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A B S T R A C T

Neurogenesis persists throughout life in the hippocampi of all mammals, including humans. In the healthy
hippocampus, relatively quiescent Type-1 neural stem cells (NSCs) can give rise to more proliferative Type-2a
neural progenitor cells (NPCs), which generate neuronal-committed Type-2b NPCs that mature into Type-3
neuroblasts. Many Type-3 neuroblasts survive and mature into functionally integrated granule neurons over
several weeks. In kindling models of epilepsy, neurogenesis is drastically upregulated and many new neurons
form aberrant connections that could support epileptogenesis and/or seizures. We have shown that sustained
vector-mediated hippocampal somatostatin (SST) expression can both block epileptogenesis and reverse seizure
susceptibility in fully kindled rats. Here we test whether adeno-associated virus (AAV) vector-mediated sustained
SST expression modulates hippocampal neurogenesis and microglial activation in fully kindled rats. We found
significantly more dividing Type-1 NSCs and a corresponding increased number of surviving new neurons in the
hippocampi of kindled versus sham-kindled rats. Increased numbers of activated microglia were found in the
granule cell layer and hilus of kindled rats at both time points. After intrahippocampal injection with either eGFP
or SST-eGFP vector, we found similar numbers of dividing Type-1 NSCs and -2 NPCs and surviving BrdU+

neurons and glia in the hippocampi of kindled rats. Upon observed variability in responses to SST-eGFP (2/4 rats
exhibited Grade 0 seizures in the test session), we conducted an additional experiment. We found significantly
fewer dividing Type-1 NSCs in the hippocampi of SST-eGFP vector-treated responder rats (5/13 rats) relative to
SST-eGFP vector-treated non-responders and eGFP vector-treated controls that exhibited high-grade seizures on
the test session. The number of activated microglia was upregulated in the GCL and hilus of kindled rats, re-
gardless of vector treatment. These data support the hypothesis that sustained SST expression exerts antiepileptic
effects potentially through normalization of neurogenesis and suggests that abnormally high proliferating Type-1
NSC numbers may be a cellular mechanism of epilepsy.

1. Introduction

Thousands of granule neurons are added daily throughout life to the
hippocampal dentate gyrus (Altman, 1962; Cameron et al., 1993;
Eriksson et al., 1998). Neurogenesis in the healthy adult mammalian
hippocampus consists of several steps that can begin with the

proliferation of relatively quiescent Type-1 cells, considered to be the
neural stem cells (NSCs) of the hippocampus (Aimone et al., 2014;
Kronenberg et al., 2003; Seri et al., 2001). More regularly, adult hip-
pocampal neurogenesis is thought to begin with the proliferation of
uncommitted Type-2a neural progenitor cells (NPCs), which can give
rise to neuron-committed Type-2b NPCs that differentiate into Type-3
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neuroblasts. About one half of these neuroblasts survive and mature
into functional neurons over several weeks (Cameron and McKay, 2001;
Filippov et al., 2003; Kempermann et al., 2004; Seri et al., 2001; van
Praag et al., 2002). Exposure to stimuli like physical activity, social and
environmental enrichment, alcohol or withdrawal from alcohol can
each increase neurogenesis by variably stimulating Type-2a NPC, Type-
2b NPC or occasionally Type-3 neuroblast proliferation or by promoting
new neuron survival (Kronenberg et al., 2003; Nickell et al., 2017;
Olson et al., 2006; van Praag et al., 1999b). Understanding how phy-
siologic stimuli may affect neurogenesis through unique neural stem
and progenitor cell populations may reveal mechanisms underlying
phenotypic outcomes and provide novel therapeutic targets for disease.
The increased number of new neurons stimulated by physical activity or
enrichment in aging models or in young animals housed in standard
colony conditions is associated with better scores in hippocampus-de-
pendent cognitive tasks, therefore, targeting NPC populations affected
by these stimuli may alleviate associated comorbidities (Gonçalves
et al., 2016; Speisman et al., 2013a, b; van Praag et al., 2005). Whether
the supraphysiological stimulation of division among these NPC po-
pulations or the stimulation of the relatively quiescent NSC population
leads to aberrant neurogenesis or impaired function is currently un-
clear.

A wide range of epilepsy models has demonstrated that chemical
and electrical kindling leads to a supraphysiological increase in hip-
pocampal neurogenesis (Nakagawa et al., 2000; Parent et al., 2006,
1998). Newborn neurons produced in the kindled brain often exhibit
ectopic migration, aberrant mossy fiber sprouting and abnormal hilar
basal dendrites (Fournier et al., 2010, 2013; Jessberger et al., 2007b;
Kron et al., 2010; Parent et al., 2006, 1998; Pekcec and Potschka,
2007). The exaggerated production of new neurons with aberrant
connectivity has been hypothesized to contribute to epileptogenesis,
seizure maintenance and the cognitive impairments exhibited by in-
dividuals with epilepsy (Botterill et al., 2015; Cho et al., 2015; Fournier
et al., 2013; Jessberger and Parent, 2015; Scharfman and Hen, 2007).
Indeed, ablating neurogenesis can reduce the frequency of spontaneous
seizures and the occurrence of aberrant seizure-induced plasticity after
chemical kindling (Cho et al., 2015; Jung et al., 2004, 2006; Kron et al.,
2010) and driving ectopic or exaggerated neurogenesis can produce
seizures (Pun et al., 2012; Scharfman et al., 2005, 2002). Additionally,
anti-epileptic drugs can block the neurogenic effects of kainic acid and
protect rats from seizure-induced cognitive impairment (Jessberger
et al., 2007a). Interestingly, targeted gamma irradiation, anti-mitotic
agents and genetic ablation strategies that drastically reduce neuro-
genesis also reduce the number and duration of seizures (Cho et al.,
2015; Hüttmann et al., 2003; Jung et al., 2004; Monje et al., 2002;
Parent et al., 1999; Pekcec et al., 2008; Steiner et al., 2008). These data
suggest that aberrant neurogenesis could support the development and
maintenance of seizures in temporal lobe epilepsy and in animal models
of temporal lobe epilepsy.

We have shown that sustained adeno-associated viral (AAV) vector-
mediated somatostatin (SST) expression can block epileptogenesis in
adult rats and prevent seizures in a subgroup of rats already amygdala-
kindled to a seizure-susceptible state (Natarajan et al., 2017; Zafar
et al., 2012). SST is a neuropeptide that, along with its 5 G-protein-
coupled receptors, is expressed in the naïve rodent hippocampus pre-
dominantly in the CA1 region, CA3 region and on hilar GABAergic
neurons (Freund and Buzsáki, 1996; Schindler et al., 1996, 1997;
Schulz et al., 2000). Our observed anti-epileptic effect is consistent with
the observations that inhibitory SST-expressing hilar neurons are se-
lectively vulnerable to death in individuals with epilepsy and in animal
temporal lobe epilepsy models, that reduced SST levels increase kind-
ling rates and seizure severity, and that SST receptor agonists have
anticonvulsant effects (Aourz et al., 2011; Bezchlibnyk et al., 2007;
Buckmaster and Dudek, 1997; Buckmaster et al., 2002; Monno et al.,
1993; Robbins et al., 1991; Sloviter, 1987; Vezzani et al., 1991). In
addition, SST delivery to CA1 and CA3 regions inhibits epileptiform

activity by blocking presynaptic glutamate release and by modulating
postsynaptic voltage-sensitive potassium channels and lateral perfor-
mant path long-term potentiation (Baratta et al., 2002; Kapur, 2013;
Olias et al., 2004; Qiu et al., 2008; Schindler et al., 1996; Tallent and
Siggins, 1997). We hypothesized that since SST is anti-proliferative in
other tissues (Leu et al., 2008; Nolan et al., 2007), sustained SST ex-
pression may also normalize kindling-induced changes in adult hippo-
campal neurogenesis. We expected that if kindling-induced seizures
were related to upregulated and perhaps aberrant neurogenesis, then
normalizing neurogenesis with sustained vector-mediated SST gene
expression may reduce seizure severity in rats kindled to a seizure-
susceptible state.

In Experiment 1, we tested the effects of amygdala kindling on the
number and phenotype of dividing NSCs/NPCs and their progeny. In
Experiment 2, we tested whether sustained vector-mediated SST ex-
pression impacted the number and phenotype of NSCs/NPCs and their
progeny in the hippocampi of kindled rats. In Experiment 3, we tested
whether sustained SST expression differentially impacted the effects of
kindling on neurogenesis in responder and non-responder rats. Since
adult neurogenesis is sensitive to neuroinflammation (Ekdahl et al.,
2003; Monje et al., 2003; Ormerod et al., 2013) and kindling stimulates
a neuroinflammatory response (Khurgel and Ivy, 1996; Plata-Salamán
et al., 2000), we quantified the effects of kindling on resting and acti-
vated microglia numbers and the strength of their relationship with
dividing NSC and NPC numbers or surviving new neuron numbers in
each experiment.

2. Materials and methods

2.1. Subjects

All rats used in this study were treated in accordance with Federal
and University of Florida Institutional Animal Care and Use Committee
regulations regarding the ethical use of animals for experimentation.
Adult male Sprague Dawley rats (n=45 250–275 g; Envigo) were
housed in pairs upon arrival in corn-cob lined ventilated shoebox cages
located in a standard colony room maintained on a 12:12 h light:dark
cycle (lights on at 6:00AM) at 24 ± 1 °C. Following surgical im-
plantation of electrodes, rats were housed individually to minimize the
likelihood of head-stage losses. In either case, they were given free
access to Harlan Teklad Rodent Food Diet #7912 and reverse osmosis-
filtered water for the duration of each experiment.

Fig. 1 illustrates the methods used in Experiments 1–3. In all ex-
periments, rats underwent amygdala kindling in twice daily sessions
(≥6 h apart) until they exhibited a Grade 5 seizure in 3 consecutive
sessions. Experiment 1 tested the effects of kindling on the number of
dividing BrdU+ Type-1 NSCs and Type-2 NPCs and on the number and
phenotype of surviving BrdU+ new cells. Sham-kindled rats (no elec-
trical stimulation was administered) and kindled rats were injected
with BrdU 48 h after a kindled rat achieved criterion. Rats were per-
fused 4 h later to quantify and phenotype dividing BrdU+ cells or
4 weeks later to quantify and phenotype surviving BrdU+ cells (n= 5
rats per group). Experiment 2 tested the effects of sustained SST ex-
pression on the number of dividing EdU+ Type-1 NSCs and Type-2
NPCs and on the number and phenotype of BrdU+ surviving new cells
in kindled rats. Rats were injected with BrdU 48 h after achieving cri-
terion and then eGFP or SST-eGFP (n=4 rats per group) vector was
infused bilaterally into their hippocampi the following week. After a 3-
week recovery, the rats were given a test session, post-test sessions
every 48 h for ˜2.5 weeks, injected with EdU 48 h after the final post-
test session and then perfused 4 h later to quantify the number and
phenotype of dividing EdU+ cells and of surviving BrdU+ cells. Ex-
periment 3 tested whether kindling differentially affected the number of
dividing BrdU+ Type-1 NSCs or Type-2 NPCs in eGFP vector-treated
(n= 4), SST-responder rats that exhibited Grade 0 seizures on the test
stimulation (n= 5) and SST-non-responders that exhibited seizures≥
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Grade 1 on the test stimulation (n=8) rats. eGFP vector or SST-eGFP
vector was infused into the hippocampi of rats the week after they
achieved criterion. After a 3-week recovery, the rats were given a test
session, post-test sessions every 48–72 h over ˜3 weeks, injected with
BrdU 48 h after the final post-test session and then perfused 4 h later to
quantify and phenotype dividing BrdU+ cells. Relationships between
numbers of microglia and numbers of dividing NSCs, dividing NPCs and
new neurons were tested in each experiment.

