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Abstract

In response to neurodegeneration, the adult mammalian brain activates a cellular cascade that
results in reactive astro- and microgliosis. The mechanism through which astrocytes become
reactive and the physiological consequences of their activation in response to neurodegeneration is
complex. While the activation and proliferation of astrocytes has been shown to occur during
massive neuronal cell death, the functional relationship between these two events has not been
clearly elucidated. Here we show that in response to Kainic acid- (KA) induced
neurodegeneration, the mitogen sonic hedgehog (SHH) is upregulated in reactive astrocytes. SHH
activity peaks at 7 days and is accompanied by increased Gli activity and elevated proliferation in
several cell types. To determine the functional role of SHH-GlIi signaling following KA lesions,
we used a pharmacological approach to show that SHH secreted by astrocytes drives the activation
and proliferation of astrocytes and microglia. The consequences of SHH-GIi signaling in KA-
induced lesions appear to be independent of the severity of neurodegeneration.
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Introduction

Excessive glutamate levels cause neuronal dysfunction and degeneration. Glutamate
excitotoxicity plays a key role in a number of neurodegenerative disorders including
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), and Parkinson’s disease
(Zheng et al. 2011). Kainic acid (KA) is an agonist of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)/kainite class of glutamate receptors and induces
neurotoxicity with 30-fold more potency than glutamate (Olney et al. 1974). Administration
of KA to rodents results in hippocampal damage, neuronal death and seizures, and is a well-
characterized model to study human neurodegeneration (Pollard et al. 1994). In the
hippocampus, CA3 pyramidal neurons and interneurons in the hilus of dentate gyrus (DG)
are the most vulnerable, followed by CA1 pyramidal neurons. In response to neuronal
damage, microglia and astrocytes are activated by KA exposure (Miettinen et al. 1998).
While the role of these cell populations in KA-induced neurodegeneration is still unclear,
some studies suggest that pro-inflammatory cytokines and other molecules may play an
important role in KA-induced neurodegeneration (Wang et al. 2005).

In response to diverse forms of CNS injury, microglia and astrocytes commonly undergo a
phenotypic transformation, with changes in both morphology and in the expression of a
wide range of signaling molecules. These pathologic processes are referred to as
microgliosis and astrogliosis. Reactive microgliosis is characterized by a massive but
transient proliferative expansion of the microglial cell population and a change in cell shape
with elevated expression of CD11b and Ibal (Kettenmann et al. 2011). The hallmark of
reactive astrogliosis is increased expression of glial fibrillary acidic protein (GFAP) and
vimentin in astrocytes. The process of astrocyte activation is triggered and controlled in
different and selective ways in different neurodegenerative diseases, and consequences
largely depend on the type of injury to the CNS (Burda and Sofroniew 2014; Sofroniew
2009). Astrocytes are activated in all CNS injuries, but their proliferation is observed only in
certain types of injury (Cui et al. 2011; Gangoso et al. 2012). This activation can be
regulated by a number of molecules including endothelin 1, FGF2, bone morphogenic
proteins (BMPs), SHH and others (for more detail, see the review by (Burda and Sofroniew
2014))

In response to a KA-induced insult, first microglia are activated, followed by astrocytes
(Mitchell et al. 1993; Serrano-Perez et al. 2011). While some studies have examined the role
of microglial activation in the context of pyramidal neuronal death (Hong et al. 2010; Zhu et
al. 2010), the role of astrocytes remains not well understood. Additionally, little is known
about the potential role played by microglia or astrocytes in proliferation after KA-induced
neurodegeneration.

Recently, we have shown that in response to a cortical freeze injury, reactive astrocytes
express the developmental morphogen molecule sonic hedgehog (SHH) (Amankulor et al.
2009). We have also shown that astrocytes activate downstream targets of SHH-GIi in the
context of gliomagenesis (Becher et al. 2008). Further, SHH-expressing astrocytes activated
in response to injury and inflammation can induce proliferation of Olig2-positive cells
(Amankulor et al. 2009). SHH is a secreted protein that exhibits both morphogenic and
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mitogenic activities during development. SHH ligand transmits its signal by binding to the
transmembrane receptor Patched (Ptc), which results in de-repression of Smoothened and
activation of the Glil and Gli2 transcription factors. One downstream effect of SHH
signaling is to induce expression of the basic helix-loop-helix transcription factor Olig2,
driving proliferation and differentiation of Olig2-expressing cells in the developing
mammalian ventral neural tube (Danesin et al. 2006). SHH has been studied mainly in the
context of development, but there is increasing evidence that the mitogenic properties of
SHH may be re-activated during adulthood, where SHH can promote oncogenesis or tissue
repair in different organs (Garcia et al. 2010; Mimeault and Batra 2010; Rao et al. 2003).
Several recent studies have shown that SHH regulates proliferation of neural progenitor cells
during ischemia/hypoxia (Sims et al. 2009), improves neurological recovery after cerebral
ischemia (Bambakidis et al. 2012), and mediates neural stem cell differentiation in
experimental autoimmune encephalomyelitis (EAE) and MS (Wang et al. 2008).
Interestingly, the consequences of SHH activation and the source of SHH vary depending on
the context of the injury. For example, in the case of ischemia/hypoxia, neurons produce
SHH (Sims et al. 2009) whereas in EAE, TBI or LPS models, SHH is secreted from reactive
astrocytes (Amankulor et al. 2009; Wang et al. 2008). One study documented increased
expression of SHH by neurons in temporal lobe epileptic foci in human and experimental
rats, although consequences of elevated SHH were not studied (Fang et al. 2011).

