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Seizure Reduction
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Mesial temporal lobe epilepsy (mTLE), the most common form of medically refractory epilepsy in adults, is usually associated with
hippocampal pathophysiology. Using rodent models of mTLE, many studies including work from our laboratory have shown that new
neurons born around the onset of severe acute seizures known as status epilepticus (SE) are crucial for the process of epileptogenesis and
targeting seizure-induced neurogenesis either genetically or pharmacologically can impact the frequency of chronic seizures. However,
these studies are limited in their clinical relevance as none of them determines the potential of blocking new neurons generated after the
epileptogenic insult to alleviate the development of chronic seizures. Therefore, using a pilocarpine-induced SE model of mTLE in mice
of either sex, we show that �4 weeks of continuous and concurrent ablation of seizure-induced neurogenesis after SE can reduce the
formation of spontaneous recurrent seizures by 65%. We also found that blocking post-SE neurogenesis does not lead to long-term
seizure reduction as the effect was observed only transiently for 10 d with �4 weeks of continuous and concurrent ablation of seizure-
induced neurogenesis. Thus, these findings provide evidence that seizure-induced neurogenesis when adequately reduced in a clinically
relevant time period has the potential to transiently suppress recurrent seizures, but additional mechanisms need to be targeted to
permanently prevent epilepsy development.
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Introduction
Millions of people around the world suffer from epilepsy, a
neurological disorder where highly synchronized and high-
frequency activity of neurons leads to epileptic discharges. Mesial

temporal lobe epilepsy (mTLE) is the most common form of
medically refractory epilepsy in adults (Engel, 2001). Apart from
genetic mutations and developmental malformations, brain in-
juries such as head trauma, infection, ischemia, prolonged febrile
seizures and status epilepticus (SE) cause mTLE (Kwan and Bro-
die, 2000; Chang and Lowenstein, 2003). Furthermore, such an
initial brain insult is followed by a latent period before clinically
detectable seizures appear eventually culminating in spontane-
ous recurrent seizures (SRS). This latent period is also described
as the period of epileptogenesis and may present a possible ther-
apeutic window to prevent the development of epilepsy (Pit-
känen and Sutula, 2002).

Hippocampal sclerosis is the most common pathophysiology
associated with mTLE but other structural lesions could also play
a role in seizure development (Mathern et al., 1993, 1995; Semah
et al., 1998). Although recent work has sparked debate regarding
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Significance Statement

Consistent with morphological and electrophysiological studies suggesting aberrant adult-generated neurons contribute to epi-
lepsy development, ablation of seizure-induced new neurons at the time of the initial insult reduces the frequency of recurrent
seizures. In this study, we show that continuous targeting of post-insult new neurons in a therapeutically relevant time period
reduces chronic seizures; however, this effect does not persist suggesting possible additional mechanisms.
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the level of adult hippocampal neurogenesis in humans, new neu-
rons are continuously generated in the dentate gyrus of rodent
hippocampus and shown to play essential roles in memory and
cognition under physiological conditions (Kempermann et al.,
2004, 2018; Gage and Temple, 2013; Epp et al., 2016; Boldrini et
al., 2018; Sorrells et al., 2018; Gage, 2019; Moreno-Jiménez et al.,
2019). Moreover, abnormal granule cells have been observed in
both rodent models of mTLE and human mTLE patients al-
though the contribution of new neurons to this process is not
known (Parent et al., 1997; von Campe et al., 1997; Marucci et al.,
2013). mTLE is characterized by abnormal maturation or mor-
phology in hippocampal neurogenesis including production of
ectopic granule cells (EGCs), mossy fiber sprouting, neuronal
hypertrophy, persistence of hilar basal dendrites, and accelerated
maturation (Parent et al., 1997; Nadler, 2003; Overstreet-
Wadiche et al., 2006; Thind et al., 2008). These morphological
and functional abnormalities in adult-generated neurons are
thought to contribute to the development of epileptogenic cir-
cuitry (Scharfman, 2002; Scharfman et al., 2007). Studies using
rodent models of mTLE have shown that by reducing adult hip-
pocampal neurogenesis either genetically or pharmacologically,
the frequency of chronic seizures is altered suggesting that
seizure-induced neurogenesis represents an important cellular
target to prevent epilepsy (Jung et al., 2004, 2006; Cho et al., 2015;
Hosford et al., 2016, 2017).

However, a limitation of these studies is that ablation of neu-
rogenesis happens before the acute seizures, which has limited
therapeutic relevance. For example, Cho et al. (2015) showed that
blocking neurogenesis for 4 weeks before pilocarpine-induced SE
led to seizure suppression. Consistent with these findings, Hos-
ford et al. (2016)showed a reduction in SRS when the cohort of
cells born up to 5 weeks before pilocarpine-induced SE was la-
beled and ablated beginning 3 d after the induction of SE. Inter-
estingly, Hosford et al. (2017) performed a subsequent study in
which cells born before and after SE were labeled but ablated 2–3
months after the animals were in the chronic seizure phase,
halted epilepsy development but did not cause an immediate
reduction in the seizures. Though all of these studies support the
notion that new neurons born around the time of the initial insult
contribute to epileptogenesis, whether it is possible to exclusively
target post-SE generated neurons to reduce recurrent seizures is
still unknown.