2.2. Electrode implantation

Two weeks after arrival, rats were implanted with bipolar local
electrical field potential recording and stimulating electrodes (330 μm
d; impedance confirmed as< 1.8 Ω) that were made in-house, as

detailed previously (Natarajan et al., 2017; Zafar et al., 2012). Briefly,
anesthetized rats were placed in a Kopf stereotaxic frame so that a bi-
polar electrode could be implanted into each amygdala (−2.2mm
AP, ± 4.8 mm ML, −8.3mm DV) according to Paxinos and Watson
(Paxinos and Watson, 2007) to record and stimulate activity in the left
and right hemispheres of the rats, counterbalanced within and between
groups. In Experiments 2 and 3, small plastic hex nuts with removable
screws were placed over dentate gyrus and CA1 region target co-
ordinates to keep the skull free of dental cement so that vector could be
delivered at a later time point. Ground and reference electrodes were
implanted rostral to bregma and caudal to lambda, respectively. All
electrodes were then attached to male Amphenol pins that were in-
serted into plastic connector strips that were 3D-printed at the Uni-
versity of Florida Infinity Fabrication laboratory (http://fablab.arts.ufl.

Fig. 1. Schematic of experiment designs. Experiment 1 tested the effects of kindling on the number of dividing Type-1 neural stem cells and Type-2 neural
progenitor cells and the survival of their progeny. Rats were kindled to criterion or sham-kindled and then injected with BrdU (100mg/kg) 48 h later. Kindled and
sham-kindled rats were perfused 4 h later to quantify the number and phenotype of dividing cells or 4 weeks later (n=5 per group) to quantify the number and
phenotype of their progeny. Experiment 2 tested the effects of sustained SST gene expression on the number and phenotype of surviving cells 6 weeks after kindling
and on the number of dividing Type-1 NSCs and Type-2 NPCs. Rats were kindled to criterion and then injected with BrdU (100mg/kg) 48 h later and then injected
intrahippocampally with either eGFP or SST-eGFP vector. They received one test stimulation 3 weeks later followed by periodic post-test stimulations for an
additional 3 weeks to test persistence of kindling and vector effects. eGFP- and SST-eGFP vector-treated rats were injected with EdU (100mg/kg) 48 h after their last
post-test stimulation and perfused 4 h later (n= 4 and n=4, respectively) to quantify surviving and dividing cells. Experiment 3 tested the effects of sustained SST
gene expression on the number of dividing Type-1 NSCs and Type-2 NPCs. Rats were kindled until criterion and then injected intrahippocampally with either eGFP or
SST-eGFP vector. They received one test stimulation 3 weeks later followed by periodic post-test stimulations for an additional 3 weeks to test persistence of kindling
and vector effects. eGFP- and SST-eGFP vector-treated rats were injected with BrdU (100mg/kg) 48 h after their last post-test session and perfused 4 h later (n=4
and n=13, respectively) to quantify the number and phenotype of dividing cells.
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edu/). The entire assembly was secured with dental cement to bone
screws anchored to the skull.

2.3. Electrical kindling

Synchronized behavioral and electroencephalographic (EEG) data
were recorded in all kindling, test and post-test sessions to grade be-
havioral seizures and to confirm the presence or absence of after-
discharges (ADs) or epileptiform bursts (Racine et al., 1972). After a 10
d recovery from surgery, rats were tested in a baseline session to
identify the AD threshold current that would be employed in all sub-
sequent kindling, test and post-test sessions. A standard 2 s, 1 ms pulse
duration, 50 Hz biphasic square wave pulse was delivered at 1min
inter-stimulus intervals (initially at 50 μA but stepped up 50 μA in in-
tensity every delivery) until an AD was observed in the EEG (Natarajan
et al., 2017; Racine, 1972; Zafar et al., 2012). An AD was defined as
spikes> 1Hz with amplitudes greater than twice the spike amplitudes
detected in the baseline EEG (Natarajan et al., 2017; Zafar et al., 2012).
Sham-kindled rats were treated similarly to kindled rats but did not
receive electrical current.

Beginning 24 h later, the AD threshold current identified for each
rat was delivered in kindling sessions administered twice daily (≥6 h
apart) until that rat exhibited a Grade 5 seizure in 3 consecutive ses-
sions. Seizures were graded according to the Racine scale of seizure
severity in animal epilepsy models (Racine, 1972), in which Grade 0
reflects no behavioral change; Grade 1 reflects staring, immobility, and
facial movements; Grade 2 reflects head nodding and chewing; Grade 3
reflects unilateral forelimb clonus; Grade 4 reflects bilateral forelimb
clonus with rearing; Grade 5 reflects bilateral forelimb clonus with
rearing, loss of balance, and falling. In Experiments 2 and 3, a single test
session was administered 3 weeks after vector injection to quantify the
effect of vector treatment on seizure grade, followed by post-test ses-
sions to quantify the resilience of the effects (see Fig. 1 and the subjects
section for details).

The synchronized behavioral and EEG data collected during kind-
ling sessions were scored to quantify: 1) AD threshold currents (μA); 2)
number of sessions to exhibit the first Grade 5 seizure; 3) number of
high-grade (Grade 4–5) seizures; and 4) sessions to criterion (the
number of sessions required to exhibit a Grade 5 seizure over 3 con-
secutive sessions). Seizure grades were scored and the presence or ab-
sence of ADs were confirmed in EEGs on test and post-test sessions.

2.4. BrdU and EdU preparation and injections

Bromodeoxyuridine (BrdU; Sigma Aldrich, St. Louis, MO) and
ethynyldeoxyuridine (EdU; Life Technologies, Eugene, OR) were dis-
solved in freshly prepared sterile isotonic saline at a concentration of
20mg/ml and 10mg/ml, respectively. BrdU (100mg/kg) was injected
intraperitoneally (i.p.) 48 h after rats reached criterion in Experiments 1
and 2 or 48 h after the final post-test session in Experiment 3. EdU
(100mg/kg) was injected i.p. 48 h after the final post-test session in
Experiment 2. This dose of BrdU and EdU was employed because it ef-
fectively labels dividing hippocampal NSCs and NPCs when single in-
jections are employed (Burns and Kuan, 2005; Cameron and McKay,
2001; Zeng et al., 2010).

2.5. AAV vector construct and injections

We detailed construction of the AAV5-CBa-preproSST-eGFP (the
‘SST-eGFP vector’) and the AAV5-CBa-eGFP (the ‘eGFP vector’) vector
previously (Natarajan et al., 2017). The plasmid sequence included the
hybrid cytomegalovirus enhancer/chicken β-actin (CBa) promoter
driving the expression of either a preproSST transgene plus a down-
stream eGFP reporter, or an eGFP reporter alone. An internal ribosomal
entry site sequence was inserted between preproSST and eGFP coding
sequences of the SST-eGFP vector so that eGFP expression reported

preproSST expression. Briefly, the CBa-eGFP plasmid was packaged into
serotype 5 AAV capsids in one batch for both Experiments 2 and 3
(gtc.ufl.edu/core/vector-core-lab.htm; titer= 8.9×1012 vg/ml) and
the CBa-SST-eGFP plasmid was packaged into serotype 5 AAV capsids
in one batch for Experiment 2 (SAB tech Inc., Philadelphia, PA; titer=
1.0× 1013 vg/ml) and in 2 batches for Experiment 3 (gtc.ufl.edu/core/
vector-core-lab.htm; titer= 6.1×1012 vg/ml or 4.9×1013 vg/ml). In
Experiment 3, SST-eGFP vector-treated rats were grouped because we
found no statistically significant effects of SST-eGFP vector titer on test
session seizure grade, post-test session seizure grade or on histological
variables associated with neuroinflammation or neurogenesis.

In the rat hippocampus, preproSST yields proSST that is cleaved into
neuronostatin-13 by a yet to be identified peptidase and into either SST-
14 by prohormone convertase 1 (PC1) and PC2 or the N-terminal ex-
panded isoform SST-28 by furin-like peptidases, such as carbox-
ypeptidase-E (CPE) and furin (Billova et al., 2007; Samson et al., 2008).
Pan SST antibodies reveal strong SST expression in hippocampal prin-
cipal neurons and interneurons, high-level CPE and PC2 expression and
low to moderate PC1 expression (Billova et al., 2007; Viollet et al.,
2008). While SST-14 is the predominant natural CNS SST isoform, both
SST-14 and SST-28 are expressed in the brain and bind with similar
affinities to the four G protein-coupled SST receptors (SSTRs) expressed
in the hippocampus (Csaba and Dournaud, 2001; Dun et al., 2010; Olias
et al., 2004; Reisine and Bell, 1995; Viollet et al., 2008). In the hip-
pocampus, neuronostatin-13/SST-14 protein concentration ratios and
expression of the putative neuronostatin receptor GPR107 are ex-
tremely low and numbers of neuronostatin producing neurons are
sparse (Dun et al., 2010; Samson et al., 2016, 2008). While the effects of
the SST-eGFP vector could be produced by SST, neuronostatin or a
combination of both peptides, these data suggest that the effects of the
SST-eGFP vector are likely mediated through sustained SST expression.

In Experiments 2 and 3, eGFP or SST-eGFP vector was injected bi-
laterally into the dentate gyri and CA1 regions of rats in the week after
they achieved criterion, as we described previously (Natarajan et al.,
2017). Anesthetized rats were mounted in a Kopf stereotaxic frame and
the placeholder screws were removed from the hex nuts that had been
placed over injection target regions during the initial electrode place-
ment surgery so that holes could be drilled. The eGFP or SST-eGFP
vector was infused through a 10 μl Hamilton syringe fitted with a 27 G
steel needle by an infusion system (Cole-Parmer, Vernon Hills, IL) into
each dentate gyrus (−3.8mm AP, ± 1.88mm ML, −3.4mm DV) and
CA1 region (−3.8 mm AP, ± 1.88mm ML, −2.4mm DV) according to
Paxinos and Watson (Paxinos and Watson, 2007) at a flow rate of
0.3 μl/min. A 2 μl volume was infused into each of the 4 injection sites.

