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Abstract

Adult neurogenesis, the generation of new neurons in the adult brain, occurs in the hippocampal 

dentate gyrus (DG) and the olfactory bulb (OB) of all mammals, but the functions of these new 

neurons are not entirely clear. Originally, adult-born neurons were considered to have excitatory 

effects on the DG network, but recent studies suggest a net inhibitory effect. Therefore, we 

hypothesized that selective removal of newborn neurons would lead to increased susceptibility to 

the effects of a convulsant. This hypothesis was tested by evaluating the response to the 

chemoconvulsant kainic acid (KA) in mice with reduced adult neurogenesis, produced either by 

focal X-irradiation of the DG, or by pharmacogenetic deletion of dividing radial glial precursors. 

In the first 4 hrs after KA administration, when mice have the most robust seizures, mice with 

reduced adult neurogenesis had more severe convulsive seizures, exhibited either as a decreased 

latency to the first convulsive seizure, greater number of convulsive seizures, or longer convulsive 

seizures. Nonconvulsive seizures did not appear to change or they decreased. Four-21 hrs after KA 
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injection, mice with reduced adult neurogenesis showed more interictal spikes (IIS) and delayed 

seizures than controls. Effects were greater when the anticonvulsant ethosuximide was injected 30 

min prior to KA administration; ethosuximide allows forebrain seizure activity to be more easily 

examined in mice by suppressing seizures dominated by the brainstem. These data support the 

hypothesis that reduction of adult-born neurons increases the susceptibility of the brain to effects 

of KA.
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INTRODUCTION

Adult-born neurons are generated in the hippocampal dentate gyrus (DG) and the 

subventricular zone (SVZ) throughout the lifetime of mammals (Seki et al., 2013; Belzung 

and Wigmore, 2013). In the DG, newborn neurons become granule cells (GCs) - the primary 

cell type. Although they constitute a relatively small fraction of the total GC population 

(Cameron and McKay, 2001), removal of adult-born neurons compromises normal functions 

of the DG such as pattern separation (Clelland et al., 2009; Sahay et al., 2011a).

Recordings from immature GCs have shown that they exhibit increased excitability and 

long-term potentiation (LTP) compared to GCs born in early development (Schmidt-Hieber 

et al., 2004; Esposito et al., 2005; Markwardt and Overstreet-Wadiche, 2008; Ge et al., 

2007), which has led to the idea that young adult-born GCs increase excitability of the adult 

DG network (Marin-Burgin et al., 2012; Song et al., 2012). However, adult-born neurons 

may also play a role in DG function by a net inhibitory effect on the DG-CA3 network. In 

support of this idea, mature GCs innervate diverse GABAergic interneurons; this has led 

some to propose that a net inhibitory effect in area CA3 is normal (Acsády et al., 1998). 

When extracellular recordings were made in the GC layer of the DG in mice in which adult 

DG neurogenesis had been selectively deleted, GCs discharged in bursts that were greater 

than those in controls (Lacefield et al., 2012). Another study revealed that following tasks 

that required specific cognitive demands, animals with reduced adult neurogenesis exhibited 

greater expression of the immediate early gene Arc in the GC layer (indicative of greater GC 

activity) compared to controls (Burghardt et al., 2012). Using voltage-sensitive dye imaging, 

a recent study showed that a reduction in adult neurogenesis in the hippocampus increased 

excitability in the GC layer, and that increasing adult hippocampal neurogenesis had the 

opposite effect (Ikrar et al., 2013).

If adult-born neurons have a net inhibitory effect, they could contribute to one of the 

proposed functions of the DG - to act as a ‘gate’ to protect the hippocampus from seizures 

arising in neocortex (Heinemann et al., 1992; Lothman et al., 1992; Hsu, 2007). Therefore, 

we asked whether reducing adult-born neurons in a normal animal would influence seizures. 

We used C57Bl6/J mice because they have high rates of adult neurogenesis (Kempermann et 

al., 1997), and examined the response of mice to the convulsant kainic acid (KA). Because 

acute seizures are an important clinical issue, and C57Bl6/J mice are resistant to epilepsy 
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(McKhann et al., 2003; Schawecker, 2011) we focused only on the hours immediately 

following KA administration (i.e., 24 hours). Two methods were used to reduce adult 

neurogenesis: focal, low-dose X-irradiation (Santarelli et al., 2003), and mice with herpes 

simplex virus thymidine kinase (hsv-TK) in glial fibrillary acidic protein (GFAP) - 

expressing cells (GFAP-TK mice; Sofroniew et al., 1999; Schloesser et al., 2009).

Pilot studies showed that seizures elicited by KA injection in control mice often involved 

running and bouncing, indicative of brainstem activation (Gale, 1992), which can mask 

forebrain seizures in rodents (Gale, 1992; Eells et al., 2004). Pretreatment with the 

anticonvulsant ethosuximide inhibits seizure activity in the brainstem (Mares et al., 1994), 

which is critical for the generation of the severe convulsive behaviors such as running and 

bouncing (Browning et al., 1981; Fromm, 1985). Therefore, we used ethosuximide 

pretreatment to optimize conditions for a study where forebrain networks were of interest – 

i.e., the location of adult-born neurons. We found that a decrease in adult born neurons in 

the hippocampus increases convulsive seizures, with no effect or a decrease in 

nonconvulsive seizures. Our results support the hypothesis that reduction of adult-born 

neurons increases susceptibility to effects of KA.

MATERIALS AND METHODS

I. General information

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. 

Mice were housed in standard mouse cages, with a 12 hr: 12 hr light/dark cycle, and food 

(Purina 5001; W.F. Fisher, Somerville, NJ) and water ad libitum.

II. Methods to suppress adult neurogenesis

For focal, low-dose X-irradiation, male 6–8 week-old C57BL6/J mice (Jackson 

Laboratories) were anesthetized with sodium pentobarbital (6 mg/kg), placed in a stereotaxic 

frame, and exposed to cranial irradiation using a XRAD320 system (Precision Xray Inc., 

North Branford, CT) operated at 300 kV and 12 mA. Animals were protected with a lead 

shield that covered the entire body, except for a 4 × 14 mm treatment field above the 

hippocampus. X-rays were filtered using a 2 mm aluminum filter with a 36 mm source-to-

skin distance. Three 2.5 Gy doses were delivered over approximately 2 min 45 sec, with 3 

days between doses, and a 7.5 Gy cumulative dose.