Here, we demonstrate that KA-induced neurodegeneration in mice leads to reactivation of
SHH and its downstream target transcription factor, Gli. We also demonstrate that SHH
secreted by reactive astrocytes increases the proliferation of astrocytes, microglia and Olig2-
positive progenitors. Using a pharmacological approach, we show that both activation and
proliferation of astrocytes and microglia in response to neurodegeneration are SHH-
dependent. This study for the first time identifies the signaling pathway responsible for
astrocyte activation and proliferation as well as microglia proliferation during KA-induced
neurodegeneration.

Materials and Methods

Mice

All experiments were performed in accordance with the Institutional Animal Care and Use
Committee guidelines at Memorial Sloan-Kettering Cancer Center (MSKCC) and Cleveland
Clinic. Mice 6-8 weeks old were used in all experiments. In all experiments age, sex and
strain were used as criteria to equally distribute mice into KA- and saline-injected groups.
Gli-luciferase (Gli-Luc) mice in FVB/N background were generated as previously described
(Becher et al. 2008).

KA and cyclopamine administration

Kainic acid (Sigma #K0250) was dissolved in physiological saline (0.9% NaCl solution) and
was slowly injected intraperitoneally at a dose of 30mg/kg to produce systemic onset of
seizures. Control mice were injected with physiological saline only. Cyclopamine treatment
was administered orally starting 3 days before KA injection, at a twice-daily dose of 30
mg/kg. On the fourth day of KA injection and for the subsequent 5 days, cyclopamine was
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again used at a single daily dose of 30 mg/kg (Palma et al. 2005). Cyclopamine was a kind
gift from Dale Gardner (United States Department of Agriculture).

Seizure scoring

2- to 3-month-old mice were injected i.p. at a dose of 30 mg/kg body weight with KA
(Sigma). KA+Cyclopamine mice were pretreated for 3 days with twice-daily oral
cyclopamine (30 mg/kg). On the fourth day, KA was injected. Mice were monitored for 360
min and maximum seizure severity was scored every 5 min. Mortality was determined as the
time when mice ceased breathing and did not respond to a noxious stimulus. A modified
version of Racine’s scale (Racine et al. 1972), previously reported for other Alzheimer’s
disease (AD) mouse models (Ghosal et al. 2009), (Vogt et al. 2011), was used to score
seizure severity, where:

0) normal activity,

1) freezing/immobility,

2 mild twitch,

(3) tail extension,

4 forelimb clonus/repeated forelimb extensions,
(5) consistent loss of balance/tonic-clonal seizures,
(6) hyperactivity with jumping,

@) full body extension,

(8) death

Bioluminescence imaging (BLI)

Mice were dosed with ketamine/xylazine followed by a retro-orbital injection of D-luciferin
(at a dose of 75mg/kg body weight, 30mg luciferin/ml dH,0 and given 2.5l per gram
mouse weight) into the right eye as a bolus injection. D-luciferin was synthesized at
MSKCC. Mice were sacrificed 2 minutes after injection. Their brains were placed in a 6-
well dish with 1ml of PBS and 3mg of luciferin and images were acquired for 5 minutes in
the 1VIS 100 machine (Xenogen) at imaging level A. A circular region of interest (ROI) was
used to cover the whole brain, with the same background mouse with no Gli light as an
internal control. All images were analyzed using the same maximum and minimum
threshold parameters. BLI values were defined as photon per second (photon/sec).