Based on these previous studies, we hypothesized that abla-
tion of post-seizure neurogenesis would suppress epilepsy forma-
tion. To test our hypothesis, we used Nestin-�-HSV-thymidine
kinase-EGFP (Nestin-TK) transgenic mice to ablate neurogenesis
for 4 or 8 weeks specifically after SE in a mouse pilocarpine-
induced SE model of mTLE. We measured SRS frequency from 5
weeks post-SE (WPSE) to 7-WPSE and found that �4 weeks of
continuous ablation of post-SE neurogenesis was required to re-
duce SRS development by 65%. We also found that this reduction
in SRS was transient for 10 d with �4 weeks of continuous and
concurrent ablation of seizure-induced neurogenesis. Thus, we
show that continuous ablation of seizure-induced neurogenesis
has the potential to control the development of chronic seizures
at least transiently.

Materials and Methods
Mice. Both male and female mice were used in this study. Mice were bred
and maintained as per the guidelines of the animal facility including 12 h
light/dark cycles and not �5 animals per cage. Nestin-TK-EGFP mice
were bred and genotyped as described previously (Cho et al., 2015). Alzet
mini osmotic pumps (model 2004) were used in all the experiments for

the delivery of Vehicle (saline) or ganciclovir (GCV; PRX315110) to the
animals. The GCV dose used for the experiments was 150 mg/kg/d and
the pumps were replaced after 4 weeks in the experiments where two
rounds of pumps were used. All the experiments were performed in
compliance with the regulatory guidelines for animal care issued by the
National Institutes of Health and by the Institutional Animal Use and
Care Committee at University of Texas Southwestern Medical Center,
Dallas, TX.

Chemoconvulsant model of mTLE. Six-week-old male and female
Nestin-TK mice were administered scopolamine methyl nitrate (2 mg/
kg; Sigma-Aldrich, S2250) and terbutaline hemisulfate salt (2 mg/kg;
Sigma-Aldrich, T2528) intraperitoneally to block peripheral effects of
pilocarpine and dilate the respiratory tract, respectively. Thirty minutes
later, mice were intraperitoneally injected with pilocarpine hydrochlo-
ride (Sigma-Aldrich, P6503) at 245 mg/kg for males and 280 mg/kg for
females and placed in an incubator (Thermocare) maintained at 31°C.
Acute seizures were behaviorally monitored based on a modified Racine
scale (Racine, 1972) with different stages as following: Stage 1, mouth and
facial movement; Stage 2, head nodding; Stage 3, forelimb clonus; Stage
4, rearing with forelimb clonus; Stage 5, rearing and falling with forelimb
clonus. Once the mice reached SE (defined by continuous tonic clonic
convulsive seizures), they were placed at room temperature (RT) for 3 h.
Diazepam (Sigma-Aldrich, D0899) was administered intraperitoneally at
10 mg/kg to mice after 3 h to stop the seizures and mini osmotic pumps
with either Veh or GCV were implanted subcutaneously. To facilitate the
recovery process, mice were administered 5% dextrose solution (1 ml,
i.p.) and 0.9% saline (1 ml, i.p.). Mice were monitored in the incubated
chamber for 2 d after which they were returned to home cages and
housed together. All animals used in the study were injected with bro-
modeoxyuridine (BrdU; 150 mg/kg, i.p.; Sigma-Aldrich B5002) once a
day on Days 1–3 after pilocarpine to label proliferating cells after acute
seizures.

Video-electroencephalogram monitoring. Video-electroencephalogram
(EEG) recording was performed between 5-WPSE and 7-WPSE and in
other cases 18-WPSE to 20-WPSE. Mice were anesthetized using 2–3%
isoflurane and were given analgesic buprenorphine (0.05 mg/kg, s.c.)
before the surgery as per animal care guidelines. EEG transmitters
(TA11ETAF10, Data Sciences International) were implanted subcutane-
ously with wires connected to stainless steel screws drilled in the skull at
the following coordinates from bregma: Screw 1 at anterior–posterior
(AP): �0.1, medial lateral (ML): �0.2; and Screw 2 at AP: �0.2, ML:
�0.22. Continuous video-EEG monitoring via wireless telemetry was
performed in singly housed mice for a total of 2 weeks. The data were
reviewed and quantified by a user blinded to the experimental groups
using NeuroScore Software v3.0 (Data Sciences International). Behav-
ioral seizures were defined by repetitive epileptiform spiking activity
(�3 Hz) that persisted for �10 s and was confirmed using video
recordings (Cho et al., 2015). Convulsive seizure activity was marked
at the beginning and end of each event to account for seizure duration
and the number of seizures for each mouse. In our analysis, all mice
with EEG seizures also showed convulsive seizures and we were not
able to define any non-convulsive seizures (Kelly, 2004; D’Ambrosio
and Miller, 2010; Dudek and Bertram, 2010). Therefore, to avoid any
ambiguity in data analysis, we measured the convulsive seizures that
were robust, and we could confirm them with the corresponding
videos based on the Racine scale. The time course analysis of seizure
development over 14 d was performed by dividing the entire time
period into 5 epochs (0 –2, 2–5, 5– 8, 8 –11, 11–14 d) and the average
number of seizure events per epoch were calculated for both Veh- and
GCV-treated animals. At the end of EEG recordings, mice were killed
and brains collected for immunohistochemistry.