2.6. Perfusion and histology

Four hours or 4 weeks after the final cell synthesis marker injection,
rats were anesthetized with a xylazine (10mg/kg) and ketamine
(80mg/kg) cocktail injected i.p. and then perfused with ice-cold iso-
tonic saline followed by ice-cold, freshly prepared 4% paraformalde-
hyde (Electron Microscopy Sciences; Hatfield, PA) in phosphate-buf-
fered saline (PBS). Brains were extracted, post-fixed overnight in
perfusate at 4 °C and then cryoprotected in 30% sucrose solution for 2–3
d. The brains were then sectioned coronally at 40 μm through the ros-
tral-caudal extent of the hippocampus on a freezing stage microtome
(American Optical Corporation; Buffalo, NY). Brain sections were
stored in cryoprotectant solution (25% glycerol, 30% ethylene glycol
and 45% 0.1M PBS) at−20 °C until processed immunohistochemically.

Electrode placements in the amygdalae of all rats were confirmed in
histological sections. Fig. 2 shows a schematic of the hippocampus re-
gions that the vector infusion targeted and a representative image of
eGFP expression in the hippocampus of a kindled rat. An experimenter
blind to the vector treatment group and seizure grades of the rats
confirmed bilateral eGFP expression through at least 1 major hippo-
campal region (the CA1 region, CA3 region and/or dentate gyrus) in all
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rats. Moderate to strong bilateral eGFP expression was found through
the CA1 and CA3 region of most rats and eGFP expression was also
noted in the cortex dorsal to and thalamic regions ventral to the hip-
pocampus of some rats. No overt differences in eGFP expression were
found between eGFP vector-treated, SST-eGFP vector-treated responder
and non-responder groups.

2.7. Immunohistochemistry

Immunohistochemistry was performed on free-floating sections and
the sections were rinsed with tris-buffered saline (TBS; pH 7.4) re-
peatedly between steps. Blocking solution and antibody diluent was 3%
normal donkey serum and 0.1% Triton-X in TBS.

2.7.1. Enzyme substrate immunostaining and Click-IT chemistry
BrdU+, EdU+, and Iba-1+ cells were revealed enzymatically on

separate sets of sections so that total cell numbers could be estimated
using stereological principles. To reveal BrdU+ and Iba-1+ cells, sec-
tions were incubated in 0.3% H2O2 for 10min at room temperature
(RT) to quench endogenous peroxidase and then in blocking solution
for 20min at RT. Sections being processed to reveal BrdU were next
rinsed in 0.9% NaCl and then incubated in 2 N HCl for 20min at 37 °C
to denature DNA. Sections were then incubated overnight at 4 °C in rat
anti-BrdU (1:500; AbD Serotec, Raleigh, NC) or rabbit anti-Iba-1
(1:1000; Wako Chemicals, Wako, TX) and then in biotinylated anti-rat
IgG or anti-rabbit IgG (1:500; Jackson Immunoresearch, West Grove,
PA), respectively for 4 h at RT. The sections were incubated in avidin-
biotin horseradish peroxidase (Vector Labs, Burlingame, CA) for 2 h at
RT and then reacted in a solution of 0.02% 3,3′-diaminobenzidine tet-
rahydrochloride (DAB; Sigma Aldrich, St. Louis, Mo) and 0.5% H2O2 for
˜3min. EdU+ cells were revealed on sections processed using the Click-
iT EdU Colorimetric IHC detection kit (Life Technologies, Eugene, OR)
according to kit instructions using kit reagents. Briefly, sections were
incubated in 0.3% H2O2 for 10min at RT to quench endogenous per-
oxidase, Trypsin-EDTA buffer for 20min at RT to permeabilize the
tissue, freshly prepared Click-IT reaction cocktail for 1 h at RT, strep-
tavidin-peroxidase reaction cocktail for 2 h at RT and then reacted in
DAB reaction buffer for 3min. All sections were mounted on Fisher
Superfrost microscope slides, dried overnight, dehydrated under an
ethanol series, cleared in xylene and then coverslipped under Permount
(Thermo Fisher Scientific). Sections stained to reveal EdU+ and Iba-1+

cells were counterstained with 0.25% Cresyl Violet acetate (Sigma
Aldrich) during dehydration to assist with cell counting.

2.7.2. Fluorophore immunostaining
The phenotypes of dividing BrdU+ cells, surviving BrdU+ cells,

dividing EdU+ cells, and Iba-1+ microglia were each revealed on

separate sets of 3–4 sections from a randomly selected 1 in 12 series for
each rat using maximally cross-adsorbed fluorophore-conjugated sec-
ondary antibodies.

EdU+ cells were first revealed using the Click-iT EdU Alexa Fluor
555 imaging kit (Life Technologies, Eugene, OR) according to kit in-
structions. Briefly, sections were reacted in freshly prepared Click-IT
reaction cocktail for 1 h at RT and then fixed in 4% paraformaldehyde
for 10min at RT. On separate sections, BrdU+ cells were also first re-
vealed by rinsing sections in 0.9% NaCl and then incubating them in
2 N HCl for 20min at 37 °C to denature DNA. The sections were in-
cubated in blocking solution for 20min at RT and then overnight at 4 °C
in rat anti-BrdU (BrdU; 1:500; AbD Serotec, Raleigh, NC). The following
day, the sections were incubated in Cy3-conjugated donkey anti-rat IgG
(1:500; Jackson Immunoresearch Laboratories, West Grove, PA) for 2 h
at RT and then fixed in 4% paraformaldehyde for 10min at RT.

After revealing EdU+ or BrdU+ cells, sections were incubated
overnight at 4 °C in a cocktail containing 1) the Type-1 NSC and as-
trocyte marker chicken anti-glial fibrillary acidic protein (GFAP;
1:1000; EnCor Biotechnology, Alachua, FL) and the Type-2a and -2b
marker rabbit anti-SOX2 (SOX2; 1:500; Santa Cruz Biotechnology,
Santa Cruz, CA), 2) the immature neuronal marker goat anti-dou-
blecortin (DCX; 1:500; Santa Cruz Biotechnology, Santa Cruz, CA) and
the mature neuronal marker mouse anti-Neuronal Nuclei (NeuN; 1:500;
Chemicon, Temecula, CA), or 3) chicken anti-GFAP (GFAP; 1:1000;
EnCor Biotechnology, Alachua, FL) and the oligodendrocyte progenitor
marker rabbit anti-NG2 (1:1000; Millipore; Chemicon, Temecula, CA).
To phenotype Iba-1+ cells, sections were incubated in rabbit anti-Iba-1
(1:1000; Wako Chemicals, Wako, TX) and the monocyte/macrophage
activation marker CD11b (mouse anti-CD11b; 1:100; Chemicon,
Temecula, CA) overnight at 4 °C. After overnight incubation in primary
antibodies, all sections were incubated in fully cross-adsorbed cocktails
of fluorophore-conjugated secondary antibodies of the appropriate
species (1:500; Jackson Immunoresearch, West Grove, PA) for 4 h at RT
to reveal primary antibodies. All sections were incubated in 4′,6-dia-
midine-2′-phenylindole (DAPI; 1:10,000; Calbiochem, San Diego, CA)
for 10min at RT and then mounted under diazobicyclooctane (DABCO;
2.5% DABCO, 10% polyvinyl alcohol and 20% glycerol in TBS).

2.8. Cell counting and stereology

Total BrdU+ and EdU+ cells were estimated using fractionator
principles (Boyce et al., 2010; Kempermann et al., 1997; Noori and
Fornal, 2011; Ormerod et al., 2013; Speisman et al., 2013a, b; West
et al., 1991). Because BrdU+ and EdU+ cells are located irregularly and
relatively infrequently throughout the subgranular zone and granule
cell layer, they were counted exhaustively on every 12th systematically
uniform section (240 μm apart) through the rostral-caudal extent of the

Fig. 2. Schematic showing vector target re-
gions in the hippocampus and a confocal
image of eGFP expression in a hippocampal
section of a SST-eGFP vector-treated rat.
Vector was injected bilaterally into the dentate
gyrus and CA1 region (2 μl per injection site).
Bilateral eGFP expression was detected through
the rostral-caudal extent of at least 1 major
hippocampal subfield (the CA1 region, CA3
region and/or dentate gyrus) of all rats and
moderate to strong bilateral eGFP expression
was found through the CA1 and CA3 region of
most rats. eGFP expression was detected in the
cortex dorsal to and thalamic regions ventral to
the hippocampus of some rats. No overt dif-
ferences in eGFP expression were found be-
tween eGFP vector-treated, SST-eGFP vector-
treated responder and SST-eGFP vector-treated
non-responder groups.
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dentate gyrus (10 sections per rat) under a 40× objective on a Zeiss
Axio Observer Z1 inverted microscope. Only round or oval cells were
included in these counts. Total EdU+ and BrdU+ cell numbers were
estimated using the formula NTotal = ∑Q− x 1/ssf, where ∑Q− re-
presents the number of counted cells and ssf is the section sampling
fraction (1/12). The average number of dividing BrdU+ cells in sham-
kindled (107 ± 7 cells, CV=0.15, CE=0.07), and kindled
(214 ± 11 cells, CV=0.11, CE=0.05) rats and surviving BrdU+ cells
in sham-kindled (124 ± 7 cells, CV=0.13, CE= 0.07) and kindled
(235 ± 12 cells, CV=0.12, CE=0.05) rats in Experiment 1, dividing
EdU+ cells in eGFP (185 ± 13 cells, CV=0.14; CE=0.07) and SST-
eGFP (159 ± 25 cells, CV=0.32, CE= 0.16) vector-treated rats and
surviving BrdU+ cells in eGFP (233 ± 9 cells, CV=0.07, CE=0.04)
and SST-eGFP (212 ± 7 cells, CV=0.06, CE=0.03) vector-treated
rats in Experiment 2 and dividing BrdU+ cells in eGFP vector-treated
(212 ± 13 cells, CV=0.13, CE= 0.06), SST-eGFP non-responder
(177 ± 16 cells, CV=0.25, CE= 0.09) and SST-eGFP responder
(120 ± 10 cells, CV=0.18, CE=0.08) rats in Experiment 3 that were
counted was sufficient to ensure reliable estimates between groups
(Boyce et al., 2010; Larsen, 1998).

The total number of Iba-1+ cells was estimated using optical frac-
tionator principles (Bañuelos et al., 2013; Boyce et al., 2010; Ormerod
et al., 2013; West et al., 1991). Iba-1+ cells were counted through the
GCL and hilus using Microbrightfield StereoInvestigator software
(Williston, VT). Cells were counted on every 12th systematically uni-
form section (240 μm apart) through the rostral-caudal extent of the
dentate gyrus (10 sections per rat) under a 40x objective on a Zeiss Axio
Observer Z1 inverted microscope. Iba-1+ cells were estimated using the
formula: NTotal = ∑Q− x 1/ssf x 1/asf x t/h, where ∑Q− represents the
number of counted cells, ssf is the section sampling fraction (1/12), asf
is the area sampling fraction or the ratio of the counting frame area to
the total area of the fractionator sampling grid (˜1/15 for Iba-1+ cells),
t is the average section thickness and h is the height of the dissector
(0.010mm). A guard zone of 4 μmwas used during Iba-1+ cell counting
to avoid sectioning artifacts. and Iba-1+ cells in sham-kindled
(174 ± 6 cells, CV=0.17, CE=0.04) and kindled (225 ± 9,
CV=0.17, CE=0.04) rats in Experiment 1, eGFP (193 ± 9 cells,
CV=0.14; CE= 0.05) and SST-eGFP vector-treated (175 ± 13 cells,
CV=0.21, CE=0.07) rats in Experiment 2 and in eGFP (206 ± 11
cells, CV=0.14, CE= 0.05), SST-eGFP responders (217 ± 14 cells,
CV=0.20, CE= 0.06) and SST-eGFP non-responders (211 ± 12 cells,
CV=0.23, CE=0.06) in Experiment 3 that were counted was sufficient
to ensure reliable stereological estimates (Boyce et al., 2010; Larsen,
1998).