Immunohistochemistry (IHC) and Immunofluorescence (IF)

After BLI imaging, brains were washed with ice cold PBS and post-fixed in 10% formalin
for 72 hours and embedded in paraffin blocks. 5um coronal sections were used for all
histological studies. All IHC procedures were performed as previously described (Becher et
al. 2008). The following antibodies were used at the stated dilutions: rabbit polyclonal anti-
Ibal, 1:100 (Wako Pure Chemicals, Osaka Japan); rabbit polyclonal anti-GFAP, 1:8000
(DAKO, Denmark); rabbit polyclonal anti-Olig2, 1:250 (Chemicon, Temecula CA); mouse
monoclonal anti-PCNA, 1:2000 (DAKO, Denmark), mouse monoclonal anti-NeuN, 1:50
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(Millipore) and goat polyclonal anti-SHH, 1:100 (Santa Cruz N-19). For IHC detection, an
automated staining processor was used (Discovery, Ventana Medical Systems, Inc.) with
protocols developed in the Holland and Hambardzumyan laboratories. For
immunofluorescence (IF) staining, secondary antibodies conjugated to different Alexa-Fluor
dyes (488, 555, 647 from Invitrogen) at a dilution of 1:500 in PBS/2%BSA were applied.
For nuclear counterstaining, DAPI was used (Sigma).

Quantification of IF and IHC

IF images were quantified using the Volocity program (PerkinElmer). Eight to ten images
(20X) were taken per mouse brain and the total number of PCNA-positive cells, as well as
the total number of PCNA/OIlig2; PCNA/Ibal and PCNA/GFAP double-positive cells were
quantified. For quantification of IHC, whole mounts of images containing the hippocampus
were scanned using a Mirax scanner and the DAB-positive area was quantified using ImageJ
and Volocity and plotted as percentage of total area or number of positive cells. For
quantification of neuronal loss in the hippocampus, slides were stained with NeuN and
TUNEL and scanned at 20x magnification using a Leica SCN400F slide scanner. Images
were analyzed in ImageJ; a selection including both CA1 and CA3 was drawn over each
side of the hippocampus and the number of NeuN-positive cells was determined through the
automated counting of single color images. The total number of counted cells was then
divided by the area of the selection and plotted as the number of NeuN-positive cells/area
(mm?). Selections of the whole hippocampus were analyzed in ImageJ using the automated
counting of single color images. The number of TUNEL-positive cells was divided by the
area and plotted as the number of TUNEL-positive cells/area (mm?).

TUNEL assay

The terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assay was performed on 5 pm sections by using a Terminal Transferase,
recombinant kit (Roche, #3333566) in accordance with the manufacturer’s protocol.

Statistical analysis

Results

Graphs were made using GraphPad Prism 4 (GraphPad Software) and were analyzed using
an unpaired parametric two-tailed t-test, assuming equal standard deviations. (*) P < 0.05;
(**) P<0.01; (***) P <0.001, (****) P<0.0001; no asterisk= not significant.

KA-induced neurodegeneration induces astrocyte and microglial activation

Age and sex-matched mice were injected with KA (30 mg/kg) and were sacrificed 7 days
after injury in all experiments. This is the time point when we observed maximum GFAP
expression (Fig. S1). Despite using age and sex-matched mice, we observed large variability
in the KA-induced hippocampal neurodegenerative response, as determined by neuronal loss
in the CA3 and CAL1 regions (Fig 1B). Based on histological examination of the
hippocampus (areas of pyknotic neurons), we classified KA-treated mice into high, medium
and low responders (Fig. 1B). The responders were assigned to the “high” category if they
had between 10 and 30 TUNEL-positive cells per 20X view, “medium” for 3-10 cells, and
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“low” for 1-3 cells per 20X view. Control animals had 0-0.5 TUNEL-positive cells per 20X
view. The quantification of TUNEL-positive apoptotic nuclei confirmed the observations
from H&E sections and demonstrated that despite large variability, KA treatment induced
statistically significant cell death in the hippocampus (8.93 cells/mm? vs 0.1688 cells/mm?;
p = 0.035; Fig. 1C). Next we examined the number of neurons in the hippocampus and
showed that there was a significant decrease in the number of NeuN-positive neurons in the
hippocampus of KA-treated mice compared to saline-treated mice (185.1 cells/mm? vs 386.0
cells/mm?Z; p = 0.0024). Despite some variability, KA treatment induced statistically
significant neurodegeneration, which was more pronounced in the samples that had higher
positivity for TUNEL in hippocampus (Fig. 1D).