Immunohistochemistry. All the mice after EEG recordings were anes-
thetized and transcardially perfused with 4% cold paraformaldehyde
(PFA; Fisher Scientific, AC416780100). The brains were dissected out
and transferred to 4% PFA for 1 d following which they were transferred
to 30% sucrose solution where they were allowed to sink to the bottom of
the tubes until 2 d. The fixed brains were bisected and right side of the
brain was coronally sectioned at 30 �m thickness on a freezing mi-
crotome (Leica, SM 2000R). All doublecortin (DCX) and Prospero ho-
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meobox (Prox1) staining were performed on free-floating tissue sections
as detailed in the following protocol. Free floating tissue sections were
washed thrice in 1� Tris-buffered saline (TBS) and treated with 3%
H2O2 (Fisher Scientific, H325) for 30 min at RT on a shaker to quench the
endogenous peroxidases. After 30 min, the sections were thoroughly
rinsed with 1� TBS 3– 4 times and were left in blocking solution made of
3% donkey serum (Sigma-Aldrich, D9663) and 0.3% Triton X-100
(Fisher Scientific, BP151) in 1� TBS for 1 h at RT. Goat anti-DCX
(1:1000; Santa Cruz Biotechnology, sc-271390) or rabbit anti-Prox1 (1:
1000; Millipore, AB5475) was added and the sections were left overnight
at 4 �C. On Day 2, the sections were washed with 1� TBS 3– 4 times,
incubated in goat anti-biotin (1:200; Jackson ImmunoResearch, 705-
065-147) or rabbit anti-biotin (1:20; Jackson ImmunoResearch, 711-
065-152) for 2 h at RT. The sections were subsequently washed 3– 4 times
with 1� TBS and incubated in avidin biotin complex (1:50; ABC Vec-
tastain, Vector Laboratories, PK-4000) in 1� TBS for 1 h at RT. After
ABC treatment, sections were rinsed 3– 4 times in 1� TBS, treated with 3,
3�-diaminobenzidine (DAB� chromogen; Dako, K3468) for 2–3 min,
rinsed thoroughly with 1� TBS and mounted on microscopic slides. The
slides were air-dried and serially dehydrated with 70, 80, 90, 95, and
100% ethyl alcohol for 3 min each. After 100% alcohol, the slides were
treated with xylene for 30 min, cleaned and coverslipped. For BrdU/
Prox1 staining, sections were washed twice with 1� TBS and permeabil-
ized with 0.4% Triton in TBS for 30 min at RT. After permeabilization,
the sections were washed twice with 1� TBS for 10 min each, following
which they were incubated in 2N hydrochloric acid (HCl) at 37°C for 15
min. After HCl treatment, the sections were washed with 0.1M Na2B4O7

(Borate buffer), pH 9.5, for 10 min at RT. They were subsequently
washed twice with 1� TBS at RT and incubated in blocking buffer for 1 h.
Rat anti-BrdU (1:500; Abcam, ab6326) and rabbit anti-Prox1 (1:500;
Millipore, AB5475) were added onto the sections and left overnight at
4°C. On Day 2, the sections were rinsed 3– 4 times in 1� TBS and incu-
bated with secondary antibodies (1:300, anti-rat-cy3; Jackson Immu-
noResearch, 712-165-153; and 1:300, anti-rabbit AlexaFluor 488,
Al-11055) for 3 h. The sections were then rinsed thrice in 1�TBS for 10
min each at RT, DAPI was added and rinsed again and mounted on the
microscopic glass slides.

Microscopic analysis and quantification. Quantification of cell number
for the DAB stained cells in the hippocampus was performed using an
inverted microscope (Nikon, Eclipse TE2000-U) equipped with a col-
ored camera by an observer blinded to experimental groups. Subgranular
zone was defined as the area within the diameter of one granule cell from
the margin of granule cell layer. For counting hilar ectopic granule cells,
hilar zone was defined as the area beyond the granule cell layer. Immu-
noreactive cells were quantified in every twelfth 30 �m coronal section
throughout the dentate gyrus. The numbers counted from each section
were added and multiplied by 24 to estimate the total number of cells in
one animal brain. Leica SP8 was used for confocal imaging and ImageJ
was used for image analysis.

Statistics. All the data are expressed as mean � SEM. Experimental
groups were assigned by simple randomization. No statistical methods
were used to predetermine sample sizes. Statistical differences were ana-
lyzed using two-tailed Student’s t test for data with equal variances. None
of the results showed statistically significant sexual dimorphism. One-
way ANOVA was used for comparison between data with multiple
groups. GraphPad Prism software v7.0 was used for all statistical analysis.
Values of p � 0.05 were considered significant.