Phenotypic markers were confirmed in each analysis for at least 45
BrdU+ and EdU+ and at least 100 Iba-1+ cells in quadruple fluor-
escent-stained sections under a 20x objective (with 2.5× digital zoom)
using a Zeiss LSM 710 meta scanning confocal microscope with 405 nm
(to excite DAPI), 488 nm (to excite FITC on non-vector-treated tissue),
510 nm, 543 nm (to excite Cy3), 594 nm (to excite Alexa 594) and
633 nm (to excite Cy5) laser lines. DAPI+/BrdU+, DAPI+/EdU+ and
DAPI+/Iba-1+ cells were scanned through their full ‘z-dimension’ to
confirm co-expression of one or more phenotypic marker. Total num-
bers of cells estimated stereologically were multiplied by the % of cells
expressing each phenotype to calculate the total number of dividing
Type-1 NSCs (BrdU+/GFAP+/Sox2+), dividing Type-2a NPCs (BrdU+/
GFAP−/Sox2+/DCX−), dividing Type-2b NPCs (BrdU+/GFAP−/
Sox2+/DCX+), new neurons (BrdU+/NeuN+), new astrocytes
(BrdU+/GFAP+), new oligodendrocyte precursors (BrdU+/NG2+),
resting microglia (Iba1+/CD11b−) and activated microglia (Iba1+/
CD11b−). Percentages of BrdU+ and EdU+ expressing phenotypic
markers are reported in Table 1.

2.9. Statistical analysis

Statistical analyses were performed using Version 13 Statistica

software (Tulsa, Oklahoma; rented from http://onthehub.com/).
Behavioral variables (number of sessions to the 1st Grade 5 seizure,
number of Grade 4/5 seizures, sessions to criterion, AD threshold cur-
rent) collected prior to vector injection were compared between groups
and the effects of the independent variables (kindling and vector
treatment) on total EdU+, BrdU+ or IBA-1+ cell numbers were tested
with analyses of variance (ANOVAs) and revealed by Newman-Keuls
post-hoc tests when compared between 3 groups or tested with
Student’s t-tests when compared between 2 groups. The effects of the
independent variables (kindling, vector injection and dentate gyrus
subregion) on numbers of dividing cells (Type-1 NSCs, Type-2a NPCs,
Type-2b NPCs), numbers of surviving cells (neurons and glia) and
numbers of microglia (resting and activated) were tested with repeated
measures ANOVAs and revealed by Newman-Keuls post-hoc tests. The
effect of vector treatment and AD current increases on test and post-test
session seizure grade was assessed using a Mann-Whitney U test for 2
groups or a Kruskal Wallace ANOVA followed by a Mann-Whitney U
test for 3 groups. Effect sizes were calculated using Cliff’s d (Cliff,
1993). Pearson product moment correlation coefficient analyses tested
relationships between variables. All figures report means (± S.E.M.).
The α-level was set at p<0.05 and reported as two-tailed.

3. Results

3.1. Neurogenesis and microglial activation are potentiated in the
hippocampi of kindled rats

In Experiment 1, we tested whether the number and phenotype of
BrdU+ cells and the number and activation state of Iba-1+ microglia
varied in the hippocampi of sham-kindled and kindled rats that were
injected with BrdU 48 h after kindled rats achieved criterion and then
perfused either 4 h or 4 weeks later (see Fig. 1). The average AD
threshold current employed during kindling sessions was
205.0 ± 15.7 μA and kindled rats exhibited their 1st Grade 5 seizure
after 13.8 ± 1.8 sessions (˜7 d), exhibited 5.5 ± 0.8 high-grade sei-
zures during kindling sessions and achieved kindling criterion after
18.5 ± 1.8 sessions (˜9 d).

3.1.1. More dividing Type-1 NSCs and activated microglial were detected in
the hippocampi of kindled rats

To test the effects of kindling on the number of Type-1 NSCs, Type-2
NPCs and activated microglia, rats were injected with BrdU 48 h after
kindled rats achieved criterion and then perfused 4 h after BrdU in-
jection. Fig. 3 shows a representative microphotograph of DAB-stained
dividing BrdU+ cells (in brown) in the dentate gyrus of (A) a kindled
rat (the inset shows BrdU+ cells under 63x magnification) and (B) a
sham-kindled rat. Fig. 3C shows a representative confocal image of
DAPI-stained (in gray) dividing BrdU+ (in red) cells expressing the
Type-1 NSC marker GFAP (in cyan) and/or the Type-2 NPC marker
SOX2 (in green). The Fig. 3C insets show examples of Type-1 GFAP+/
SOX2+ NSCs (yellow arrows) and a Type-2 GFAP−/SOX2+ NPC (white
arrow) in single detection channels for each signal.

Fig. 3D shows that the mean (± S.E.M.) total number of dividing
BrdU+ cells was significantly higher in the dentate gyri of kindled
versus sham-kindled rats (t(8) = 8.26; p<0.001***). Fig. 3E shows the
total number of dividing Type-1 NSCs, Type-2a NPCs and Type-2b NPCs
in the dentate gyri of sham-kindled and kindled rats. Note that because
similarly rare BrdU+ cells expressed Type-3 neuroblast phenotypes in
either sham-kindled or kindled rats 4 h after BrdU injection (< 1% in
either group), they were excluded from further analyses (see Table 1 for
percentages of BrdU+ cells expressing each phenotype). The total
number of dividing cells varied by phenotype (F(2,16)= 26.47; p <
0.001), group (F(1,8) = 51.50; p < 0.001) and the interaction between
phenotype and group (F(2,16) = 10.00; p < 0.001). Overall, more di-
viding cells were found in the dentate gyri of kindled versus sham-
kindled rats (p < 0.001) and generally, most dividing cells were Type-
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1 NSCs (p<0.01 versus Type-2a and p<0.001 versus -2b NPCs) fol-
lowed by Type-2a NPCs (p < 0.001 versus Type-2b NPCs). The latter
effect was primarily due to the increased number of dividing Type-1
NSCs in the dentate gyri of kindled versus sham-kindled rats
(p<0.001***). In fact, while similar numbers of dividing Type-1 NSCs
and -2a NPCs were found in the dentate gyri of sham-kindled rats, di-
viding Type-1 NSCs outnumbered dividing Type-2a NPCs in kindled
rats (p<0.001***). Because the number of dividing Type-2a and Type-
2b NPCs were not affected by kindling, these cell numbers were pooled
in Experiment 2 and 3. These data show that the number of Type-1 NSCs
is upregulated in the dentate gyri of kindled rats.

Fig. 3F shows a representative photomicrograph of DAB-stained Iba-
1+ microglia (in brown; the inset shows Iba-1+ cells under 63x mag-
nification). Representative confocal images of a DAPI-labeled (in gray)
resting CD11b−/Iba-1+ (in cyan) microglia and a DAPI-labeled acti-
vated CD11b+ (in green)/Iba-1+ (in cyan) microglia in the dentate
gyrus of a kindled rat are shown in Fig. 3G and H, respectively. The
insets show each signal in single detection channels. Iba-1+/CD11b−

microglia exhibited classic resting morphologies with small round cell
bodies and extensive branching while Iba-1+/CD11b+ microglia ex-
hibited classic activated morphologies with larger cell bodies and
shorter, thicker cell processes. Fig. 3I shows the mean (± S.E.M.) total
number of Iba-1+ microglia in the GCL and hilus of sham-kindled and
kindled rats. In both groups combined, more Iba-1+ microglia were
found in the hilus than GCL of all rats combined (F(1,8) = 6.81; p <
0.05*), but microglia numbers neither varied by group (F(1,8) = 3.95;
p= 0.08) nor by the overall interaction (F(1,8) = 0.01; p= 0.93).
Fig. 3J shows the mean (± S.E.M.) total number of Iba-1+ microglia
expressing CD11b− resting versus CD11b+ activated states in the GCL
and hilus of sham-kindled and kindled rats. The total number of mi-
croglia varied region (F(1,8) = 6.81; p < 0.05), the interaction be-
tween group and activation state (F(1,8) = 105.24; p<0.0001) and the
overall interaction (F(1,8) = 11.29; p<0.01) but did not vary by group,
activation state or other interactions between the independent variables
(all p values > 0.08). In both groups combined, more microglia were
found in the hilus versus GCL (p<0.05). However, the number of
resting microglia was lower while the number of activated microglia
was higher in the GCL (p < 0.01** and p < 0.001***, respectively)
and hilus (both p values<0.001***) of kindled versus sham-kindled
rats. In sham-kindled rats, more resting versus activated microglia were
found in both the GCL (p < 0.01a) and hilus (p < 0.001a). In these
rats, ratios of activated versus resting microglia were 0.48 in the GCL
and 0.95 in the hilus and the ratio of activated microglia in the hilus
versus GCL was 0.95. In kindled rats, more activated than resting mi-
croglia were found in the GCL (p < 0.001b) and hilus (p < 0.001b),
and the number of activated microglia was elevated in the hilus versus
GCL (p < 0.05c). In these rats, ratios of activated versus resting mi-
croglia were 2.28 in the GCL and 3.97 in the hilus and the ratio of

activated microglia in the hilus versus GCL was 1.25. These data de-
monstrate that numbers of activated microglia are increased in the GCL
and more robustly in the hilus of kindled rats, just after their last Grade
5 seizure.

The total number of dividing Type-1 NSCs correlated positively with
the total number of activated GCL (r(10)= 0.90; p < 0.0001) and hilar
(r(10) = 0.80; p < 0.01) microglia and negatively with the total
number of resting GCL (r(10) = −0.85; p < 0.01) and hilar (r(10) =
−0.75; p < 0.05) microglia. Numbers of dividing Type-2 NPCs were
unrelated to numbers of dividing Type-1 NSCs, resting microglia or
activated microglia. These data suggest that microglial activation and
Type-1 NSC proliferation may be related processes in the hippocampi of
kindled rats.