As an alternative method to suppress adult neurogenesis, we used mice with the herpes 

simplex virus – thymidine kinase (hsv-TK) transgene under the control of the mouse glial 

fibrillary acid protein promoter (GFAP-TK+) or mice without the transgene (GFAP-TK−). 

Mice were backcrossed onto C57BL6/J mice (Jackson Laboratories, Bar Harbor, ME) for at 

least 6 generations. Starting 6 weeks of age, they were fed valganciclovir (VGCV; 165 

mg/kg chow; Custom Animal Diets) 5 days/week and normal chow on other days. It is 

important to note that injection of GCV i.p. has adverse effects on the gastrointestinal tract 

but treatment with VCGV in the chow does not (Schloesser et al., 2009). Presumably this is 

due to a direct exposure of the intestines during i.p. injection vs. indirect exposure during 

oral administration. We confirmed that the intestines were normal in appearance in 3 mice 
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that were euthanized immediately after the 6 week-long treatment with chow containing 

VGCV. The appearance (skin, fur) was similar to control mice. We also measured body 

weight before and after VCGV treatment and found that it was not significantly different 

(GFAP-TK−: 23.8 ± 3.4 g, n = 36; GFAP-TK+: 24.4 ± 2.3 g; n = 39; t-test, p = 0.211), 

suggesting that food intake was unaffected by the transgene.

II. EEG recordings of KA-induced seizures

A. Implantation of electrodes for EEG—Mice were anesthetized with chloral hydrate 

(55 mg/kg i.p.) and implanted stereotaxically with an epidural electrode (0.10”diameter 

screws; # 8209; Pinnacle Technologies; Lawrence, KS) over the left frontal cortex (FC; 

anterior-posterior coordinate relative to Bregma, AP =−0.5 mm; mediolateral coordinate 

relative to the midline, ML = 1.5 mm) and another electrode overlying right occipital cortex 

(OC; AP = −3.5 mm; ML= 2.0 mm). Stainless steel 75 µm-diameter lacquer-coated wire 

(#787000; A-M Systems, Sequim, WA) was twisted to make bipolar electrodes that were 

placed into each dorsal hippocampus (AP = −2.5 mm, ML = 2.5 mm, depth below skull 

surface = 2.5 mm). Electrodes were soldered to an 8-pin connector (#8400-SE4, Pinnacle) 

and cemented (Grip cement; Caulk Dentsply). The location of electrodes in hippocampus 

was confirmed in 60 of 61 mice using cresyl violet staining. Video-EEG was acquired (500 

Hz; Pinnacle) and analyzed offline (Acqknowledge; Biopac Systems, Inc.).

B. Seizure induction—KA (16–25 mg/kg s.c.; Milestone Pharmatech) was dissolved in 

phosphate buffered saline (PBS); ethosuximide (150 mg/kg; i.p.) was dissolved in 20% 

ethanol in PBS. Between 10:30 a.m. and 2:00 p.m., animals were removed from their home 

cage and placed in a new cage where their pin connector was attached to a cable with a 

commutator (Pinnacle) to allow freedom of movement. Baseline recordings were made for 

>10 min, and the animal was injected s.c. between the shoulder blades with KA using a 29 

gauge needle and low-volume (0.33 cc) syringe to optimize the accuracy of each dose, 

which we estimate (from the accuracy of this syringe) was ±1.2 mg/kg. For this reason, 

doses between 20 and 25 mg/kg were not tested (see Results). KA was made as a 

concentrated stock solution (12 mg/ml in PBS) and was stored at 4°C for up to 1 month. For 

a subset of GFAP-TK mice, the investigator was blinded to the genotype during KA 

administration. This was not possible for X-irradiated animals because X-irradiation led to a 

band of hair where irradiation occurred that lacked pigmentation.

C. Quantification of EEG—A seizure was defined as rapid, rhythmic (>3 Hz) deflections 

>2x the standard deviation of noise, lasting >3 sec (the duration of the shortest seizure in the 

current study was 11 sec). Seizures were rated as convulsive if they were accompanied by 

stage 3–5 behaviors (Racine, 1972). In three mice, the interrater reliability of convulsive vs. 

nonconvulsive seizures was tested for 38 seizures by two investigators and there was 100% 

agreement. The two investigators measured the latency to the first convulsive seizure in 

these animals (25.0 ± 0.9 min vs. 25.2 ± 0.9 min; t-test, p = 0.855).

The latency to onset of a seizure was defined as the time of KA injection to the time when 

the peak-to-peak amplitude of the EEG exceeded 1.25x of the baseline mean in all 

electrodes. To validate interrater reliability, the onset of the first seizure was examined in 
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three mice by two investigators; there was 100% agreement. The end of a seizure was 

defined as the time when the EEG returned to the baseline mean or (in the case of postictal 

depression) a value lower than the baseline mean. Duration was defined as the time between 

seizure onset and the end of a seizure (Supplementary Fig. 1).

Interictal spikes (IIS) were defined as brief (<200 msec) deflections in all leads that were 

>2x the standard deviation of noise. Digital detection of IIS was validated in 3 animals for 

the first 10 min of the 4th hour after KA; the mean number of IIS was 311 (manual) vs. 316 

(digital).

As shown in Fig. 1, animals developed seizures soon after KA administration, and they 

became progressively more frequent. After approximately 2–4 hrs, the EEG returned to 

baseline and there was intermittent spiking (i.e. IIS), which lasted up to 24 hrs after KA 

injection. The end of the acute period was the time when spiking on all leads had 

transitioned from a period of high frequency (>1 Hz) to low frequency (≤1 Hz). In addition 

to analysis of this ~2–4 hrs after KA, we analyzed the first 45 min following KA injection, 

because we hypothesized that during this time, when seizures are not typically severe, an 

effect of a very small part of the brain (adult neurogenesis in the DG or olfactory bulb) 

might be more readily detected (Supplementary Fig. 2).