Results
Four weeks of blocking post-seizure neurogenesis does not
suppress chronic seizures
To determine whether 4 weeks of blocking post-seizure neuro-
genesis can suppress chronic seizures, we used Nestin-TK trans-
genic mice to ablate adult hippocampal neurogenesis after acute
seizures (Fig. 1A). With this genetic model, dividing neural pro-
genitor cells can be specifically ablated with the administration of
GCV without affecting glial and endothelial cells (Yu et al., 2008).
Approximately 6-week-old male and female mice were injected

with pilocarpine to induce SE and allowed to remain in SE for 3 h
before terminating the seizures with diazepam. Immediately after
diazepam injections, osmotic minipumps filled with either GCV
or Veh were implanted in the mice to ablate neurogenesis for 4
weeks. To assess the functional impact of blocking post-seizure
neurogenesis, we performed 2 weeks (5-WPSE to 7-WPSE) of
24/7 continuous video-EEG monitoring. We found that 4 weeks
of ablation did not have any effect on SRS frequency or duration
in GCV-treated animals compared with Veh-treated controls
(Fig. 1B,C) suggesting that this amount of ablation is not enough
to reduce seizure-induced new neurons to affect SRS. Though
there was no overall significant difference in SRS between Veh-
and GCV-treated animals, we found that SRS frequency evolved
over the period of 14 d where Veh-treated animals had more
seizures compared with GCV-treated animals. This suggested
that without treatment control animals might continue to have
more seizures and continuous ablation might help in effectively
reducing the SRS frequency (Fig. 1D). It has been shown that
seizures induce proliferation of DCX-expressing late stage pro-
genitors and neuroblasts in the subgranular zone (SGZ) of DG
(Jessberger et al., 2005). Additionally, seizures also increase the
number of granule cells located ectopically in the dentate hilus
(Scharfman et al., 2007). Therefore, to gain insight into the cel-
lular changes affected by 4 weeks of post-seizure ablation, we first
assessed the number of DCX-expressing neuroblasts and imma-
ture neurons in the SGZ. We found that whereas Veh-treated
animals had 10,581 � 921.2 (n 	 7) DCX� cells, GCV-treated
animals showed a significant reduction to 1450 � 255.2 (n 	 7)
cells in the SGZ (Fig. 1E,F). Next, we examined the Prox1 ex-
pressing hilar EGCs in the dentate hilus. Whereas Veh-treated
animals had 7615 � 948.6 (n 	 7) hilar EGCs, the number of hilar
EGCs in GCV-treated animals was significantly decreased to
1903 � 318.2 (n 	 7; Fig. 1G,H). Thus, despite the significant
reduction in post-seizure neurogenesis, we found that SRS per-
sist, suggesting that seizure-induced neurogenesis needs to be
continuously reduced or reduced below a certain threshold to
impact SRS frequency (Brulet et al., 2017).

Greater than 4 weeks of blocking post-seizure neurogenesis
suppresses chronic seizures
To test the hypothesis that seizure-induced neurogenesis needs to
be continuously reduced to impact chronic SRS and because 4
weeks of ablation of post-seizure neurogenesis did not affect
overall SRS development, we ablated neurogenesis for 8 weeks
after SE (Fig. 2A). Osmotic minipumps filled with either Veh or
GCV were inserted in Nestin-TK mice immediately after termi-
nation of 3 h of pilocarpine-induced SE. However, after 4 weeks
of ablation, the first set of minipumps were removed, and a new
set of pumps filled with Veh or GCV were inserted into these mice
for 4 more weeks. We performed continuous video EEG moni-
toring for 2 weeks similar to the first experimental paradigm
(5-WPSE to 7-WPSE) and found a 65% reduction in SRS fre-
quency in the GCV-treated group of animals with no change in
SRS duration compared with Veh-treated animals (Fig. 2B,C).
We also found that similar to the first experimental paradigm, the
control animals continued to have more seizures, whereas the
SRS frequency in GCV-treated animals dropped significantly. In-
terestingly, the significant seizure reduction was only in the first
10 d and started disappearing by the end of 2 weeks (Fig. 2D).
Therefore, we did not continue to record for 1 more week while
GCV was still given and perfused the mice at 8 weeks (after the
completion of GCV treatment) and performed histology to esti-
mate the reduction in DCX� neuroblasts and immature neurons
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in SGZ and Prox1� hilar EGCs. We found that with 8 weeks of
post-seizure ablation of new neurons, there were only 656 �
379.2 (n 	 9) DCX� cells in the SGZ of GCV-treated animals
compared with 5892 � 1589 (n 	 9) cells in Veh-treated animals
(Fig. 2E,F). Likewise, we found a significant reduction in
Prox1� cells with 681 � 174.6 (n 	 9) hilar EGCs in GCV-
treated animals compared with the 4092 � 681.9 (n 	 9) hilar
EGCs in Veh-treated animals (Fig. 2G,H). Hence, continuous
ablation of post-seizure neurogenesis for 8 weeks further reduced
the seizure-induced new neurons compared with 4 weeks of ab-
lation. This suggested that �4 weeks of continuous ablation of
seizure-induced new neurons can reduce the development of
chronic seizures.

