of BrdU incorporation in the SGZ shows that SE-
induced cell proliferation was inhibited by AG1024 and U0126 but not by MK801. Data
were obtained from 5-6 mice for each group and expressed as the mean + SEM. *P < 0.01
compared to control, YP < 0.01 compared to vehicle-injected 2-days post-SE group.
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Fig. 6.
SE-induced CRE-mediated transcription and IGF-1 expression in microglia. A,B:

Representative images from the SGZ at 2-days post-SE reveal robust expression of the
transgenic CRE-regulated reporter gene, p-galatosidase, (A) and pCREB (B) in CD11b-
positive microglia. Arrows identify double-labeled cells. Scale bar = 20 pm. C: Mixed
microglia cultures were cotransfected with eGFP (transfection marker) and either dominant
negative CREB (A-CREB) or pcDNA (empty vector). In untransfected and pcDNA
transfected cells, forskolin (10 uM: 6-h treatment) stimulated IGF-1 expression. In A-CREB
transfected cells, forskolin-induced IGF-1 expression was attenuated. Scale bar = 20 um.
Arrowhead identifies a control, empty vector, transfected cell; arrow identifies an A-CREB
transfected cell. Note the lack of IGF-1 expression in the A-CREB transfected cell. To better
visualize the cells, the fluorescent signal from IGF-1 immunolabeling is represented in
grayscale. D: Analysis of forskolin-induced IGF-1 expression in A-CREB, pcDNA and
untransfected cells. Unstimulated cells did not express IGF-1 (data not plotted). Numbers
above each bar indicate the number of cells examined. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Fig. 7.
Proposed model of SE-induced progenitor proliferation: Pilocarpine-induced SE triggers

glutamate release, resulting in excitotoxicity, inflammation and reactive microgliosis in the
SGZ. In reactive microglia CRE-dependent transcription is activated (see Lee et al., 2007),
thus leading to the expression of IGF-1. IGF-1 stimulates MAPK pathway activation, which
in turn stimulates progenitor proliferation at 2-days post SE. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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