III. Anatomical procedures

A. General procedures—Mice were transcardially perfused with 4% paraformaldehyde 

after deep urethane anesthesia (2.5 g/kg, i.p.). The brain was post-fixed overnight and 50 

µm-thick sections were cut (TPI- 3000, Vibratome Co., St. Louis, MO). Figures were 

composed using Adobe Photoshop 7.0 (Adobe Systems, Redmond, WA).

B. Immunohistochemistry—Detailed methods are provided in the Supplementary 

Material. In brief, sections were incubated in Triton-X 100 (0.25%) in 1 M TRIS buffer 

(“TRIS A”; pH 7.6). After washing in TRIS A for 10 min, sections were blocked with serum 

dissolved in TRIS A, washed, and incubated overnight in primary antibody diluted in TRIS 

containing 0.005% bovine serum albumin at room temperature. The next day, sections were 

washed, transferred to secondary antibody containing 0.005% bovine serum albumin diluted 

in TRIS A for 45 min, washed, and transferred to avidin-biotin complex solution (Standard 

ABC kit; Vector Laboratories; Burlingame, CA) at the dilution suggested by the 

manufacturer. After washing, sections were reacted in 0.5 mg/ml diaminobenzidine (DAB), 

20 nM glucose oxidase, 7.5 mM ammonium chloride, and 11 mM D-glucose. For 

doublecortin (DCX), 5 mM NiCl2 was added to intensify staining. Sections were washed, 

mounted on subbed slides and dehydrated in increasing concentrations of ethanol the next 

day, followed by clearing in Xylene. Slides were coverslipped with Permount (Fisher 

Scientific, Pittsburgh, PA). Sections were viewed with a brightfield microscope (BX51; 

Olympus of America, Center Valley, PA). Photographs were taken with a digital camera 

(RET 2000R-F-CLR-12, Q-Imaging, Surrey, BC, Canada) using Q-capture software (Q-

Imaging).

An antibody to DCX (goat polyclonal, 1:500; Jackson ImmunoResearch Inc., West Grove, 

PA) was used to stain immature neurons (Brown et al., 2003; Couillard-Despres et al., 
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2005). Sections were blocked in 5% normal donkey serum, incubated in primary antibody 

(goat polyclonal, 1:3,000; #SC-8066; Santa Cruz Biotechnology Inc., Santa Cruz, CA) and 

then a biotinylated secondary antibody (donkey anti-goat; 1:500; Jackson ImmunoResearch 

Inc. West Grove, PA). To detect radial glia and mature astrocytes, an antibody against glial 

fibrillary acidic protein (GFAP) was used (mouse monoclonal; 1:1,000, EMD Millipore, 

Billerica, MA). Blocking serum was 5% normal horse serum (Vector) and a biotinylated 

secondary antibody was diluted 1:400 (horse anti-mouse; Vector). To detect TK expression, 

an antibody against hsv-TK was diluted 1:4,000 (a kind gift from Dr. Michael Sofroniew; 

rabbit polyclonal; Imura et. al 2003). Normal goat serum (5%; Vector) and a goat anti-rabbit 

secondary antibody (1:400; Vector) were used.

C. Immunofluorescence—To determine whether suppression of adult neurogenesis 

affected microglia, we used a rabbit polyclonal antibody against Iba-1, a marker of microglia 

(Lalancette-Hebert et al., 2007; Zattoni et al., 2011). Procedures for immunofluorescence are 

described in detail elsewhere (Duffy et al., 2011). In brief, free-floating sections were 

washed in 0.1 M phosphate buffer (PB), blocked in 5% goat serum for 1 hr and incubated in 

primary antibody (Iba-1, 1:500, #019-19741, Wako USA Inc., Richmond, VA) overnight at 

room temperature. Sections were then washed with PB, incubated in Alexa Fluor® 488 goat 

anti-rabbit IgG (1:400; Life Technologies; Grand Island, NY) for 2 hrs and washed with PB. 

Sections were mounted and coverslipped with Vectashield (#H-1000; Vector Laboratories, 

Burlingame, CA) and viewed with a confocal microscope (LSM 510 Meta, Zeiss, Carl Zeiss 

Microimaging, Thornwood, NY). For both immunohistochemistry and immunofluorescence, 

sections that were stained with a given antibody were photographed using the same settings.

D. Quantification of immunolabeled sections—Immunoreactivity (ir) was quantified 

by calculating the area within a region of interest (ROI) that exceeded a threshold (Lee et al., 

2012; Duffy et al., 2011). First, the ROI was outlined at 10x magnification (Image Analysis 

software; Bioquant; Nashville, TN; Duffy et al., 2011). In the DG, the ROI was drawn to 

outline an area in the DG where immature neurons were normally present, and could be 

drawn consistently across sections (based on landmarks in background staining such as the 

border of the GCL and inner molecular layer and the lateral tips of the upper and lower 

blades; as shown in Fig. 7). The threshold was set so that the soma and dendrites of an 

immunoreactive cell was above threshold, but the area around the cell where ir was 

negligible was below threshold (Fig. 7). The area of suprathreshold ir within the ROI was 

expressed as a percent of the total area of the ROI. The mean was determined for each 

animal based on 3 coronal sections in the dorsal DG, spaced approximately 300 µm apart. 

For all analyses, the investigator was blinded.

DCX-ir cells in C57BL6/J mice usually were overlapping (Fig. 7B), so we confirmed our 

DCX analysis with 129SvEv mice – a strain with fewer DCX-ir cells that rarely were 

overlapping. This analysis (n = 3/group; Supplementary Fig. 3) confirmed the result that was 

obtained using digital thresholding for C57Bl6 mice shown in Fig. 7.
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IV. Statistics

Data are presented as mean ± standard error of the mean and p<0.05. Analysis of Variance 

(ANOVA; two-way and repeated measures ANOVA; RMANOVA), post-hoc Fisher’s 

PLSD tests, Student’s t-tests (two-tailed), Mann-Whitney U tests, and Fisher’s Exact tests 

used Statview (SAS Institute, Cary, NC). Bartlett’s test was used to assess homoscedasticity 

of variance; where there was departure from homoscedasticity, it was minimized by log 

transformation.