Reduced seizures from 8 weeks of post-seizure ablation does
not persist
Because �4 weeks of continuous and concurrent ablation of
seizure-induced neurogenesis showed 65% reduction in SRS for
the first 10 d and started disappearing toward the end of 2 weeks,
we decided to corroborate this finding by asking whether this loss
in reduction of SRS at the end of 2 weeks is transient or persists
even at later stages. To test this, we again ablated neurogenesis for
8 weeks after SE (Fig. 3A). However, after 8 weeks of ablation, we
waited for 10 weeks before performing continuous video EEG

monitoring for 2 weeks (18-WPSE to 20-WPSE). We found no
change in SRS frequency and SRS duration between the Veh- and
GCV-treated groups of animals (Fig. 3B–D). To provide a possi-
ble explanation why 8 weeks of post-seizure ablation led to short-
but not long-term SRS reduction, we performed histological
analysis for DCX and Prox1. We found 3291 � 930 (n 	 7)
DCX� cells in the SGZ of Veh-treated group of animals com-
pared with 921 � 321 (n 	 5) in GCV-treated animals (Fig.
3E,F). Furthermore, we found 8848 � 1127 (n 	 7) Prox1�
hilar EGCs in Veh-treated animals compared with 1594 � 289.1
(n 	 5) hilar EGCs in GCV-treated animals (Fig. 3G,H). Thus,
there was a greater reduction in seizure-induced new neurons at
8-WPSE (
89% decrease in DCX� cells, 
83% decrease in
Prox1� cells) compared with 20-WPSE (
72% decrease in
DCX� cells, 
81% decrease in Prox1� cells) reinforcing the
concept that post-SE neurogenesis has to be reduced continu-
ously to impact the recurrent seizures.

Effect of ablation of seizure-induced neurogenesis on survival
of new neurons
Seizures also increase the number of Prox1� granule cells located
ectopically in the dentate hilus (Scharfman et al., 2007). To de-
termine how many neural progenitors at the time of acute sei-
zures become hilar ectopic mature neurons, we examined the

Figure 1. Four weeks of blocking post-seizure neurogenesis does not suppress chronic seizures. A, Experimental design. B, Graph showing frequency of SRS between Pilo/Veh and Pilo/GCV
groups. Student’s t test, p 	 0.5772. C, Graph showing SRS duration between Pilo/Veh and Pilo/GCV groups. Student’s t test, p 	 0.0808. D, Graph showing time course analysis of seizure frequency
of Pilo/Veh and Pilo/GCV groups over the period of 14 d. E, Representative microscopic images showing DCX immunoreactivity between Pilo/Veh and Pilo/GCV groups. Inset, Typical DCX� cell. F,
Graph showing the number of DCX-expressing cells in the SGZ between the Pilo/Veh and Pilo/GCV groups. Student’s t test, p � 0.0001. G, Representative microscopic images showing Prox1
immunoreactivity of the mature granule neuron between Pilo/Veh and Pilo/GCV groups. Inset, Typical Prox1� EGCs. H, Graph showing Prox1� EGCs in the Pilo/Veh and Pilo/GCV groups. Student’s
t test, p � 0.0001. Scale bar, 100 �m; inset, 25 �m. N 	 6 –7 animals per group. ns	not significant. pilo, Pilocarpine. *p � 0.05, ***p � 0.001, ****p � 0.0001.
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total number of BrdU/Prox1� ectopic cells in dentate hilus of
Veh- and GCV-treated animals. We found that with 4 weeks of
ablation of post-seizure neurogenesis, there were 584 � 107
BrdU/Prox1� cells in the hilus of GCV-treated animals com-
pared with 1672 � 420.59 cells in Veh-treated animals (Fig.
4A,B). Next, we examined the total number of BrdU/Prox1�
cells in the dentate hilus after 8 weeks of blocking post-seizure
neurogenesis (8-WPSE). We found that the number of BrdU/
Prox1� cells was significantly reduced in GCV-treated (112.8 �
50.22) compared with Veh-treated (504 � 137.31) group of ani-
mals (Fig. 4C,D,G,H). To gain further insight into the long-term
survival of the neural progenitors dividing at the time of acute
seizures, we performed histology at 20-WPSE. The total number
of BrdU/Prox1� cells were still significantly reduced in GCV-
treated animals (38.4 � 5.879) compared with Veh-treated
(232.00 � 41.876) group of animals (Fig. 4E,F). Therefore, even
though the number of hilar ectopic granule cells that originated
from the cohort of neural progenitors dividing at the time of
acute seizures is reduced both in the Veh- and GCV-treated
group of animals at 8-WPSE and 20-WPSE, the seizure frequency
is reduced only during continuous ablation for �4 weeks. This

suggests that although continuous blocking of seizure-induced
neurogenesis can control the development of seizures, other fac-
tors along with neurogenesis may play a role later in the progres-
sion of the disease.

Discussion
A characteristic feature of acquired epilepsy is the presence of a
latent period followed by an initial brain insult. This latent period
also described as the period of epileptogenesis is marked by ex-
tensive cellular and molecular changes that contribute to the de-
velopment of chronic seizures (Pitkänen and Sutula, 2002).
Nevertheless, it provides a clinically relevant time period where
therapeutic interventions can be made to prevent the progression
of epilepsy. Here, we show in a pilocarpine-induced SE model of
mTLE in mice that continuous and concurrent blocking of post-
seizure neurogenesis for �4 weeks after acute seizures suppresses
SRS frequency by 65%. However, the suppression of seizures is
transient and does not persist. These results suggest that (1) con-
tinuous reduction of a restricted post-injury cohort of new neu-
rons can control the development of SRS transiently and (2) with
the passage of time, the generation of additional cohorts of new