3.1.2. Microglial activation persists for several weeks in the hippocampi of
kindled rats

To test whether NSCs and NPCs that divide in the hippocampi of
kindled rats produce similar numbers of surviving neurons and glia and
whether kindling produces a persistent microglial response, rats were
injected with BrdU 48 h after achieving criterion and then perfused
4 weeks later (see Fig. 1). Fig. 4A shows a representative confocal image
of a 4 week-old BrdU+ cell (in red) expressing the mature neuronal
protein NeuN+ (in green). Immature DCX+ neurons (in cyan) and
transitioning NeuN+/DCX+ neurons are also shown. Fig. 4B shows a
representative confocal image of a 4 week-old BrdU+ cell (in red) ex-
pressing the astrocyte protein GFAP (in cyan). NG2+ oligodendrocyte
precursor cells are shown in green. Because less than 1% of BrdU+ cells
expressed NG2 in the dentate gyri of either sham-kindled or kindled
rats, new oligodendrocyte precursors were excluded from further ana-
lyses.

Fig. 4C shows that the total number of surviving 4 week-old BrdU+

cells was significantly higher in the hippocampi of kindled versus sham-
kindled rats (t(8)= 7.77; p < 0.0001***). Fig. 4D shows the mean
(± S.E.M.) total number of new BrdU+ astrocytes and neurons ex-
pressing immature, transitioning and mature phenotypes (see Table 1
for the percentages of BrdU+ cells expressing each phenotype). This
number varied by group (F(1,8) = 28.76; p < 0.001), phenotype
(F(3,24) = 60.99; p < 0.001), and the overall interaction
(F(3,24) = 11.52; p < 0.001). A greater number of differentiated
BrdU+ cells was found in the hippocampi of kindled versus sham-kin-
dled rats (p<0.001), primarily because more mature new neurons
were found in kindled versus sham-kindled rats (p < 0.001***). Ir-
respective of group and consistent with a 4-week survival period, most
new cells had differentiated into mature neurons (p < 0.001a versus
all other phenotypes) followed by transitioning neurons (p < 0.05b

versus immature neurons and astrocytes). In the dentate gyri of kindled
versus sham-kindled rats, the 2.1-fold increase in total new neuron
number detected 4weeks after BrdU reflected the 2-fold increase in

Table 1
The % of BrdU+ and EdU+ cells expressing phenotypic markers.

Type-1 NSC
(GFAP+/Sox2+)

Type-2a NPC
(GFAP−/Sox2+)

Type-2b NPC
(Sox2+/DCX+)

Immature
Neuron (DCX+)

Transition Neuron
(DCX+/NeuN+)

Mature Neuron
(NeuN+)

Astrocyte
(GFAP+)

Experiment 1
Sham-kindled 38.5 ± 3.2 58.0 ± 1.8 11.0 ± 3.4 1.4 ± 0.6 20.7 ± 2.3 54.0 ± 5.4 8.1 ± 2.1
Kindled 58.2 ± 4.4 38.9 ± 4.4 7.1 ± 3.2 4.0 ± 1.2 13.5 ± 4.2 65.0 ± 5.5 0.8 ± 0.4
Experiment 2
eGFP vector-

treated
63.3 ± 4.5 32.9 ± 4.2 2.4 ± 1.9 2.5 ± 0.4 82.1 ± 4.7 2.5 ± 0.5

SST-eGFP vector-
treated

59.7 ± 5.6 34.0 ± 5.4 1.6 ± 1.1 3.1 ± 1.4 81.2 ± 2.2 7.4 ± 2.5

Experiment 3
eGFP vector-

treated
54.0 ± 0.6 40.9 ± 1.1 – – – –

SST-eGFP NR 64.5 ± 1.8 32.3 ± 1.8 – – – –
SST-eGFP R 39.6 ± 4.4 55.6 ± 4.0 – – – –
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dividing cells detected at 4 h after BrdU, suggesting that increased new
neuron numbers are a function of increased numbers of dividing cells
rather than changes in the differentiation or survival of new neurons.

Fig. 4E shows the mean (± S.E.M.) total number of Iba-1+ micro-
glia in the GCL and hilus of sham-kindled and kindled rats 4 w after
their last kindling session (see Fig. 3F for examples of Iba-1+

Fig. 3. The number of dividing Type-1 neural stem cells and activated microglia was increased in the hippocampi of kindled rats. Representative micro-
photographs of DAB-stained dividing BrdU+ cells (in brown) in the dentate gyrus of a kindled (A) and sham-kindled (B) rat. (C) Representative fluorescent image of
dividing BrdU+/Sox2+/GFAP+ Type-1 NSCs (yellow arrowheads) and a BrdU+/Sox2+/GFAP− Type-2 NPC (white arrowhead). (D) Stereological estimates of
BrdU+ cells within the DG revealed a ˜2-fold increase in proliferation (p < 0.001***) 48 h after rats reached kindling criterion. (E) More BrdU+ Type-1 NSCs were
found in the dentate gyri of kindled versus sham-kindled rats (p<0.001***) and in kindled rats, more dividing Type-1 NSCs were detected than Type-2 NPCs
(p<0.001***). (F) Representative microphotograph of DAB-stained Iba-1+ microglia (in brown) in the dentate gyrus. (G, H) Representative fluorescent images of a
resting Iba-1+/CD11b− microglia (G) and activated Iba-1+/Cd11b+ microglia (H). (I) Stereological estimates revealed similar Iba-1+ microglia numbers in the
granule cell layer and hilus of kindled and sham-kindled rats but more Iba-1+ microglia were found in the hilus versus granule cell layer of all rats (p<0.05*), (J)
however, fewer resting microglia were found in the GCL (p < 0.01**) and hilus (p<0.001***) of kindled versus sham-kindled rats that had a greater number of
activated microglia in the GCL (p<0.001***) and hilus (p<0.001***). In sham-kindled rats, more resting than activated microglia were found in both the GCL
(p < 0.01a) and hilus (p < 0.001a). In kindled rats, more activated than resting microglia were found in the GCL (p < 0.001b) and hilus (p < 0.001b) and the
number of activated microglia was elevated in the hilus versus GCL (p < 0.05c).
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Fig. 4. Kindling increases the number of surviving neurons and leads to persistent microglial activation. Representative fluorescent images of a new adult-
born BrdU+/NeuN+ granule neuron (A) and BrdU+/GFAP+ astrocyte (B). (C) Stereological estimate of surviving (BrdU+) cells revealed a ˜2-fold increase in the
number of surviving cells in kindled rats (p<0.001***) at 4 weeks after reaching kindling criterion and BrdU injection. (D) Quantification of the number of surviving
immature (BrdU+/DCX+/NeuN−), transitioning (BrdU+/DCX+/NeuN+), mature (BrdU+/DCX−/NeuN+) neurons, and astrocytes (BrdU+/GFAP+) revealed that
kindling increased the number of mature neurons relative to sham-kindling (p < 0.001***) and consistent with other reports and our timeline, the majority of
newly-born cells differentiated into neurons with most having reached the mature phenotype (p<0.001a versus all other phenotypes, followed by transitioning
neurons (p < 0.05b versus immature neurons and astrocytes). (E) Stereological estimates for total microglia (Iba-1+) within the GCL and hilus revealed more
microglia in both regions in kindled rats versus sham-kindled and more micrglia in the hilus versus GCL of all rats (p values<0.05*). (F) Quantification of resting and
activated microglia in the GCL and hilus revealed no difference in the number of resting microglia in the GCL between groups but fewer resting in the hilus of kindled
versus sham-kindled rats (p<0.05*). There were more activated microglia in both the GCL (p<0.001**) and the hilus (p<0.001***) of kindled rats versus sham-
kindled. There were more microglia in the hilus versus GCL of all rats (p<0.05*). In kindled rats, more activated microglia were found in the hilus versus GCL (p <
0.001a) and in the hilus, activated microglia outnumbered resting microglia (p < 0.001b). In sham-kindled rats, fewer activated than resting microglia were found in
the GCL (p<0.01c) and hilus (p<0.001c) and more resting microglia were found in the hilus versus GCL (p < 0.05d).

Table 2
The % of Iba-1+ microglia expressing phenotypic markers.

Granule Cell Layer Hilus

Resting Microglia
(Iba-1+/CD11b−)

Activated Microglia
(Iba-1+/CD11b+)

Resting Microglia
(Iba-1+/CD11b−)

Activated Microglia
(Iba-1+/CD11b+)

Experiment 1
Sham-kindled (4 h

survival)
67.2 ± 2.0 32.8 ± 2.0 71.7 ± 3.0 28.3 ± 3.0

Kindled (4 h survival) 31.3 ± 3.8 68.7 ± 3.8 20.4 ± 1.6 79.6 ± 1.6
Sham-kindled (4w

survival)
66.4 ± 4.9 33.6 ± 4.9 72.6 ± 1.7 27.4 ± 1.7

Kindled (4 w survival) 46.0 ± 3.5 54.0 ± 3.5 33.1 ± 3.9 66.9 ± 3.9
Experiment 2
eGFP vector-treated 31.7 ± 4.9 68.3 ± 4.9 20.4 ± 3.1 79.6 ± 3.1
SST-eGFP vector-treated 31.3 ± 2.2 68.7 ± 2.2 20.2 ± 3.7 79.8 ± 3.7
Experiment 3
eGFP vector-treated 38.0 ± 4.6 62.0 ± 4.6 30.5 ± 3.2 69.5 ± 3.2
SST-eGFP NR 40.9 ± 2.8 59.1 ± 2.8 19.1 ± 1.7 80.9 ± 1.7
SST-eGFP R 40.4 ± 2.9 59.6 ± 2.9 22.1 ± 2.5 77.9 ± 2.5
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microglia). This number varied by group (F(1,8) = 10.24; p < 0.05)
and region (F(1,8) = 11.06; p < 0.05) but not by the overall interaction
(F(1,8) = 1.02; p= 0.34). More microglia were detected in kindled

versus sham-kindled rats (p < 0.05*) and more microglia were found
in the hilus versus GCL (p < 0.05*) of both groups combined. Fig. 4F
shows the mean (± S.E.M.) total number of resting and activated