Since KA-induced neuronal death has been previously shown to result in activation of both
microglia and astrocytes (Chen et al. 2005), we looked at microglial activation via Ibal
expression seven days after KA administration. While Ibal can stain both activated and
resting microglia, its expression is increased upon microglial activation (Ito et al. 1998).
Staining for Ibal revealed that microglia are activated in all mice treated with KA,
regardless of response status (low, medium or high) (Fig. 2A), but the activation was more
pronounced in high responders. On aggregate, KA-injected mice displayed more Ibal
expression, as quantified by immunohistochemistry (17.47% vs. 8.8% positive area; p =
0.0232, Fig. 2C). We observed a more pronounced activation of astrocytes in KA high
responders compared to medium and low responders. Quantification of the areas of reactive
gliosis showed significant upregulation of GFAP expression in KA-treated mice compare to
the saline-treated group (15.29% vs. 5% positivity, p = 0.0103, Fig. 2B,D).

Sonic Hedgehog is expressed by reactive astrocytes in KA-treated mouse brains

Upon activation, astrocytes produce pro- and anti-inflammatory cytokines, chemokines, and
neurotrophic factors that regulate neuron-glia communication (Zhang and Zhu 2011). For
example, upregulation of SHH in astrocytes has previously been reported in EAE, TBI and
LPS injury models (Amankulor et al. 2009; Wang et al. 2008). However, the response in a
seizure-induced neurodegeneration model has not been described. To this end we next
investigated the SHH expression pattern in KA-injected mice. Saline-injected animals had
low levels of SHH staining (Fig. 3A). By contrast, KA-injected mice showed elevated SHH
protein immunostaining, especially near the hippocampus (Fig. 3B). Double-staining for
SHH and GFAP demonstrated almost completely overlapping expression patterns,
demonstrating that the source of upregulation of SHH is the reactive astrocytes (Fig. 3C).
We also observed staining around the astrocytes, which is typical for secreted molecules like
SHH (Fig. 3C).

The Sonic Hedgehog effector Gli is activated in response to KA-induced
neurodegeneration

The observed reactive gliosis and up-regulation of SHH expression by reactive astrocytes in
KA-induced lesions led us to further investigate the role of the SHH/GIi signaling pathway.
In canonical SHH pathway signaling, SHH binds to its receptor Patched (Ptc) and releases
the inhibition of Smoothened (Smo), causing a series of downstream events that ultimately
results in Gli translocation to the nucleus (referred to as Gli activation) and the transcription
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of Gli target genes (Becher et al. 2008; Stone et al. 1996). To investigate whether
upregulation of SHH expression by reactive astrocytes results in activation of this signaling
pathway; we utilized the Gli-Luciferase (Gli-Luc) reporter mouse. In this reporter mouse,
eight contiguous Gli binding sites are positioned upstream of the firefly luciferase gene,
allowing the use of bioluminescence imaging to quantify SHH pathway activation (Becher
et al. 2008; Sasaki et al. 1997). Administration of KA in Gli-Luc mice resulted in
upregulation of Gli activation as determined by bioluminescence imaging (BLI) (Fig. 4A).
As was the case with hippocampal neurodegeneration, KA-induced Gli activation was
variable and we divided the responses into low, medium and high responders as before.
Despite the large variability in BLI intensity in KA-treated mice, quantification of BLI
showed a statistically significant increase in Gli signaling in these mice compared to
controls (62.95 x 103 vs. 50.26 x 103 photons/sec, p = 0.0114, Fig. 4B).

KA administration is associated with increased proliferation in the hippocampal dentate
gyrus (DG), which peaks at 7 days; however, the underlying mechanism of this proliferation
is largely unknown (Kralic et al. 2005). We looked at the effect of KA-induced
neurodegeneration on proliferation in the brain, focusing on the hippocampus and cortex of
four high responders to further determine what populations of cells are proliferating.
Proliferation was not limited to the DG but was also induced in the cortex (Fig. 4C).
Quantification of PCNA staining (in both the cortex and hippocampus) demonstrated a
statistically significant increase in the proliferation index seven days after KA injection (p =
0.0041, Fig 4D). We identified a strong positive correlation between proliferation (as
determined by PCNA staining) and reactive gliosis (GFAP staining) (R = 0.590, p >0.0001,
Fig. 4E). To determine which cell types proliferate in response to KA, we double-stained
brains with the proliferation marker PCNA and three cell-type specific markers: GFAP
(astrocytes), Olig2 (mostly OPCs), and Ibal (microglia/macrophages) (representative
images Fig. 5A, quantification Fig 5B-E). Saline-injected brains displayed very few
proliferating cells in the cortex and hippocampus (Fig. 5B). We observed a significant
increase in proliferating microglia in both the hippocampus and cortex of KA-treated mice
(Fig. 5C), whereas astrocyte proliferation was significantly increased only in hippocampus
(Fig. 5D). There was also a trend towards an increase in proliferation of Olig2-positive
progenitors in both hippocampus and cortex (Fig. 5E).