Figure 2. Greater than 4 weeks of blocking post-seizure neurogenesis suppresses chronic seizures. A, Experimental design. B, Graph showing frequency of SRS between Pilo/Veh/Veh and
Pilo/GCV/GCV groups. Student’s t test, p 	 0.0147. C, Graph showing SRS duration between Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test, p 	 0.4351. D, Graph showing time course
analysis of seizure frequency of Pilo/Veh and Pilo/GCV groups over the period of 14 d. E, Representative microscopic images showing DCX immunoreactivity between Pilo/Veh/Veh and Pilo/GCV/GCV
groups. Inset, Typical DCX� cell. F, Graph showing the number of DCX-expressing cells in the SGZ between the Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test, p 	 0.0055. G,
Representative microscopic images showing Prox1 immunoreactivity of the mature granule neuron between Pilo/Veh/Veh and Pilo/GCV/GCV groups. Inset, Typical Prox1� EGC. H, Graph showing
Prox1� EGCs in the Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test, p 	 0.0025. Scale bar, 100 �m; inset, 25 �m. N 	 8 –9 animals per group. ns 	 not significant. *p � 0.05, **p �
0.01, ****p � 0.0001.
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neurons along with extrahippocampal factors contributes to
overall network hyperexcitability and epilepsy.

Despite decades of work, the very existence of human hip-
pocampal neurogenesis is still a subject for debate. The first evi-
dence of human hippocampal neurogenesis was shown 20 years
ago and since then, there have been many studies either support-
ing or questioning the existence and relevance of human hip-
pocampal neurogenesis (Eriksson et al., 1998; Spalding et al.,
2013; Kempermann et al., 2018; Gage, 2019). A study published
last year examined 18 adult and 19 perinatal or postnatal samples
of postmortem brain tissue from individuals ranging from 14
gestational weeks to 77 years of age. They analyzed markers for
proliferation, immature neurons, radial glia-like stem cells, and
glia in the hippocampus and found that the highest number of
immature neurons existed in the first years of life in the DG and
dropped significantly with age. They did not detect any immature
neurons in adult patients with epilepsy or heathy adults (Sorrells
et al., 2018). By contrast, another study at the same time exam-
ined 28 postmortem hippocampi and found that in samples from
healthy adults, hippocampal neurogenesis persisted until the
eighth decade of life. However, they did observe a reduction in
quiescent neural progenitor cells selectively in anterior-mid DG
in aging individuals (Boldrini et al., 2018). Another recent study

identified thousands of immature neurons in the DG of 13 neu-
rologically healthy subjects between 43 and 87 years of age. More-
over, they also studied a cohort of 45 patients with Alzheimer’s
disease between 52 and 97 years of age and found that number of
immature neurons declined progressively as the disease advanced
(Moreno-Jiménez et al., 2019). All of these studies are aware of
the limitations with postmortem brain samples and techniques of
preservation as the methodological variances can lead to different
conclusions about the existence of new neurons in the adult and
aging brain. Nonetheless, these studies highlight the dynamic
nature of adult hippocampal neurogenesis in humans under
physiological and diseased conditions and also reignite the hope
that manipulation of new neurons could someday help human
patients.

Decades of work has shown that adult hippocampal neuro-
genesis in rodents is a tightly orchestrated cellular and molecular
process. In this process, neural stem cells go through various
developmental stages over a period of 4 – 6 weeks to become ma-
ture granule neurons that integrate into the existing dentate
circuitry. These developmental stages include proliferation, dif-
ferentiation, migration, axon/dendritic targeting, and synaptic
integration (Hsieh, 2012). Whereas in normal brain, this stepwise
process generates granule cells with usual functional properties,

Figure 3. Reduced seizures from 8 weeks of post-seizure ablation does not persist. A, Experimental design. B, Graph showing frequency of SRS between Pilo/Veh/Veh and Pilo/GCV/GCV groups.
Student’s t test, p 	 0.7819. C, Graph showing SRS duration between Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test, p 	 0.5698. D, Graph showing time course analysis of seizure
frequency of Pilo/Veh and Pilo/GCV groups over the period of 14 d. E, Representative microscopic images showing DCX immunoreactivity between Pilo/Veh/Veh and Pilo/GCV/GCV groups. Inset,
Typical DCX� cell. F, Graph showing the number of DCX-expressing cells in the SGZ between the Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test, p 	 0.0657. G, Representative microscopic
images showing Prox1 immunoreactivity of the mature granule neuron. Inset, Typical Prox1� EGC. H, Graph showing Prox1� EGCs in the Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test,
p 	 0.0004. Scale bar, 100 �m; inset, 25 �m. N 	 5–7 animals per group. ns 	 not significant. *p � 0.05, ***p � 0.001.
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the scenario in an epileptic brain is different. The new neurons in
an epileptic brain exhibit abnormal migration, develop hilar
basal dendrites, contribute to mossy fiber sprouting, and show
accelerated maturation and integration (Ribak et al., 2000; Schar-

fman et al., 2000; Overstreet-Wadiche et al., 2006; Shapiro and
Ribak, 2006; Shapiro et al., 2007, 2008; Walter et al., 2007). Ret-
rovirus mediated labeling of different cohorts of new neurons
born before and after seizures has shown that the impact on the