Fig. 5. Sustained SST transgene expression did not impact dividing, surviving cells, or microglial response in kindled rats. (A) Representative photo-
micrograph of DAB-stained dividing EdU+ cells under a 10X objective with an inset of a cluster of newly dividing/divided cells under 63X magnification. (B)
Representative fluorescent image of newly divided EdU+/Sox2+ Type-2 NPCs in the GCL of kindled rats. (C) Stereological estimates for newly divided (EdU+) cells
revealed no significant difference in dividing cell number between eGFP- and SST-eGFP vector-treated rats. (D) Quantification of the number of newly divided Type-1
NSCs and Type-2 NPCs revealed no differences between eGFP- and SST-eGFP vector-treated rats 2d after their last post-test stimulation but more Type-1 NSCs than
Type-2 NPCs in both groups combined (p<0.01**) (E) Stereological estimates for surviving (BrdU+) cells revealed no difference 6 weeks after vector-treated rats
achieved kindling criterion and received their respective vector injections. (F) Quantification of the phenotype (immature DCX+/NeuN− neuron, transitioning
DCX+/NeuN+ neuron, mature DCX−/NeuN+ neuron, or GFAP+ astrocyte) of surviving cells revealed no difference between treatment groups 6 weeks after treated
rats reached kindling criterion and received their respective vector injections, but more mature neurons were found versus all other cell types in both groups
combined (p<0.001***). (G) Stereological estimates of total microglia (Iba-1+) within the GCL and hilus revealed no differences between treatment groups on
microglia phenotype in the GCL or hilus but more microglia were found in the hilus versus GCL of both groups combined (p<0.01**). (H) In both groups combined,
hilar microglia outnumbered GCL microglia (p < 0.01**), the number of activated microglia outnumbered resting microglia in the GCL (p < 0.01a) and the hilus
(p < 0.001a) and the number of activated microglia was higher in the hilus versus GCL (p < 0.01b). These data show that SST-eGFP vector-treatment did not
reverse the kindling-induced activation of microglia.
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microglia in the GCL and hilus of sham-kindled and kindled rats (see
Table 2 for percentages of Iba-1+ cells expressing the activation marker
CD11b). This number varied by group (F(1,8) = 10.70; p < 0.05), re-
gion (F(1,8) = 11.43; p < 0.01), the interaction between activation
state and group (F(1,8) = 28.27; p < 0.001) and the overall interaction
(F(1,8) = 29.20; p < 0.001), but not by activation state or other in-
teractions between the independent variables (all p values > 0.07).
More microglia were found in the hippocampi of kindled versus sham-
kindled rats (p < 0.05) and in the hilus versus GCL of both groups
combined (p < 0.01**). More activated microglia were found in the
GCL and hilus of kindled versus sham-kindled rats (p < 0.01** and
p < 0.001***, respectively) and fewer resting microglia were found in
the hilus of kindled versus sham-kindled rats (p < 0.05). In kindled
rats, more activated microglia were found in the hilus versus GCL (p <
0.001a) and in the hilus, activated microglia outnumbered resting mi-
croglia (p < 0.001b). In these rats, the ratio of activated versus resting
microglia was 1.21 in the GCL and 2.13 in the hilus and the ratio of
activated microglia in the hilus versus GCL was 1.52. In sham-kindled
rats, fewer activated than resting microglia were found in the GCL
(p<0.01c) and hilus (p<0.001c) and more resting microglia were
found in the hilus versus GCL (p < 0.05d). In these rats, the ratio of
activated versus resting microglia was 0.50 in the GCL and 0.37 in the
hilus and the ratio of activated microglia in the hilus versus GCL was
0.92. The data demonstrate that increased numbers of activated mi-
croglia can be detected in the hippocampi of kindled rats for at least
4 weeks after they exhibit their final Grade 5 seizure and that the effects
are most robust in the hilus.

Total mature new neuron number correlated positively with total
new neuron number (r (10) = 0.96; p < 0.0001) and total new neuron
number correlated positively with the total number of activated hilar
microglia (r (10) = 0.65; p < 0.05) and negatively with the total
number of resting hilar microglia (r (10) = - 0.74; p < 0.05). Since
similar fold-increases in surviving new neurons and dividing Type-1
NSCs were detected in the dentate gyri of kindled versus sham-kindled
rats, the relationship between persistently activated hilar microglia and
mature new neuron numbers could instead reflect the relationship be-
tween activated hilar microglia and dividing Type-1 NSC numbers.

3.2. Sustained SST expression neither affected neurogenesis nor microglial
activation in a small cohort of kindled rats

Experiment 2 tested whether vector-mediated sustained SST ex-
pression could alter the effects of amygdala kindling on the number and
phenotype of dividing EdU+ cells, surviving BrdU+ cells and Iba-1+

microglia in the hippocampi of rats. Kindled rats were injected with
BrdU 48 h after reaching criterion and then infused intrahippocampally
with eGFP or SST-eGFP vector. Three weeks later, they were given a test
stimulation followed by post-test stimulations. The rats were injected
with EdU 48 h after the final post-test stimulation and perfused 4 h later
(see Fig. 1).

Before assignment to vector treatment groups, eGFP- and SST-eGFP
vector-treated rats exhibited similar AD threshold currents (eGFP:
200.0 ± 35.4 μA and SST-eGFP: 137.5 ± 12.5 μA; t(6) = −1.67; p =
0.15), exhibited their first Grade 5 seizure after a similar number of
sessions (eGFP: 16.3 ± 1.1 sessions and SST-eGFP: 12.5 ± 2.9 ses-
sions; t(6) = −1.21; p= 0.27), exhibited similar numbers of high-grade
seizures (eGFP: 5.8 ± 0.6 seizures and SST-eGFP: 5.0 ± 1.1 seizures;
t(6) = −0.60; p = 0.57) and required similar numbers of sessions to
achieve criterion (eGFP: 21.3 ± 1.8 sessions and SST-eGFP:
16.3 ± 4.2 sessions; t(6) = -1.08, p = 0.32). Although 2/4 SST-eGFP
vector-treated rats exhibited Grade 0 seizures on the test session ad-
ministered 3 weeks after vector injection, both groups exhibited similar
average seizure grades on the test session (eGFP 3.5 ± 1.2 and SST-
eGFP: 1.3 ± 1.0; U=3.50, n1 = n2 = 4, p = 0.25) and similar
average seizure grades across post-test sessions (eGFP: 2.8 ± 1.1 and
SST-eGFP: 3.6 ± 0.7; U=8.00, n1 = n2 = 4, p = 1.00). Although we

did not observe an effect of SST-eGFP vector treatment on seizure be-
havior in Experiment 2, we were interested in testing whether SST-eGFP
vector treatment produced independent effects upon neurogenesis and
microglial activation in kindled rats.

Fig. 5A shows a representative microphotograph of DAB-stained
EdU+ cells and the inset shows a cluster of EdU+ cells under 63x
magnification. Fig. 5B shows a representative confocal image of di-
viding EdU+ cells (in green) expressing the Type-1 NSC marker GFAP
(in cyan) and the Type-2 NPC marker SOX2 (in pink) counted 4 h after
EdU injection. The insets show examples of Type-1 GFAP+/SOX2+

NSCs (yellow arrow) and Type-2 GFAP−/SOX2+ NPCs (white arrows).
Fig. 5C shows that the total number of dividing EdU+ cells was similar
in the hippocampi of SST-eGFP versus eGFP vector-treated rats
(t(6) = 0.92; p= 0.39). Fig. 5D shows the mean (± S.E.M.) total
number of dividing EdU+ Type-1 NSCs and Type-2 NPCs in the hip-
pocampi of kindled rats treated with eGFP or SST-eGFP vector (see
Table 1 for the percentages of EdU+ cells expressing each phenotype).
While more Type-1 NSCs were observed than Type-2 NPCs
(F(1,6) = 14.25; p < 0.01**), these numbers neither varied by group
(F(1,6) = 1.16; p= 0.32) nor the overall interaction (F(1,6) = 0.02; p=
0.88). Fig. 5E shows that the mean (± S.E.M.) total number of sur-
viving BrdU+ cells was similar in the hippocampi of eGFP- and SST-
eGFP vector-treated rats (t(6) = −1.95; p= 0.10). Fig. 5F shows the
mean (± S.E.M.) net numbers of surviving BrdU+ neurons and astro-
cytes in the hippocampi of eGFP and SST-eGFP vector-treated rats.
These numbers varied by phenotype (F(3,18) = 317.14; p < 0.0001),
but not by group (F(1,6) = 0.57; p= 0.48) or the overall interaction
(F(3,18) = 1.80; p= 0.18). In both groups combined, the majority of
surviving BrdU+ cells were mature neurons (p < 0.001*** versus all
other phenotypes). Taken together, these data show that there was no
effect of SST-eGFP vector treatment on surviving BrdU+ cells or on
dividing EdU+ cells in the dentate gyri of kindled rats. However, de-
pendent t-tests confirmed that while numbers of surviving BrdU+ and
dividing EdU+ cell numbers were related in eGFP vector-treated rats
(t(3) = 8.68; p<0.01), they were unrelated in SST-eGFP vector-treated
rats (t(3) = 1.68; p= 0.19). In combination with our Experiment 1 ob-
servation that similar fold increases in dividing Type-1 NSCs and sur-
viving neurons are detected in kindled rats (Figs. 3D and 4 C), these
data suggest that SST-eGFP vector treatment increased within-subjects
variability enough to mask the relationship between the number of
dividing cells labeled with BrdU before and EdU after SST-eGFP vector
treatment.

Fig. 5G shows the mean (± S.E.M.) total number of microglia in the
GCL and hilus of eGFP- and SST-eGFP-vector-treated rats. Although
more Iba-1+ microglia were found in the hilus versus GCL
(F(1,6) = 30.55; p < 0.01**), this number neither varied by group
(F(1,6) = 0.13; p= 0.73) nor the overall interaction (F(1,6) = 1.04; p=
0.35). Fig. 5H shows the mean (± S.E.M.) numbers of resting and ac-
tivated Iba-1+ microglia in the GCL and hilus of eGFP- and SST-eGFP
vector-treated rats (see Table 2 for percentages of Iba-1+ microglia that
expressed the activation marker CD11b). These numbers varied by re-
gion (F(1,6) = 30.55; p < 0.01), activation state (F(1,6) = 319.26; p <
0.0001) and the interaction between region and activation state
(F(1,6) = 21.89; p < 0.01) but not by group or other interactions be-
tween the independent variables (all p values > 0.35). In both groups
combined, hilar microglia outnumbered GCL microglia (p < 0.01**),
activated microglia outnumbered resting microglia (p < 0.001), the
number of activated microglia outnumbered resting microglia in the
GCL (p < 0.01a) and the hilus (p < 0.001a) and the number of ac-
tivated microglia was higher in the hilus versus GCL (p < 0.01b). The
ratio of activated versus resting microglia was 2.05 in the GCL and the
3.86 in the hilus and the ratio of activated microglia in the hilus versus
GCL was 1.47. These data show that SST-eGFP vector treatment did not
reverse the kindling-induced activation of microglia.

In vector-treated rats, the total number of activated hilar microglia
correlated positively with the numbers of resting (r(8)= 0.86; p <
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0.01) and activated GCL microglia (r(8)= 0.74; p < 0.05) but nega-
tively with mature new neuron numbers (r(8) = -0.75; p < 0.05). In
the GCL, numbers of activated and resting microglia were correlated
positively (r(8)= 0.87; p < 0.01). These correlations suggest that an
inflammatory response persists most profoundly in the dentate gyri of
kindled rats and that the severity of microglial activation may influence
the survival of new neurons.

3.3. Sustained SST expression reverses kindling-induced changes in NSC
proliferation and potentiates activated microglia numbers in behavioral
responders

Since we previously demonstrated that subsets of rats respond be-
haviorally to sustained SST expression (Natarajan et al., 2017), we
kindled a larger cohort of rats to test whether sustained SST expression
differentially impacts neurogenesis and neuroinflammation in beha-
vioral responders and non-responders. Rats were kindled to criterion,
treated with eGFP or SST-eGFP vector and then given a test session
followed by post-test sessions after a 3-week recovery. Rats were in-
jected with BrdU 48 h after their final post-test session and perfused 4 h
later (see Fig. 1).