Two-way ANOVAs were conducted using condition (intact or reduced adult neurogenesis) 

and method (GFAP-TK or X-irradiation) as main factors. Note that the Results do not report 

interaction effects for the main factors in the ANOVAs because they were not significant.

RESULTS

I. Effects of KA in ethosuximide-pretreated mice

A. Acute effects of KA

1. GFAP-TK+ mice: Fig. 1A shows the timeline when GFAP-TK mice were administered 

VGCV, implanted with EEG electrodes and administered ethosuximide and KA. On the day 

of KA administration, baseline EEG was collected for at least 10 min, ethosuximide was 

injected, and 30 min later, KA was administered (Fig. 1A). Examples of the EEG are 

presented in Fig. 1B, and convulsive seizures during that time are presented in Fig. 1C.

GFAP-TK+ mice with reduced neurogenesis had a greater response to KA during the first 4 

hrs compared to GFAP-TK− mice (20 mg/kg, n = 7/group; 25 mg/kg, n = 3/group; Fig. 1B–

C). For both 20 mg/kg and the 25 mg/kg KA groups, there were deaths from respiratory 

arrest during tonic-clonic seizures, and only in GFAP-TK+ mice (Fig. 1C). These data 

suggest greater seizure severity in mice with reduced adult neurogenesis.

The seizures and mortality in the GFAP-TK+ mice were severe so additional animals were 

not examined, and quantification of seizures was conducted for the mice that were 

administered 20 mg/kg KA.

For the latency to the first convulsive seizure, two-way ANOVA was conducted with data 

for the GFAP-TK mice (Fig. 1D1) and X-irradiated/Sham-irradiated mice (Fig. 2D1). There 

was a main effect of reduced neurogenesis (F (1, 24)12.75; p=0.001) with GFAP-TK+ mice 

exhibiting a significantly shorter latency than GFAP-TK− mice (post-hoc test, p = 0.019, 

Fig. 1D1). There was also a main effect of the method used to suppress adult neurogenesis 

(F(1,24)10.62, p= 0.003), which could be due to the fact that there was a more robust effect 

in GFAP-TK+ mice compared to X-irradiation (compare Fig. 1D1 and 2D1).

In contrast to the latency to the first convulsive seizure, there was no significant effect of 

reduced neurogenesis on the latency to the first nonconvulsive seizure (two-way ANOVA, F 

(1, 19)0.20, p = 0.658; Fig. 1D2).

Next, the number of convulsive seizures in the first 4 hrs after KA injection was analyzed. 

There was a significant main effect of suppressed neurogenesis (F (1, 24)9.46, p = 0.005) 
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with GFAP-TK+ mice exhibiting a greater number of convulsive seizures than GFAP-TK− 

mice (post-hoc test, p = 0.002; Fig. 1D3). A main effect of method was not detected (F (1, 

24)0.005, p = 0.946). There was also a significant effect of reduced neurogenesis on the 

number of nonconvulsive seizures (F (1, 19)13.37, p = 0.002) with fewer nonconvulsive 

seizures in GFAP-TK+ mice than GFAP-TK− mice (post-hoc test, p = 0.031; Fig. 1D3). 

There was a main effect of method (F (1, 19)9.85, p = 0.005), which could be related to the 

greater effect observed in GFAP-TK+ mice relative to X-irradiated mice (compare Fig. 1D3 

and Fig. 2D3).

Interestingly, the total number of seizures (the sum of all convulsive and nonconvulsive 

seizures) in GFAP-TK+ and GFAP-TK− mice was not significantly different (10.9 ± 2.6, 

9.3 ± 1.5, respectively; t-test, p = 0.607). Because the total number was similar but the 

convulsive seizures increased and nonconvulsive seizures decreased, the results suggest that 

the seizures which normally would have been nonconvulsive were more severe (i.e., 

convulsive) when adult neurogenesis was reduced.

There was a main effect of reduced adult neurogenesis on the total duration of convulsive 

seizures (F (1, 24)11.65, p = 0.002; Fig. 1D4) without an effect of the method used to reduce 

adult neurogenesis (F (1, 24)1.76, p = 0.197). The total duration of convulsive seizures was 

longer in GFAP-TK+ mice compared to GFAP-TK− mice (post-hoc test, p=0.002; Fig. 

1D4).

There also was a main effect of reduced neurogenesis on the total duration of nonconvulsive 

seizures (F (1, 19)17.69, p < 0.001) without a main effect of the method to suppress adult 

neurogenesis (F (1, 19)1.02, p = 0.326). However, despite the fact that GFAP-TK+ mice 

tended to exhibit shorter durations than GFAP-TK− mice (Fig. 1D4), the post-hoc test did 

not reach significance (p = 0.090).

Taken together, these results suggest that seizures were more severe (i.e., convulsive) in 

mice with reduced adult neurogenesis because there was a shorter latency to the first 

convulsive seizure, a greater number of convulsive seizures, and a longer total duration of 

convulsive seizures.

2. X-irradiated mice: The experimental timeline for X-irradiation and KA administration 

are shown in Fig. 2A. Mice were administered 20 mg/kg KA (8/group) or 25 mg/kg KA (3/

group; Fig. 2B–C). X-irradiated mice had a greater response to KA than sham controls; 

examples of the EEG are shown in Fig. 2B and convulsive seizures during that time are 

presented in Fig. 2C. There were 3 deaths during convulsive seizures, and they only 

occurred in X-irradiated mice (Fig. 2C). Like GFAP-TK+ mice, death occurred during tonic-

clonic seizures and appeared to be caused by respiratory arrest, suggesting a greater seizure 

severity in mice with reduced adult neurogenesis. Like the GFAP-TK+ mice, there were 

very severe seizures and mortality in the X-irradiated mice that were administered 25 mg/kg 

KA (2/3 X-irradiated mice compared to 0/3 sham-treated mice). In the group administered 

20 mg/kg KA, 1/8 X-irradiated mice died in response to KA (compared to 0/8 sham-treated 

mice). Because of mortality in the 25 mg/kg KA group, the quantification below is for 20 

mg/kg KA (Fig. 2D).
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Quantification of the data for the 20 mg/kg dose was conducted with the GFAP-TK mice by 

two-way ANOVAs as described above. Two-way ANOVA statistics are provided above and 

post-hoc tests for X-irradiated mice are reported below.