Pharmacological inhibition of SHH/GIi signaling blocks proliferation in KA-treated mice

Given the observed activation of the SHH/GIi pathway and the concomitant increase in
cellular proliferation, we wondered whether SHH expression was responsible for driving the
proliferation in response to KA-induced neurodegeneration. In order to uncouple SHH from
its downstream effector Gli, we employed cyclopamine to pharmacologically inhibit Smo,
thereby blocking SHH activation of Gli (Taipale et al. 2000). We choose two cyclopamine
treatment paradigms: a) mice were pretreated for 3 days with twice-daily oral cyclopamine
(30 mg/kg). On the fourth day, KA was injected and mice were monitored for seizure
severity up to 360 minutes. This allowed us to determine whether cyclopamine pretreatment
has an impact on seizure severity; Fig. 6A demonstrates that cyclopamine pre-treatment does
not significantly affect seizure severity. b) In the second paradigm mice were pretreated for
3 days with twice-daily oral cyclopamine (30 mg/kg). On the fourth day, KA was injected
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and cyclopamine treatment was continued once daily for 5 more days (30 mg/kg).
Cyclopamine treatment had no statistically significant impact on mouse survival, but there
was a higher tendency towards death in cyclopamine-treated mice compared to vehicle-
treated mice (58% vs. 82%, p=0.5680, n=12 and n=11 correspondingly).

We did not observe significant differences in neuronal loss in the hippocampus of
cyclopamine+KA-treated mice determined by H&E, TUNEL staining (14.77 cells/mm?2 vs
14.55 cells/mm?2; p = 0.9716, Fig. 6B) or by the number of NeuN-positive cells (neuronal
density, 171.6 cells/mm? vs. 167.0 cells/mm?; p = 0.9235, Fig. 6B), suggesting that SHH
does not affect neurogenesis in the context of KA-induced neuronal loss. We did observe a
significant decrease in reactive microgliosis in the group that received cyclopamine (Fig.
6C). Quantification of reactive astrogliosis by immunohistochemistry revealed a statistically
significant decrease in the activation of astrocytes in the cyclopamine+KA-treated group
compared to the saline+KA controls (35.85% vs. 11.37%, p = 0.0215, Fig. 6D). Similarly,
cyclopamine also significantly attenuated proliferation in response to neurodegeneration (p
=0.0069, Fig. 6E). Previously, using lineage-tracing experiments, we demonstrated that
both reactive astrocytes and Olig2-positive glioma cells express Ptc, suggesting the potential
for autocrine hedgehog signaling in astrocytes (Becher et al. 2008). These data demonstrate
that abrogating SHH signaling inhibits astrocyte activation, suggesting that SHH regulates
the activation of astrocytes by KA-induced lesions (Fig. 6B). Next we examined the effect
of Smo inhibition by cyclopamine on Gli activation, using BLI in Gli-Luc mice. Gli
signaling was identical in the cyclopamine+KA and saline+KA groups, as determined by
BLI (Fig. S2B). The unchanged BL is explained by the known effect of Smo inhibitors on
the ABCG2/BCRP transporter, which modulates D-luciferin-based BLI (Zhang et al. 2009).
ABCG?2 is a direct transcriptional target of hedgehog signaling (Singh et al. 2011). When
Smo is inhibited by cyclopamine, we also expect to inhibit expression of ABCG2, thereby
influencing the efflux of D-luciferin via the cell membrane. BLI should therefore be
considered an inaccurate readout of SHH signaling when cyclopamine, or any other Smo
inhibitor, is used (Singh et al. 2011; Zhang et al. 2009). Histological analysis of
cyclopamine-treated KA-injected mice versus only KA-injected mice showed a statistically
significant decrease of proliferation in both the hippocampus and the whole brain (Fig. 5C).

Inhibition of SHH-GLI signaling reduces the proliferating Olig2-positive progenitor pool,
GFAP-positive reactive astrocytes and Ibal-positive microglia in KA-induced lesions