A subset of rats in the SST-eGFP vector-treated group responded to
treatment by exhibiting Grade 0 seizures on the test session while
others exhibited high grade seizures. We therefore divided the SST-
eGFP vector-treated group into SST-eGFP vector-treated responder
(n=5) and SST-eGFP vector-treated non-responder (n=8) groups.
Prior to vector treatment, the eGFP vector-treated controls, SST-eGFP
vector-treated responders and non-responders exhibited similar AD
threshold currents (eGFP vector-treated controls: 187.5 ± 12.5 μA,
SST-eGFP responders: 230.0 ± 33.9 μA, SST-eGFP non-responders:
212.5 ± 32.4 μA; F(2,14) = 0.34; p = 0.72), numbers of sessions before
exhibiting their first Grade 5 seizure (eGFP vector-treated controls:
20.0 ± 3.1 sessions, SST-eGFP responders: 18.4 ± 2.3 sessions, and
SST-eGFP non-responders: 16.5 ± 1.8 sessions; F(2,14) = 0.60; p =
0.56), numbers of high-grade seizures (eGFP vector-treated controls:
9.3 ± 2.0 seizures and SST-eGFP responders: 5.4 ± 0.9 seizures and
SST-eGFP non-responders: 7.1 ± 1.0 seizures; F(2,14) = 1.85; p = 0.19)
and numbers of sessions to achieve criterion (eGFP vector-treated
controls: 27.0 ± 2.1 sessions, SST-eGFP responders: 23.0 ± 2.3 ses-
sions, and SST-eGFP non-responders: 22.6 ± 1.7 sessions;
F(2,14)= 1.18, p = 0.35). We found a significant effect of vector
treatment on test session seizure grade (eGFP vector-treated controls:
3.3 ± 0.9, SST-eGFP responders: 0.0 ± 0.0 and SST-eGFP non-re-
sponders: 4.9 ± 0.1; H(2,17) = 12.72; p<0.01), such that SST-eGFP
responders exhibited a lower seizure grade than either eGFP vector-
treated controls (p < 0.05) and SST-eGFP non-responders (p <
0.01). The effect size of the difference between the eGFP vector-treated
and SST-eGFP responder groups on test session seizure grade (d=2.47)
far exceeded Cliff’s convention for a large effect size (Cliff, 1993). We
tested average post-test session grade prior to stepping up the AD cur-
rent as a measure of therapeutic resilience and found a significant effect
of vector treatment (eGFP vector-treated controls: 4.6 ± 0.3, SST-eGFP
responders: 1.6 ± 0.9, SST-eGFP non-responders: 4.8 ± 0.1;
H(2,17) = 6.73; p<0.05), such that SST-eGFP responders exhibited a
lower average seizure grade across post-test sessions than SST-eGFP
non-responders (p<0.05). Group differences were not detected at
higher stimulation currents.

Fig. 6A shows that the mean (± S.E.M.) total number of dividing
BrdU+ cells differed in the hippocampi of eGFP vector-treated controls,
SST-eGFP responders and SST-eGFP non-responders (F(2,14)= 7.84;
p < 0.01), such that SST-eGFP responders had fewer dividing BrdU+

cells than either eGFP vector-treated controls (p < 0.01a) or SST-eGFP
non-responders (p < 0.05b). Fig. 6B shows the mean (± S.E.M.) total
number of dividing BrdU+ Type-1 NSCs and Type-2 NPCs in the hip-
pocampi of eGFP vector-treated controls, SST-eGFP non-responders,
and SST-eGFP responders (see Table 1 for the percentages of BrdU+

Fig. 6. Kindling-stimulated changes in Type-1 division were diminished in
responders to SST gene transfer. (A) Stereological estimates of dividing
BrdU+ cell number revealed no difference between eGFP- and SST-eGFP vector-
treated non-responders, but a significant decrease in SST-eGFP vector-treated
responders versus eGFP vector-treated rats (p<0.01a) and SST-eGFP vector-
treated non-responders (p<0.05b). (B) Quantification of the number of newly
divided Type-1 NSCs and Type-2 NPCs revealed a decrease in the proliferation
of BrdU+ Type-1 NSCs in SST-eGFP vector-treated responders, but not in SST-
eGFP vector-treated non-responders, versus eGFP vector-treated rats
(p<0.001***) and fewer BrdU+ Type-2 NSCs in eGFP vector-treated
(p < 0.05a) and SST-eGFP vector-treated non-responders (p<0.001a) than
BrdU+ Type-1 NPCs, but not in SST-eGFP vector-treated responders. (C)
Stereological estimates of Iba-1+ microglia revealed no differences in microglia
number between groups in either the GCL or hilus hippocampal subregions but
more microglia in the hilus versus GCL of all groups combined (p<0.001**).
(D) Activated microglia outnumbered resting microglia in both the GCL (p <
0.01**) and hilus (p < 0.001***) and the number of activated microglia was
higher in the hilus versus GCL (p < 0.001a).
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cells expressing each phenotype). Generally, more Type-1 NSCs were
observed than Type-2 NPCs (F(2,14) = 20.54; p<0.001), but these
numbers varied by group (F(2,14)= 7.45; p < 0.01) and by the overall
interaction (F(2,14) = 23.67; p < 0.0001). Fewer dividing BrdU+ cells
were found in the dentate gyri of SST-eGFP responders versus eGFP
vector-treated controls and SST-eGFP non-responders (p < 0.01 and
p < 0.05, respectively). This effect was primarily due to the reduced
number of dividing Type-1 NSCs found in the dentate gyri of SST-eGFP
responders versus eGFP vector-treated controls and SST-eGFP non-re-
sponders (both p values<0.001***). Moreover, fewer dividing Type-2
NPCs than dividing Type-1 NSCs were found in the dentate gyri of eGFP
vector-treated controls (p<0.05a) and SST-eGFP non-responders
(p<0.001a), but similar numbers of dividing Type-1 NSCs and Type-2
NPCs were observed in SST-eGFP-responders. These data suggest that
sustained SST transgene expression may block the proliferation of Type-
1 NSCs in behavioral responders.

Fig. 6C shows the mean (± S.E.M.) total number of microglia in the
GCL and hilus of eGFP vector-treated controls, SST-eGFP non-re-
sponders, and SST-eGFP responders. More Iba-1+ microglia were found
in the hilus versus GCL (F(2,14) = 15.10; p < 0.01), but the numbers
neither varied by group (F(2,14)= 0.44; p= 0.66) nor the overall in-
teraction (F(2,14) = 1.09; p= 0.36). Fig. 6D shows the mean
(± S.E.M.) numbers of resting and activated Iba-1+ microglia in the
GCL and hilus of eGFP vector-treated controls, SST-eGFP non-re-
sponders and SST-eGFP responders (see Table 2 for percentages of Iba-
1+ cells expressing the activation marker CD11b). These numbers
varied by region (F(2,14) = 15.10; p < 0.01), activation state
(F(2,14)= 207.97; p < 0.0001) and the interaction between region and
activation state (F(1,6) = 52.80; p < 0.0001) but neither by group nor
other interactions between the independent variables (all p values >
0.09). Generally, hilar microglia outnumbered GCL microglia (p <
0.01) and activated microglia outnumbered resting microglia
(p<0.001). In fact, activated microglia outnumbered resting microglia
in both the GCL (p < 0.01**) and hilus (p < 0.001***) and the
number of activated microglia was higher in the hilus versus GCL (p <
0.001a). The ratio of activated versus resting microglia was 1.54 in the
GCL and the 2.89 in the hilus and the ratio of activated microglia in the
hilus versus GCL was 1.54.

The total number of dividing Type-1 NSCs correlated positively with
the total number of activated GCL (r(17) = 0.62; p < 0.0001) and hilar
(r(17) = 0.43; p < 0.05) microglia and negatively with the total
number of resting GCL (r(17) = −0.37; p < 0.05) and hilar (r(10) =
−0.44; p < 0.01) microglia. These data suggest that microglial acti-
vation and Type-1 NSC proliferation may be related processes in the
hippocampi of kindled rats.

4. Discussion

In this study, we tested whether sustained vector-mediated expres-
sion of a SST gene could alter the effects of kindling on neurogenesis
and neuroinflammation in the dentate gyri of adult male rats. We found
that the proliferation of Type-1 NSCs was stimulated in the hippocampi
of kindled rats and observed a microglial response that persisted in the
hilus for several weeks. These effects were also observed in the hip-
pocampi of kindled rats that did not respond behaviorally to SST vector
treatment. However, numbers of dividing Type-1 NSCs (but not acti-
vated microglia) were normalized in the hippocampi of rats that did
respond behaviorally to SST vector treatment by exhibiting Grade 0
seizures on the test session. Our data are consistent with a role for
aberrant neurogenesis in seizure maintenance and suggest the value of
optimizing SST-based treatment strategies or alternatives that target
upregulated Type-1 NSC division in models of temporal lobe epilepsy.

In agreement with studies employing single or repeated electrical
stimulation protocols, we found that kindling upregulated the number
of dividing cells in the hippocampi of adult rats (Bengzon et al., 1997;
Nakagawa et al., 2000; Parent et al., 1998, 1997). Dividing cells in the

hippocampal dentate gyrus can include relatively quiescent Type-1
NSCs with varied morphologies (Lugert et al., 2010) and more com-
monly proliferative, uncommitted Type-2a and neuronal lineage-com-
mitted Type -2b NPCs (Filippov et al., 2003; Kronenberg et al., 2003;
Seri et al., 2001; Steiner et al., 2006; Suh et al., 2007). We add to the
picture of how electrical kindling affects neurogenesis by showing that
the number of dividing Type-1 NSCs (but not Type-2 NPCs) is elevated
˜3-fold even 48 h after rats experience their 3rd consecutive Grade 5
seizure in twice daily sessions or after rats that had already achieved
criterion weeks earlier experience their final intermittent seizure in
post-test sessions administered every 2–3 days. We expect that these
increases may be more robust in this model at earlier time points (for
example, 0–48 h) after the final seizure, as the neurogenic effect may
degrade over time after an induced seizure (Nakagawa et al., 2000).
Our finding is consistent with studies describing increased numbers of
dividing Type-1 NSCs in the dentate gyri of rodents after electro-
convulsive seizures or status epilepticus induced by the chemo-
convulsants kainic acid and pilocarpine (Borges et al., 2006; Hüttmann
et al., 2003; Segi-Nishida et al., 2008; Steiner et al., 2008; Zhu et al.,
2005). Whether the abnormal upregulation of Type-1 NSC division in
kindling models directly contributes to the production of ectopic
granule neurons with aberrant morphologies and connectivity across
epilepsy models is unclear.