Regarding the latency to the first convulsive seizure, where there was a main effect of 

reduced adult neurogenesis, X-irradiated mice generally showed shorter latencies but were 

not significantly different from Sham-irradiated mice (post-hoc test, p = 0.075; Fig. 2D1). 

As described above, there was no detectable main effect of reduced adult neurogenesis on 

the latency to the first nonconvulsive seizure (Fig. 2D2). Regarding the number of 

convulsive seizures, two-way ANOVA showed a significant main effect of reduced 

neurogenesis but the differences between X-irradiated mice and Sham-irradiated mice did 

not reach significance (p = 0.080; Fig. 2D3). Likewise, there was a significant main effect of 

reduced adult neurogenesis on the number of nonconvulsive seizures by two-way ANOVA 

and generally X-irradiated mice showed fewer nonconvulsive seizures than Sham-irradiated 

mice, but the post-hoc test showed that differences between X-irradiated mice and Sham-

irradiated mice were not significant (p= 0.054; Fig. 2D3). These results suggest that reduced 

neurogenesis had a robust effect in GFAP-TK mice and less of an effect in X-irradiated 

mice; but the direction of the effect was the same, so that when all mice with reduced 

neurogenesis were analyzed together, there were significant main effects of reduced adult 

neurogenesis by two-way ANOVA.

Regarding total duration of convulsive seizures, where there was a main effect of reduced 

adult neurogenesis, total duration was longer in X-irradiated mice compared to Sham-

irradiated mice (post-hoc test, p = 0.015; Fig 2D4). There was a shorter duration of 

nonconvulsive seizures in X-irradiated mice compared to Sham-irradiated mice (post-hoc 

test, p = 0.011; Fig. 2D4). Taken together, data from X-irradiated mice showed similar 

effects as GFAP-TK mice but they were not always as robust.

B. Delayed effects of KA

1. GFAP-TK+ mice: Once the acute period of intense seizures had passed, ~2–4 hrs after 

KA injection, most mice exhibited IIS and some mice exhibited delayed seizures as well. 

Fig. 3A shows the times when IIS and delayed seizures were analyzed.

IIS after acute seizures lasted well into the overnight hours after KA; in mice with 

suppressed adult neurogenesis, they lasted the longest – as long as 24 hrs after KA injection, 

which is when recordings were terminated. IIS morphology was qualitatively similar in 

different experimental groups (Fig. 3B, insets), but IIS frequency was higher in GFAP-TK+ 

mice (Fig. 3B1–3). This difference was statistically significant overall and at each individual 

time point (RMANOVA, F(3,27)8.177; p = 0.042, post-hoc comparisons at 4–5, 8–9, 12–13, 

and 20–21 hrs after KA, all p<0.05; Fig. 3B3).

Regarding delayed seizures, all of the mice with delayed seizures were GFAP-TK+ mice. 

When the number of mice that had delayed seizures was compared, there was no statistical 

difference between GFAP-TK− (0/6) and GFAP-TK+ mice (3/6; Fisher’s Exact Test; p = 

0.181), but GFAP-TK+ mice had a significantly greater number of delayed seizures 

compared to GFAP-TK− mice (t-test, p = 0.049; Fig. 3C3).
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2. X-irradiated mice: IIS and delayed seizures were evaluated in sham and X-irradiated 

mice as shown in Fig. 4A. IIS were qualitatively similar (Fig. 4B, insets), but were higher in 

frequency and lasted longer in X-irradiated mice compared to sham-treated mice. The higher 

IIS frequency was significant overall and at each individual time point (RMANOVA; 

F(3,42)4.928; p = 0.005; post-hoc comparisons at 4–5, 8–9,12–13 and 20–21 hrs after KA, 

all p<0.05; Fig. 4B3).

Some mice had delayed seizures, and all of these were X-irradiated mice. Thus, 4/7 X-

irradiated mice had delayed seizures, compared to 0/8 sham-treated mice (Fisher’s Exact 

test; p = 0.025). In addition, the mean number of delayed seizures was significantly greater 

in X-irradiated mice (t-test, p = 0.021; Fig. 4C3). Thus, for both methods to suppress adult 

neurogenesis, delayed effects of KA were greater when adult neurogenesis was reduced.

II. Effects of KA without pretreatment with ethosuximide

A. KA without ethosuximide pretreatment: GFAP-TK+ mice

1. Acute effects: KA (without ethosuximide) was injected as shown by the timeline in Fig. 

5A. Sixteen mg/kg KA was injected in GFAP-TK− (n = 13) and GFAP-TK+ mice (n = 14). 

This lower dose was used because initial studies showed high mortality when 20 mg/kg was 

administered. One explanation is that mice administered 20 mg/kg KA had less mortality 

when ethosuximide was used (Fig. 1–4) because of a protective effect of ethosuximide on 

mortality by decreasing brainstem-associated seizures (Browning et al., 1981; Fromm, 1985; 

Mares et al., 1994).

Fig. 5B shows representative EEG traces and the timing of convulsive seizures from a 

GFAP-TK− and GFAP-TK+ mouse that were administered 16 mg/kg KA. Two-way 

ANOVA was conducted with data from Fig. 5 for GFAP-TK mice and Fig. 6 for X-

irradiated/Sham-irradiated mice. There was no significant main effect of suppressed 

neurogenesis on the latency to the first convulsive seizure (F (1, 34)0.005, p = 0.945) or first 

nonconvulsive seizure (F (1, 39)0.671, p = 0.416; Fig. 5C1–2).