Several studies have looked at the impact of stromal cells and their signals on KA-induced
neurodegeneration in the hippocampus. The main focus of these studies was the role of
astrocytes and microglia (or signals coming from these cells) in neuronal death after
injection of KA. For example, one such study showed that in mice with microglia lacking
Ikkp, neuronal death was significantly reduced in response to KA (Cho et al. 2008). Some
studies also characterized changes in the cellular composition and proliferative capacity of
different cell populations, mainly in rats. These studies yielded different outcomes; some
suggest that reactive astrocytes do not proliferate in response to KA, while others suggested
they do. The same conclusion also holds true for microglia (Gangoso et al. 2012; Mitchell et
al. 1993). The differences in these studies can be partially explained by variations in the
dose of KA as well as differences in the assays used and the time points chosen for data
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collection. Nevertheless, the mechanism driving proliferation in KA-induced lesions is
largely unknown. To characterize a potential role for SHH-regulated cell fate-specific
proliferation following KA-induced neurodegeneration, we immunostained brains for a
selection of markers at seven days post-KA injection in mice treated concomitantly with
vehicle alone or with cyclopamine. Brains were stained with the proliferation marker PCNA
and three cell-type specific markers: GFAP (astrocytes), Olig2 (mostly oligodendrocyte
precursors), and Ibal (microglia/macrophages). Saline-injected brains displayed very few
proliferating cells in the cortex and hippocampus (data not shown, Fig. 5B-E). The
cyclopamine pretreatment significantly decreased proliferation of all three cell populations,
providing evidence that the proliferation of all three cell types may be driven by SHH
signaling (Fig. 7A). The intriguing effect of cyclopamine on microglial proliferation requires
further investigation because our knowledge regarding the factors driving microglial
proliferation is extremely limited, especially in a disease context. To determine which
proliferating cell types responded to cyclopamine pre-treatment, we stained brains treated
with KA or KA+cyclopamine with the proliferation marker PCNA and three cell-type
specific markers: GFAP (astrocytes), Olig2 (mostly oligodendrocyte precursors), and Ibal
(microglia/macrophages). We observed a significant decrease in proliferation of microglia in
both the hippocampus and cortex of KA-treated mice (Fig. 7B). While astrocyte and Olig2-
positive cell proliferation trended lower throughout the brain, proliferation was significantly
decreased only in hippocampus (Fig. 7C,D). these data suggest that SHH most likely has an
autocrine effect on astrocytes, and a paracrine effect on the other cell types.

Discussion

In the mammalian brain, where injury-related cell proliferation is transient, knowledge of
factors that promote cell proliferation and an understanding of what cell types proliferate
would be tremendously useful for clinical applications. This is especially true in the context
of neurodegeneration, where cell loss is a major obstacle to recovery. The importance of
these questions was highlighted recently by work from the Gotz laboratory demonstrating
that astrocytes respond differently depending on the context of injury. Only acute injuries
such as stab wounds or cerebral ischemia result in increased plasticity, in contrast to
degenerative insults like amyloidosis or induced neuronal death (Sirko et al. 2013a).

The main focus of this current study was to investigate the role of glial proliferation in KA-
induced neurodegeneration, a model that is known to cause massive neuronal death and
associated cellular proliferation. We wanted to delineate potential correlations between
astrocytic activation, proliferation and function in relation to the severity of disease within
the same sensitive mouse strain. One of the challenges in using this model is the large
degree of variability in the physiological response to KA-induced seizures. The hippocampal
pyramidal neurons of certain commonly used mouse strains, specifically C57BI/6 and
BALBI/c, are known to be resistant to KA-induced treatment as compared to the highly
susceptible FVB/N and 129/svEms strains (Liu et al. 2012). However, despite the variability
in neuronal cell death, all of these strains showed similar levels of seizure activity
(Schauwecker 2002). In our experiments, which used high doses of KA (30mg/kg) and a
sensitive mouse strain (FVB/N), we observed variable neuronal loss in the hippocampus
even when equally distributing mice by age and sex into treatment and control groups.
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Microglia and astrocytes are activated in response to neurodegeneration and their
activation correlates with the severity of neuronal loss in hippocampus and cortex

We show here that both microglia and astrocytes are significantly activated in response to
KA-induced neurodegeneration and that the levels of activation correlate with the degree of
KA-induced neurodegeneration. Microglial activation was more pronounced in the areas of
neuronal death, whereas reactive astrocytes were observed in the whole brain but were more
pronounced in high KA responders. Several studies have provided evidence that microglia
enhance hippocampal neuronal death following injection of KA (Zhang and Zhu 2011; Zhu
et al. 2010). However, it is entirely unknown whether astrocytes enhance or decrease
hippocampal neuronal death following KA-induced injury. Similarly, the role of astrocytes
and microglia in the regenerative process after KA-induced neurodegeneration is not well
understood. The role of reactive astrocytes in response to different models of CNS injury has
been controversial, with some groups arguing that reactive astrocytosis can impede
neurogenesis and axonal repair (Larsson et al. 2004; Silver and Miller 2004; Williams et al.
2007), while others claim that reactive and cytokine-stimulated astrocytes are able to restrict
the volume of injured tissue by promoting cell proliferation, generating a number of growth
factors, and by providing structural support to the damaged CNS tissue (Bush et al. 1999; Li
et al. 2008; Liberto et al. 2004; Myer et al. 2006).