The observation that supraphysiological numbers of new neurons
with aberrant morphologies and connectivity are produced in the hip-
pocampi of animals kindled electrically or chemically led to the hy-
pothesis that aberrant neurogenesis may underlie seizure development
and maintenance in epilepsy models (Jessberger and Parent, 2015).
Several studies have shown that ablating neurogenesis with targeted γ-
irradiation, anti-proliferative drug or genetic ablation strategies does
not eliminate seizures but can reduce the number of seizures exhibited
and their duration (Chen et al., 2001; Cho et al., 2015; Jung et al., 2004,
2006; Maesawa et al., 2000; Mori et al., 2000). Importantly, quiescent
Type-1 NSCs are neither susceptible to these ablation strategies nor to
doses of 3[H]-thymidine or thymidine analogues that are lethal to di-
viding cells (Barazzuol et al., 2017; Cho et al., 2015; Morshead et al.,
1994) rendering the ablation of neurogenesis using these strategies
incomplete. Therefore, the development of novel strategies that speci-
fically ablate quiescent Type-1 NSCs may be necessary to test the role
that aberrant neurogenesis plays in the development and maintenance
of seizures. Future work employing a complete ablation strategy would
be necessary for testing whether SST vector-mediated changes in neu-
rogenesis impacted seizure behavior or whether SST vector-mediated
changes in seizure behavior impacted neurogenesis in SST-responder
rats.

New neurons produced in the adult rodent hippocampus become
morphologically and electrophysiologically indistinguishable from
mature granule neurons after about a month (Cameron and McKay,
2001; Speisman et al., 2013a, b; van Praag et al., 1999a). Consistent
with these data, we found that most 4 week-old cells expressed a mature
neuronal phenotype in the dentate gyri of both sham-kindled and kin-
dled rats. We did not specifically test whether new neurons matured
and integrated more quickly in the dentate gyri of kindled versus sham-
kindled rats (Overstreet-Wadiche et al., 2006), but we did observe si-
milar ratios of dividing and surviving neurons between groups, sug-
gesting that neuronal differentiation and the survival of new neurons
was unaffected by the physiological changes that accompany the fully-
kindled seizure susceptible state. Note that thymidine analogues are
metabolically active for ˜2 h after injection, that NSCs/NPCs complete
division in ˜ 24 h and divide several times and that a large number of
progeny die within 2 weeks of birth in the adult hippocampus (Cameron
and McKay, 2001; Cameron et al., 1993). The similar numbers of di-
viding cell numbers quantified 4 h after and surviving new neuron
numbers quantified weeks after thymidine analogue injection in sham
rats and in kindled rats in Experiment 1 and in control vector and in SST-
eGFP vector-treated rats in Experiment 2 also supports the notion that
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new neuron survival was not impacted by the seizure susceptible state,
additional imposed seizures, vector injection or sustained SST or GFP
expression. In fact, these results are consistent with other studies that
quantify labeled cells in cage control animals at similar time points
after a single thymidine analog injection (Cameron et al., 1993; Gould
et al., 1999) and with the natural decline reported in surviving versus
dividing numbers quantified at similar time points after multiple thy-
midine analog injections (Kempermann et al., 1997). Seizures can in-
duce mossy fiber sprouting and ectopic migration in young neurons but
more profoundly impact neurons born during or just after the seizure
(Kron et al., 2010). Testing whether Type-1 NSCs that are stimulated to
divide in the kindled brain produce Type-2a NPCs, Type-2b NPCs and/
or neurons with more aberrant morphologies, placement or maturation
rates than dividing Type-2 NPCs may provide insight into whether and
how aberrant neurogenesis supports the development and maintenance
of seizures.

Once fully kindled, rats continue to reliably produce robust evoked
seizures across time and multiple tests (Brandt et al., 2004; Kalynchuk,
2000; Pinel and Rovner, 1978). Thus, any subsequent low-grade evoked
seizure could be considered a response, whereas a prolonged reduction
in evoked seizure grade may be considered therapeutic resilience. The
key distinction lies in the question being asked. Our responder criterion
based on evoked seizure grade upon the first re-stimulation after vector
is clinically relevant and is often used in the preclinical study of anti-
epileptic drugs. An interesting aspect of the SST vector treatment was
the all-or-none response, which we observed in prior work as well
(Natarajan et al., 2017). Non-responder sub-populations are not unu-
sual for antiepileptic therapies (Loscher, 2002; Loscher et al., 1993),
and we took advantage of the varied responses to probe for any dif-
ferences in neurogenesis and markers of inflammation between treat-
ment responders versus non-responders.

Since SST vector blocked seizures in a subset of fully kindled rats
and SST is anti-proliferative in other tissues, we hypothesized that SST
may produce behavioral effects by modulating neurogenesis in the
dentate gyri of kindled rats. We confirmed that sustained SST transgene
expression blocks seizures in a subset of fully-kindled rats and nor-
malized the division of Type-1 NSCs in dentate gyri of those rats. This
effect is interesting because inhibitory hilar SSTergic neurons may se-
lectively die early in epileptogenesis (Botterill et al., 2017; Buckmaster
and Dudek, 1997; Robbins et al., 1991; Sloviter, 1987; Sun et al., 2007).
It is possible that SST vector treatment indirectly mediates the reduc-
tion of Type-1 NSC division through its anti-epileptic effects, but our
data raise the interesting possibility that vector-mediated SST expres-
sion may potentiate the anti-proliferative effects that surviving SSTergic
neurons may exert on dividing Type-1 NSCs. Although SST expressing
cells are found in the dentate gyrus SGZ/GCL region (Billova et al.,
2007; Natarajan et al., 2017), whether NSCs and NPCs express SSTRs in
adult animals is unknown. SST does modulate neuronal migration
during embryogenesis and embryonic NSCs/NPCs express SSTRs
(Maubert et al., 1994; Yacubova and Komuro, 2002). In addition, SSTR2

agonists suppress the adrenalectomy-induced proliferation of pituitary
cells and TGF-β works through SST to suppress the expansion of neu-
roendocrine tumor cells (Leu et al., 2008; Nolan et al., 2007). Future
experiments that identify the mechanisms through which SST mod-
ulates Type-1 NSC proliferation may lead to better SST responder rates,
since SSTR expression could differ between SST responder and non-
responder rats. Our earlier work demonstrated a higher responder rate
when vector-mediated SST expression was initiated before the onset of
kindling sessions (Zafar et al., 2012), suggesting that SST may work
through transient mechanisms with timing that varied between re-
sponder and non-responder rats. After a certain period of time hy-
pothesized changes that underlie seizure development and maintenance
may become more permanent and difficult to reverse. For instance,
earlier treatment may largely prevent the maturation of networks
composed of high numbers of seizure-induced, new neurons with
aberrant morphologies and connectivity (Botterill et al., 2015; Parent

et al., 2006). We have observed increased staining for somatostatin in
SST-eGFP treated rats (Natarajan et al., 2017), but it is difficult to
confirm increased release of the neuropeptide from transfected neurons
and whether that varied between responders and non-responders. In the
same vein, although we detected similar infection intensities and
overall SST responder rates between Experiment 2, which employed a
SST-eGFP vector with a medium titer (1.0× 1013 vg/ml; 2/4 re-
sponders) and Experiment 3, which employed SST-eGFP vectors with
lower (6.1× 1012 vg/ml; 1/7 responders) or higher (4.9× 1013 vg/ml;
4/6 responders) titers, SST responder ratios suggest that responder rates
may increase with increasing titers. However, differences in design
between Experiments 2 and 3 and low rat numbers within each titer
group precluded direct comparison of the effects of titer dose on di-
viding Type-1 NSCs and on seizure severity. Future work should ex-
perimentally test whether SST vector titer dose impacts these variables.

While neuroinflammation is typically reported to compromise
neurogenesis (Chen et al., 2011; Ekdahl et al., 2003; Lee et al., 2013;
Monje et al., 2003; Ormerod et al., 2013), neurogenesis and neuroin-
flammation are both potentiated in the hippocampi of kindled rats
(Bengzon et al., 1997; Khurgel and Ivy, 1996; Parent et al., 1998, 1997;
Plata-Salamán et al., 2000). In the current study, we found an increased
number of activated microglia immediately after rats exhibited their 3rd

Grade 5 seizure that persisted most robustly in the hilus for at least
4 weeks. The increased number of dividing Type-1 NSCs found in the
dentate gyri of kindled rats after they exhibited their 3rd Grade 5 seizure
both correlated positively with activated microglia number and trans-
lated into a similar increase in new neuron number 4 weeks later. Given
that complex stimuli can produce variable microglial activation states
(Butovsky et al., 2006; Siddiqui et al., 2016), kindling could stimulate a
microglial activation state that differs from that which ablates neuro-
genesis in other models. For instance, seizures can induce the microglial
production of insulin-like growth factor-1, which stimulates hippo-
campal cell proliferation (Aberg et al., 2003; Beck et al., 1995; Choi
et al., 2008; O’Kusky et al., 2000; Trejo et al., 2001) and reducing
microglial activation after status epilepticus by blocking microglial
CX3CR1 signaling normalizes subgranular zone cell proliferation (Ali
et al., 2015). We are currently profiling hippocampal protein samples of
control, kindled and vector-treated kindled rats to identify which cy-
tokines vary in concentration across these contexts. Alternatively,
kindling may produce a neuroinflammatory response similar to that
which ablates neurogenesis that is initially superseded by another
physiological effect produced by kindling and/or kindled seizures. The
observation that hippocampal neurogenesis is severely diminished in
chronic epilepsy models or in individuals with chronic epilepsy
(D’Alessio et al., 2010; Hattiangady et al., 2004) suggests that either the
chronic neuroinflammatory response eventually compromises neuro-
genesis or possibly that the progenitor pool becomes exhausted by the
initial supraphysiological upregulation of Type-1 NSC division. Identi-
fying the mechanisms through which neurogenesis is modulated in the
kindled brain may provide insights into novel therapeutic strategies.

5. Conclusions

We demonstrated that the number of dividing Type-1 NSCs is po-
tently increased 48 h after kindled rats exhibit their 3rd consecutive
Grade 5 seizure and that, within a subset of rats that respond beha-
viorally to sustained vector-mediated SST expression, this number is
normalized. This finding encourages the refinement of strategies that
more specifically target SST signaling and their timing with the inten-
tion of improving response rates in future work. Consistent with pre-
vious work, the increase in dividing Type-1 NSCs that we observed was
paradoxically associated with an increase in the number of activated
microglia in the GCL and a more robust and persistent increase in the
hilus of kindled rats and this neuroinflammatory response was un-
affected by vector treatment. Testing whether or how the neuroin-
flammatory or other physiological responses that accompany epilepsy
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or that are stimulated by kindling in animal models of epilepsy may
uniquely render neurogenesis aberrant may provide insight into the
mechanisms that drive the development and maintenance of seizure
behavior. Collectively, our results support the hypothesis that Type-1
NSCs may be a novel target for epilepsy treatments and that aberrant
neurogenesis could be a cellular mechanism of seizure development and
maintenance. Of course, future work employing complete neurogenesis
ablation strategies (i.e. targeting resistant Type-1 NSCs) would be re-
quired to test whether aberrant neurogenesis (through the upregulation
of Type-1 NSCs) is a cellular mechanism for epilepsy or physiological
response to seizures. In the latter case, aberrantly connected young
neurons could still provide a cellular substrate for seizure maintenance.
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