Reduced adult neurogenesis almost met p criterion for significance for the number of 

convulsive seizures, but did not (F (1, 34)3.94, p = 0.055; Fig. 5C3). The trend towards 

significance is probably because of an effect in GFAP-TK+ mice to increase the number of 

seizures, which was significant compared to GFAP-TK− mice (p = 0.036; Fig. 5C3). There 

was no effect of method (F (1, 34)1.43, p = 0.240). Regarding the number of nonconvulsive 

seizures, there was no effect of reduced adult neurogenesis (F (1, 39)0.716, p = 0.403; Fig. 

5C3).

For total duration of convulsive seizures, there was a main effect of suppressed neurogenesis 

(F (1, 34)12.13, p = 0.001) without an effect of method (F (1, 34)0.69, p = 0.412; Fig. 5C4). 

Compared to GFAP-TK− mice, GFAP-TK+ mice had a significantly greater total duration 

of convulsive seizures (post-hoc test, p = 0.009; Fig. 5C4). There was a significant main 

effect of reduced neurogenesis on the total duration of nonconvulsive seizures (F (1, 

39)3.89, p = 0.049; Fig. 5C4), without a main effect of method (F (1, 39)1.19, p = 0.283). 

There were shorter durations in GFAP-TK+ mice compared to GFAP-TK− mice (post-hoc 

test, p= 0.030; Fig. 5C4).
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There were 5 deaths during convulsive seizures, all in GFAP-TK+ mice. Again, the deaths 

were due to respiratory arrest during tonic-clonic seizures. These data support the results 

described above using ethosuximide pretreatment, showing that mice with reduced adult 

neurogenesis exhibit greater seizure severity in response to KA.

2. Delayed effects: GFAP-TK+ mice exhibited a higher IIS frequency than GFAP-TK− 

mice (RMANOVA, F (1, 39)15.118; p<0.001; post-hoc tests at 4–5 hrs, p = 0.042; 8–9 hrs, 

p = 0.004; 11–12 hrs, p = 0.001; Fig. 5D). There were no delayed seizures in mice of either 

genotype.

B. KA without ethosuximide pretreatment: X-irradiated mice

1. Acute effects: KA was injected in Sham and X-irradiated mice (n = 10 each) as shown in 

Fig. 6A using 16 mg/kg KA. Fig. 6B shows representative EEG traces and the timing of 

convulsive seizures from a sham and a X-irradiated mouse. There were 2 deaths in response 

to KA: one sham-treated, and one X-irradiated mouse.

As described above, reduced neurogenesis did not influence the latency to the first 

convulsive or nonconvulsive seizure (Fig. 6C1–2). X-irradiated and Sham-irradiated mice 

were not different by post-hoc test (all p>0.05) when the numbers of seizures were analyzed 

(Fig. 6C3). Regarding the total duration of convulsive seizures, where there was a main 

effect of reduced adult neurogenesis, X-irradiated mice had a longer mean duration of 

convulsive seizures (post-hoc test, p = 0.035; Fig. 6C4) like GFAP-TK+ mice. However, the 

differences between X-irradiated and Sham-irradiated mice in the total durations of 

nonconvulsive seizures were not significant (p = 0.312; Fig. 6C4).

These data suggest an effect of suppressed adult neurogenesis in X-irradiated mice but a 

very small effect. Therefore it is notable that other data also supported the hypothesis that X-

irradiated mice had more severe seizures than Sham-irradiated mice. We analyzed the first 

45 min after KA administration to examine the interseizure interval. The time after the first 

45 min was not examined because after this time, interseizure intervals usually were short in 

all animals – presumably because seizures become more severe approximately 45 min after 

KA injection. First we established that, like the studies of the first 4 hrs of seizures, that the 

total duration of convulsive seizures during the first 45 min was longer in X-irradiated than 

Sham-irradiated mice (Supplementary Fig. 2). Then we examined the interseizure interval, 

and found it was significantly shorter in X-irradiated mice (Supplementary Fig. 2). These 

data are consistent with the compressed records shown in Figures 1, 2, 5 and 6, where the 

animals with reduced adult neurogenesis often had seizures that with a relatively brief 

interseizure interval. The data are also consistent with the hypothesis that X-irradiated mice 

had a susceptibility to longer convulsive seizures because of a shorter postictal period after 

each convulsive seizure.

We then asked whether these small differences between X-irradiated and Sham-irradiated 

mice could be shown in another strain of mice, which would strengthen the case that they 

exist, even if they were small. We found that in the 129SvEv strain similar differences 

between X-irradiated and Sham-irradiated mice were present: X-irradiated mice had a longer 

total duration of convulsive seizures in the first 45 min after KA administration (t-test, p = 
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0.015) and the mean duration of convulsive seizures for the first 45 min was also longer (p = 

0.009; Supplementary Fig. 4). In summary, differences between X-irradiated mice and 

Sham-irradiated mice in the acute response to KA were reproducible, although they were 

small in the absence of ethosuximide pretreatment.

2. Delayed effects: There were no differences between Sham and X-irradiated mice in IIS 

frequency, possibly because it was very low in frequency in both groups (RMANOVA, F (1, 

37)0.576; p = 0.452; Fig. 6D). There were no delayed seizures. One reason for the lack of 

difference in the groups may be unrelated to adult neurogenesis: the seizures in the acute 

period were simply not very severe, and when that occurred, IIS and delayed seizures were 

rare.

C. Effects of ethosuximide vs. vehicle pretreatment—Ethosuximide was used to 

suppress seizures dominated by brainstem activity. To determine whether there was an effect 

of vehicle, we compared vehicle-pretreated mice with mice treated with KA alone. These 

experiments were conducted in an additional cohort of age-matched naive mice (n = 5/

group). There were no differences between the groups in any of the parameters for 

convulsive or nonconvulsive seizures in the first 4 hrs after KA administration 

(Supplementary Fig. 5).

Next, we determined if there was an effect of ethosuximide on location of seizure onset. 