Reactive astrocytes up-regulate the SHH-GIi axis, serving as the main source of SHH in
KA-treated brains

Our study shows that the SHH-GIi axis drives proliferation in response to KA-induced
neurodegeneration. Our previous work in a stab-freeze injury model showed that the SHH-
Gli axis was reactivated; resulting in proliferation of only Olig2-positive cells (Amankulor
et al. 2009). In the current study, we observed significantly elevated levels of SHH in KA-
treated mice seven days post-injection. Elevated SHH levels were mainly observed in
reactive astrocytes in the hippocampus. Pharmacological inhibition of SHH/GIi signaling
blocked astrocyte activation. Whether SHH is necessary for maintenance after astrocyte
have already been activated is still an open question. We further observed significant up-
regulation of proliferation seven days post-KA injection, especially in the hippocampus and
cortex of high and medium responders. The levels of reactive astrogliosis were correlated
with the levels of proliferation in KA-induced lesions. In last several years, many studies
have shown elevated levels of SHH in different CNS disease contexts in mice, including
brain tumors (Becher et al. 2008), ischemia/hypoxia (Sims et al. 2009), and autoimmune,
traumatic or neuroinflammatory pathologies (Amankulor et al. 2009; Wang et al. 2008). One
recent study demonstrated positive correlation between the levels of SHH induced by CNS
injuries and the likelihood that astrocytes will behave like stem cells. In other words,
astrocytes show stem cell-like behaviors (such as neurosphere formation in vitro) only when
the injury induces a high level of SHH expression. The same study also demonstrated that
not all CNS injuries induce high levels of SHH (Sirko et al. 2013b). Beneficial effects of
SHH activity have been implicated in regeneration in many murine CNS models, including
spinal cord injury (Bambakidis et al. 2012) and stroke (Ding et al. 2013), in contrast to the
negative effects of SHH on repair observed during more chronic injuries such as EAE and
MS (Wang et al. 2008).
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SHH signaling regulates activation and proliferation of astrocytes and Olig2-positive cells
in KA-induced lesions

In the current study, we used a pharmacological approach to demonstrate that SHH is both
necessary and sufficient for astrocyte activation and proliferation in KA-induced lesions in
vivo. This enhanced SHH production has been shown to correlate with the ability of
astrocytes to form neurospheres in vitro (Sirko et al. 2013a). The significance of the subset
of reactive astrocytes that are particularly plastic and immature is important in the context of
novel therapies for CNS diseases for several reasons. First, these cells could potentially be
manipulated to adopt a desirable fate in vivo. Additionally, these cells might serve as a
source of SHH that, as we show here, can drive proliferation of Olig2-positive precursor
cells. While in the current study we did not further pursue the fate of progeny of
proliferating reactive astrocytes or SHH-driven newly formed Olig2-positive cells and their
ability to differentiate into functional oligodendrocytes, these are promising avenues for
future research. However, it is worth mentioning that there is emerging evidence to suggest
that proliferating Olig2-positive cells in the injured mammalian brain can go on to form
mature, myelinating oligodendrocytes (Dimou et al. 2008; Ligon et al. 2006). We therefore
hypothesize that re-activation of the SHH pathway in astrocytes can be not only a source of
stem cells but also can provide signaling that leads to the expansion of a crucial
oligodendrocyte population. While SHH signaling resulted in the activation and proliferation
of reactive astrocytes and Ibal-positive progenitors, it showed a trend but did not reach
statistical significance on proliferation of Olig2-positive cells in KA-induced lesions, which
can be explained by the low amount of proliferation in these cells and the high variability of
the response to KA. Further investigation of the mechanism by which cyclopamine regulates
microglial proliferation is valuable considering our limited knowledge about signals that
regulate their proliferation (Meyers-Needham et al. 2012). The development of new mouse
models that would allow SHH gene deletion in all astrocytes would provide a valuable tool
to study the genetic validations of our observations determined by pharmacological
inhibition of SHH/GlIi signaling in KA-induced lesions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
KA-treatment induces neural loss in hippocampus. A, High and low magnification H&E

sections of the hippocampus in vehicle-treated animals. B, H&E sections of low, medium
and high KA responders. Loss of pyramidal neurons is apparent in CA3 (white arrowheads)
and also in CA1 area of high responders (white arrowheads). C. Representative images of
TUNEL staining in KA- and saline-treated animals with corresponding quantification graphs
showing a significant increase in the number of TUNEL-positive nuclei in KA-treated
animals compared to saline-treated animals. D) IF images of NeuN staining in saline- and
KA-treated animals showing a significant decrease in the number of NeuN-positive neurons
in response to KA treatment. Scale bars for A and B are 50um. *,**, and *** represent
significance determined by unpaired t-test analysis for p<0.05, p<0.01, and p<0.001.
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Figure 2.
Neural loss followed by activation of microglia and astrocytes in KA-treated animals. A,