Figure 4. Effect of ablation of seizure-induced neurogenesis on survival of new neurons. A, Experimental design for 4 weeks of ablation of post-seizure neurogenesis. B, Graph showing the
number of BrdU/Prox1� cells between Pilo/Veh and Pilo/GCV groups. Student’s t test, p 	 ns. C, Experimental design for 8 weeks of ablation of post-seizure neurogenesis. D, Graph showing the
number of BrdU/Prox1� cells between Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test, p 	 0.0066. E, Experimental design for 8 weeks of ablation of post-seizure neurogenesis and
recording at 20-WPSE. F, Graph showing the number of BrdU/Prox1� cells between Pilo/Veh/Veh and Pilo/GCV/GCV groups. Student’s t test, p 	 0.0025. G, Representative microscopic images
showing BrdU/Prox1 immunoreactivity of the ectopic granule neurons. Arrowheads show typical BrdU/Prox1� EGCs. H, Magnified images of a typical BrdU/Prox1� EGC. Scale bar, 100 �m; inset,
25 �m. ns 	 not significant. **p � 0.01.
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morphological and functional properties of new neurons and
their contribution to the epileptogenic process is dependent on
their time of birth in relation to epileptic insult (Jessberger et al.,
2007). Moreover, studies have shown that not all new neurons
have morphological and functional abnormalities and there is
only a subset of newborn cohort of cells that are functionally
disrupted suggesting the presence of functional heterogeneity
among new neurons and their differential contribution to the
epileptogenic process (Jakubs et al., 2006; Iyengar et al., 2015).
For example, a detailed morphological characterization of age-
defined cohort of new neurons has shown that neurons exposed
to epileptogenic insult exhibit reduced dendritic spine numbers
suggesting reduced excitatory input to these cells. Interestingly,
in the same study a significant subset of new neurons was shown to
have higher spine numbers possibly contributing to the epilepto-
genic circuitry (Murphy et al., 2011). Thus, these studies imply that
the cohort of new neurons born before and after the epileptogenic
insult are functionally heterogeneous; where some new neurons
have protective or neutral roles and others display a disruptive
role in the dentate circuitry. Previous work from our laboratory
has shown that ablation of new neurons up to 4 weeks before
pilocarpine-induced SE reduced seizure-induced neurogenesis
by 98% and led to suppression of SRS frequency by 
40% (Cho
et al., 2015). Using a different transgenic mouse model to ablate
adult neurogenesis (Hosford et al., 2016) showed that neurons
born up to 5 weeks before SE can be ablated beginning 3 d after
the epileptogenic insult and can lead to 50% reduction in sei-
zures. Here, we show that 4 weeks of ablation of new neurons
immediately after acute seizures did not have an effect on SRS
frequency despite a significant reduction in the seizure-induced
neurogenesis. We believe that this could be because of the follow-
ing reason. Even after a substantial decrease in seizure-induced
neurogenesis, there is still a population of remaining hilar EGCs
(
2000) in GCV-treated group of animals. Although this num-
ber is reduced compared with 
7500 cells in Veh-treated ani-
mals, they may still function as hyperexcitable hub-like cells
contributing to the epileptic circuit. Consistent with the idea,
computational modeling and patch-clamp electrophysiology
studies suggest hyperexcitable hub-like cells contribute to overall
hippocampal network excitability and recurrent seizures (Schar-
fman et al., 2007; Morgan and Soltesz, 2008). Although 4 weeks of
post-seizure ablation did not impact SRS, we show that continu-
ous ablation of post-seizure neurogenesis for �4 weeks can sup-
press chronic SRS by 65%. In GCV-treated animals after 8 weeks
of post-seizure ablation, there were 
680 hilar EGCs compared
with 
2000 cells after 4 weeks of ablation. Although these results

are exciting because it suggests that continuous ablation of
post-SE neurogenesis is required for seizure control, even a small
number of residual hub-like EGCs may be sufficient to cause
hyperexcitability because SRS were not completely absent after 8
weeks of ablation. We also show that even though the number of
BrdU/ Prox1� cells reduces significantly at both 8-WPSE and
20-WPSE, the SRS are impacted only during continuous blocking
of seizure-induced neurogenesis. This again suggests that to ef-
fectively impact SRS, multiple cohorts of new neurons need to be
blocked. Alternatively, this might also implicate that seizure-
induced neurogenesis needs to be reduced below a certain thresh-
old to reduce SRS. Complete ablation of neurogenesis after injury
using pharmacological or genetic approaches could address the
threshold idea. Moreover, because the new neurons are function-
ally heterogeneous, it is possible that ablation of post-seizure
neurogenesis removes both the hyper and hypoexcitable seizure-
induced new neurons. Therefore, in the future it would be essen-
tial to develop methodologies to tease apart the functionally
heterogeneous new neurons and specifically target the aberrant
new neurons below a critical threshold to impact SRS.