Consistent with the idea that ethosuximide increases seizures that involve forebrain 

structures, e.g., hippocampus, we observed that a higher proportion of seizures involved 

hippocampal electrodes when ethosuximide was administered compared to vehicle treatment 

(Supplementary Fig. 6).

III. Focal seizures

The results described above pertain to seizures with EEG manifestations in all leads. 

However, there were seizures that involved only a subset of leads, i.e. focal seizures 

(Supplementary Fig. 7). We refer to a structure as ‘involved’ when an electrode showed 

seizure activity. Mice were pooled (Control: sham and GFAP-TK−; Reduced adult 

neurogenesis: X-irradiated and GFAP-TK+) for analysis because focal seizures were rare. In 

mice that were administered ethosuximide and KA, no differences were detected between 

groups in the number of mice that had focal seizures (p = 1.000; Supplementary Fig. 7). 

There was also no difference in the number of focal seizures per mouse, (p = 0.813; 

Supplementary Fig. 7). Next we asked if there were differences in the degree focal seizures 

involved the hippocampus. Significantly more focal seizures involved the hippocampus in 

mice with suppressed adult neurogenesis compared to controls (p = 0.047), and significantly 

fewer seizures involved the cortex in mice with suppressed adult neurogenesis (p = 0.005; 

Supplementary Fig. 7).

There were no differences in focal seizures when KA was administered alone (i.e., without 

ethosuximide; Supplementary Fig. 7). These results support the view that ethosuximide 

pretreatment optimized the evaluation of seizure activity in the forebrain.
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IV. Additional analyses of seizures

Since parameters related to convulsive seizures were most affected in mice with reduced 

adult neurogenesis, we asked whether the evolution of an electrographic seizure to a 

convulsive seizure would be faster in these mice. We called this parameter the ‘convulsive 

index’ (Supplementary Fig. 8). GFAP-TK+ mice that were administered ethosuximide and 

20 mg/kg KA showed a shorter convulsive index (p = 0.046) compared to GFAP-TK− mice. 

There were no significant differences in this parameter between sham-treated and X-

irradiated mice pretreated with ethosuximide (p = 0.298). GFAP-TK+ mice that were 

administered 16 mg/kg KA showed a shorter convulsive index than GFAP-TK− mice (p = 

0.038). However sham and X-irradiated mice that were administered 16 mg/kg KA were not 

significantly different (p = 0.245; Supplementary Fig. 8).

We also hypothesized that the time between convulsive seizures (interseizure interval or ISI; 

Supplementary Fig. 9) would be shorter when adult neurogenesis was reduced. We defined 

the ISI as the time from the end of one seizure to the onset of the next (Supplementary Fig. 

9). GFAP-TK+ mice that were administered ethosuximide and 20 mg/kg KA showed a 

shorter convulsive ISI (p = 0.047) without any differences in nonconvulsive ISI (p = 0.191). 

X-irradiated mice administered ethosuximide and 20 mg/kg KA had a shorter convulsive ISI 

compared to sham-treated mice (p = 0.035) and no differences in nonconvulsive ISI (p = 

0.189). When GFAP-TK mice were administered KA alone, GFAP-TK+ mice had a shorter 

convulsive ISI compared to GFAP-TK− mice (p = 0.028) and no differences in 

nonconvulsive ISI (p = 0.761). Similarly, X-irradiated mice that were administered 16 

mg/kg KA showed a shorter convulsive ISI (p = 0.005) compared to sham-treatment, and no 

differences between the groups in nonconvulsive ISI (p = 0.637; Supplementary Fig. 9).

V. Confirmation of suppression of adult neurogenesis

Mice were perfusion-fixed at ages when KA would have been injected (n = 3/group; Fig. 

7A). DCX-ir confirmed a dramatic reduction of adult neurogenesis in X-irradiated and 

GFAP-TK+ mice (Fig. 7B). The mean areas of the regions of interest (ROIs; see Methods) 

were not different (Fig. 7B4–5), indicating that shrinkage – a potential consequence of 

progenitor cell death – was not detectable.

DCX-ir was also examined in the OB, where it was dramatically reduced in GFAP-TK+ 

mice (Fig. 7C1–2) with no differences in ROI areas (Fig. 7C3–5). The results confirmed that 

adult neurogenesis was suppressed in the DG of X-irradiated mice, with no detectable effect 

in the OB, whereas both the DG and OB were affected in GFAP-TK+ mice as would be 

expected.

At the time when KA would have been injected, GFAP-ir in the DG of control mice could 

not be distinguished from mice with suppressed adult neurogenesis (Fig. 8A–B), suggesting 

that reduction of adult neurogenesis did not affect mature astrocytes at this time. 

Comparison of Iba1, a microglial marker, showed no significant differences across groups 

for the DG (Fig. 8C) or CA3 (all p>0.05, data not shown), suggesting microglia were not 

affected. As an additional control, an antibody to hsv-TK was used to show that expression 
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of hsv-TK in GFAP-TK mice was specific to cells with the morphology of astrocytes (Fig. 

8D).

DISCUSSION

I. Summary

We demonstrated a surprising effect of reducing adult-born neurons on seizures using two 

independent methods of reducing adult neurogenesis. We found that mice with reduced adult 

neurogenesis were more susceptible to the effects of KA. When ethosuximide was not used, 

the results were less striking but still robust in the GFAP-TK+ mice; this is discussed further 

below.

II. Reducing adult neurogenesis increases the response to KA

There were several effects of reducing adult neurogenesis that are consistent with a more 

severe response to KA. In the first 4 hrs after KA administration, mice with reduced adult 

neurogenesis had a decrease in the latency to the first convulsive seizure, a greater number 

and longer convulsive seizures, and a decrease (or no change) in parameters for 

nonconvulsive seizures. Many mice with reduced adult neurogenesis showed greater 

mortality due to convulsive seizures, higher IIS frequency and delayed seizures after KA 

administration.