Images of Ibal IHC of saline- and KA-treated animals showing that the highest up-
regulation of Ibal (increased brown intensity and size of cells) is in high KA responders. B,
IHC images of GFAP in saline- and KA-treated animals showing that the highest level of
reactive astrogliosis is in the high responders. C-D, graphs of quantification of Ibal and
GFAP staining showing significant up-regulation of reactive microgliosis and astrogliosis in
KA-treated animals compared to saline-treated animals 7 days post-KA injection. Scale bar
for the top right image of A is 500 um, for the rest of the images in A, B, C and D scale bars
are 50um. *,**, and *** represent significance determined by unpaired t-test analysis for
p<0.05, p<0.01, and p<0.001

Glia. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pitter et al. Page 18

Figure 3.
SHH is expressed at 7 days post-KA injection in the mouse brain. A-B, Brains from KA-

treated or saline-treated mice 7 days after KA injections were used for immunofluorescence
with anti-SHH antibody and nuclei were stained with DAPI (hippocampus area). C, SHH
and GFAP immunofluorescence of post- KA-lesions in hippocampus. White arrowheads
indicate cells that are double-positive for SHH and GFAP and yellow arrowhead indicate
secreted SHH around astrocytes 7 days after the KA-injection, inserted confocal images of
single astrocyte. Scale bars for A are 150 and for B, C are 50um.
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Figure 4.

Proliferation is increased and the Gli pathway is activated following injection of KA. A, Gli
bioluminescence imaging of KA- and saline-injected brains imaged 7 days post-injection. A
variable increase in BLI intensity was noted in KA-injected mice. B, Quantification and
statistical analysis of the BLI intensity in saline and KA-treated animals 7 days post-
injection. C, Images of PCNA immunohistochemistry of dentate gyrus and cortex of KA-
and saline-treated brains 7 days post-injection. D, Quantification of PCNA
immunohistochemistry for KA- and saline-treated brains 7 days after injection (p < 0.001).
E, Simple linear regression showing a positive correlation (r2) between GFAP intensity and
PCNA expression in KA-injected brains and the corresponding p value. Scale bars for C are
50um.
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Figure 5.
KA-induced neurodegeneration increases glial cell proliferation. A, Representative images

of triple immunostaining with Ibal or GFAP or Olig2 (green), PCNA (red) and DAPI
counterstaining (blue) showing proliferating cells in cortex and hippocampus of high KA
responders. B, Quantification of immunofluorescence staining for total PCNA+ cells C,
Ibal/PCNA double positive cells D, GFAP/PCNA double-positive cells E, Olig2/PCNA
double-positive cells. Scale bars for A are 50um. *, **, *** gnd **** represent significance
determined by unpaired t-test analysis for p<0.05, p<0.01, p<0.001 and p<0.0001.
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Figure 6.

Cyclopamine reduces reactive microgliosis, astrogliosis and the proliferative capacity of
KA-treated mouse brain. A, Time course of seizure-like behavior in response to KA in
saline- and cyclopamine-pre-treated animals. Higher scores correspond to more severe
seizures as described in the Methods section. No significant difference was observed
between the groups. B, Quantification graphs showing no significant difference in the
number of TUNEL-positive nuclei or the number of NeuN-positive cells in hippocampus in
KA+saline versus KA+cyclopamine animals. C, H&E and Ibal images of KA+vehicle and
KA+cyclopamine mouse brains. While cyclopamine treatment had no effect on cell death in
the hippocampus, it decreased microglial activation. D, Quantification graph and
representative whole mount images of GFAP immunohistochemistry for KA+vehicle and
Ka+cyclopamine brains 7 days after injection. E, Quantification graph and representative
whole mount images of PCNA immunohistochemistry for KA+vehicle and KA
+cyclopamine brains 7 days after injection. Scale bars for C and E are 50pm. *,**, and ***
represent significance determined by unpaired t-test analysis for p<0.05, p<0.01, and
p<0.001.
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Figure 7.
Cyclopamine pre-treatment attenuates seizure-induced glial proliferation. Quantification of

immunofluorescence staining for total PCNA+ cells A, 1bal/PCNA double-positive cells B,
GFAP/PCNA double-positive cells C, and Olig2/PCNA double-positive cells D. Scale bars
for A are 50um. *, **, *** gand **** represent significance determined by unpaired t-test
analysis for p<0.05, p<0.01, p<0.001 and p<0.0001.
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