Because epilepsy is a lifelong debilitating disorder, any therapy
for chronic seizures should have long-lasting effects. Therefore,
we assessed whether the reduction of chronic SRS after 8 weeks of
post-seizure ablation was sustained. Interestingly, despite a sig-
nificant reduction in DCX� cells and Prox1� hilar EGCs, there
was no difference in the chronic SRS frequency between Veh- and
GCV-treated groups of animals. These results are in contrast with
our previous study by Cho et al. (2015), where ablation of neural
progenitors before SE reduced seizure frequency up to 1 year. We
believe that the different impact on SRS frequency between pre-
and post-SE ablation could be because of several reasons. First,
the study published by Cho et al. (2015) showed that pre-SE
ablation of neurogenesis led to �98% reduction of DCX-
expressing cells. However, in the current study, the maximum
ablation achieved was 
89%. Therefore, it is possible that once
the ablation pumps are removed 8-WPSE, and with the passage of
time, additional cohorts of new neurons born from the remain-
ing cells alter the threshold to reduce SRS leading to overall net-
work hyperexcitability and epilepsy. A second reason could be
that this new cohort of cells is functionally more aberrant and
contributes to SRS. Indeed, we observe the number of hilar EGCs
was greater at 20-WPSE (
1500 cells) compared with 8-WPSE
(
680 cells). This addition of new hyperexcitable EGCs can dis-
rupt the functional integrity of the dentate circuit causing SRS.
We also saw an increase in the number of DCX� cells from 
656
cells at 8 weeks post-SE to 
921 cells at 20-WPSE suggesting that

Figure 5. A model summarizing the observations in the study. A, A pictorial representation of seizure-induced neurogenesis in an epileptic dentate gyrus. B, Four weeks of ablation of post-seizure
neurogenesis decreases neurogenesis but there is no change in seizure frequency. C, Greater than 4 weeks of ablation further reduces seizure-induced neurogenesis and consequently reduces SRS
frequency. D, The reduction in SRS with 8 weeks of ablation of post-seizure neurogenesis does not persist until 20-WPSE possibly because of resumed neurogenesis, extrahippocampal factors and/or
the role of other cell types in the epileptic brain.
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these new neurons could be contributing toward the network
excitability. In future studies, it would be interesting to delay
GCV treatment until 8-WPSE to test the contribution of addi-
tional cohorts of new neurons in SRS development.

Another interesting and important aspect of our study is that
without GCV treatment, seizure frequency of the animals contin-
ues to increase up to 7-WPSE and decline significantly over the
period of 20 weeks (Figs. 1D, 2D, 3D). This is partially in accor-
dance with some studies on human and rodent models of mTLE,
which suggest that seizure frequency in acquired epilepsy in-
creases and then plateaus after several months (Bertram and Cor-
nett, 1994; Cole, 2000). Additionally, it has also been shown in
some studies that not all the animals display a progressive in-
crease in seizure frequency, and some remain non-progressive
(Gorter et al., 2001). We also observe that control animals in the
second experimental paradigm have more seizures compared
with the controls in the first experimental paradigm. We believe
that this could be because of variability of seizure development
among different cohorts of animals and the added stress of two
rounds of pump implantation surgeries. Even in the same cohort
of animals, we observe variability in seizure progression and fre-
quency as evident from time course analysis (Figs. 1D, 2D, 3D).
Studies suggest that environmental factors including stress can
potentially exacerbate epileptic phenotype in humans (McKee
and Privitera, 2017). Interestingly, we observe that with GCV
treatment, the seizure frequency appears to be same in all three
experimental paradigms. This observation strengthens our claim
that targeting seizure-induced neurogenesis in a clinically rele-
vant time period could potentially control the severity of the
progression of disease even if not completely rescuing it. Though
these results are exciting and informative, we are cautious regard-
ing the interpretation and in the future, an ideal experiment
would involve having the same animals being recorded multiple
times over prolonged periods to fully elucidate the time course of
mTLE in control and treated animals. Additionally, the role of
diminished neurogenesis with aging also needs to be investigated
to correctly interpret the changes in seizure frequency over time.
For example, it has been shown that there is a dramatic decrease
in neurogenesis and increase in seizure frequency in chronically
epileptic mice 
5 months from SE (Hattiangady et al., 2004).
However, it is not clear whether the decrease in neurogenesis is
solely because of age or the chronically epileptic dentate gyrus
contributes to the decline of neurogenesis and in turn increases
seizure frequency. In future studies, age matched controls could
help in understanding the combined role of chronically epileptic
brain and diminished neurogenesis. It is also possible with the
passage of time, extrahippocampal factors could contribute to
overall network hyperexcitability and epilepsy. In fact, the pilo-
carpine model is known to be a nonspecific chemoconvulsant
with broad effects in the entorhinal cortex, amygdala, and thala-
mus (Jung et al., 2009). Extrahippocampal inputs from these
brain regions could mediate recurrent excitatory circuitry and
lead to overall network excitability. To test the specific contribu-
tion of post-SE new neurons in a hippocampus-only epilepsy
model, one may need to use alternative models such as the intra-
hippocampal kainate model of mTLE (Leite et al., 2002). Figure 5
summarizes the observations in this study. Finally, other cellular
elements such as mossy fiber sprouting or reactive astrocytes
post-SE may contribute to the long-term impact on SRS. Al-
though this was not investigated in the current study, our previ-
ous study by Cho et al. (2015) showed ablation of reactive
astrocytes correlated with the lack of seizure reduction consistent
with the possible role of other cell types (Cho et al., 2015).

Epilepsy is a complex disease because of the numerous path-
ological alterations that co-occur during the epileptogenic pe-
riod. Our study presented here not only supports the idea that it
is possible to intervene therapeutically after the initial brain insult
and temporarily improve pathophysiology but also cautions that
targeting one specific cohort of new neurons might not be suffi-
cient for long-term prevention of disease progression. A detailed
cellular and molecular understanding of the latent period in
terms of new neurons is critical for the development of anti-
epileptic drugs that are not only preventive but also curative.
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