GFAP-TK+ mice exhibited a greater effect of reduced adult neurogenesis than X-irradiated 

mice, which is interesting because both sites of adult neurogenesis (the DG and OB) are 

affected in the GFAP-TK+ mice but only the DG in X-irradiated mice. Therefore, we 

speculate that there is a facilitatory effect of reduced OB adult neurogenesis on KA-induced 

seizures. A role of the OB is consistent with the fact that the target of the OB, the piriform 

cortex, plays a major role in seizure generation in rodents (Loscher and Ebert, 1996; 

McIntyre and Gilby, 2008; Laufs, 2012). For example, removal of the OB facilitates kindled 

seizures evoked by piriform cortex (Cain and Corcoran, 1978).

In some ways, the results suggest a ‘switch’ in seizures from nonconvulsive to convulsive in 

mice with reduced adult neurogenesis. Thus, in many animals with reduced adult 

neurogenesis, there was a reduction in nonconvulsive seizures with increased convulsive 

seizures in the first 4 hrs after KA administration, and no change in the total number of 

seizures (i.e., all seizures irrespective of whether they were convulsive or nonconvulsive). 

Animals that did not show this effect, but had reduced adult neurogenesis, were the animals 

that were administered KA without ethosuximide and X-irradiated, suggesting that 

ethosuximide enhances this effect and that reduced OB neurogenesis plays a role. The idea 

that adult neurogenesis regulates the likelihood that a seizure will become convulsive has 

clinical implications (discussed further in Sections V and VI).

III. DG as a ‘gate’ for excitatory activity entering the hippocampus

The idea that the DG could act as a ‘gate’ to seizures by restricting the amplification or 

reverberation of seizures has been previously proposed (Heinemann et al., 1992; Lothman et 

al., 1992; Hsu, 2007). Newborn granule cells could facilitate this function, possibly 
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supporting inhibition (Sahay et al., 2011a; Sahay et al., 2011b; Ikrar et al., 2013). In disease, 

reduced adult-born neurons in the chronic phase of epilepsy (Hattiangady et al., 2004), or 

abnormalities in adult-born neurons (Scharfman, 2004; Danzer, 2008; Parent and Murphy, 

2008; Shapiro et al., 2008; Cameron et al., 2011; Koyama et al., 2012; Ribak et al., 2012; 

Fournier et al., 2013) may prevent this function, contributing to seizures and cognitive 

dysfunction (for further discussion, see below).

How adult-born GCs inhibit the network in the DG is not clear, although in the OB it is 

known that adult-born GCs are inhibitory interneurons. In the DG, inhibition of mature GCs 

by adult-born GCs could be indirect, by projections to local interneurons that in turn inhibit 

mature GCs (Toni et al., 2008). Electrophysiological evidence for direct inhibition of mature 

GCs by adult-born GCs has been recently presented (Drew et al., 2013).

IV. Caveats

Ethosuximide could have had effects other than those that involve brainstem. For example, 

by blocking thalamocortical oscillations, ethosuximide could theoretically increase seizure 

activity elsewhere (Cassidy and Gale, 1998). Ethosuximide may have influenced mature 

GCs, because T-type Ca2+ channels are expressed in the GC layer (Talley et al., 1999). 

However, it is unclear how antagonism of T-type Ca2+ channels in this location would 

facilitate seizures – one would predict it would reduce them.

The similarity of results with two methods to reduce adult neurogenesis suggests that the 

results are not related to the method to reduce adult-born neurons. However, we cannot 

exclude a potential effect on adult glia or microglia, because there could theoretically be 

functional effects that are not evident by protein expression.

Another caveat is that there are potential explanations for the results besides the hypothesis 

that adult-born neurons are normally inhibitory. As mentioned above, new data using 

optogenetics to acutely activate nestin-expressing progenitors does suggest that adult-born 

neurons in the dentate gyrus exert an inhibitory effect on mature granule cells (Drew et al., 

2013). However, a compensatory change in the brain following reduction of adult 

neurogenesis could contribute to the findings of the present study, because a substantial 

delay occurred between the start of suppressed adult neurogenesis and KA administration. 

During this delay there could have been changes in the dentate gyrus (or elsewhere) that 

compensate for the loss of adult-born neurons, which has been proposed (Singer et al., 

2011). One study of brain radiation, however, argues against this hypothesis (Raedt et al., 

2007). In this study, low dose brain radiation suppressed proliferation and adult 

neurogenesis during the days after radiation, assessed either by BrdU-labeling or DCX 

staining. Kindling was conducted in the days immediately after radiation, and the authors 

found that afterdischarge threshold was lower in radiated animals and the severity of 

convulsive seizures was greater in radiated animals. However, radiation affected the entire 

brain in this study, and kindling was conducted with a short delay after radiation, allowing 

very little time for the acute effects of radiation on processes besides adult neurogenesis to 

subside.
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Regarding IIS, it is important to point out why we interpret increased IIS in mice with 

reduced adult neurogenesis to reflect a more severe response to KA, because in epilepsy, it 

is not clear that IIS are excitatory or inhibitory (Staley and Dudek, 2006; de Curtis and 

Avanzini, 2001). We associate the IIS with increased severity of seizures because only the 

animals with convulsive seizures in the 4 hrs after KA had IIS afterwards (4–24 hrs after 

KA). In animals that had a brief response to KA, and no or few convulsive seizures, IIS 

were not present after the brief response or they were extremely rare. Also, in pilot studies, 

IIS occurred after high doses of KA (16 mg/kg) relative to low doses (8–12 mg/kg). 

Furthermore, when IIS occurred in the overnight hours after KA administration, they were 

most frequent when there were seizures interspersed between IIS. When there were no 

seizures, IIS were infrequent.

V. Implications for seizures

Although seizures are often considered only in the context of epilepsy, seizures also occur in 

individuals without epilepsy, and are remarkably common. Thus, approximately 4% of the 

population will have a single unprovoked seizure by the age of 80, and 30–40% of those 

individuals will develop a second seizure (which leads to the diagnosis of epilepsy; Herman, 

2004). There are many reasons why seizures are common, and one is that many factors in 

the lifetime of an individual can lead to a seizure, such as illness, infection, a 

cerebrovascular event, traumatic injury, or stroke (England et al., 2012). Seizures also occur 

in alcoholism during the withdrawal period, and are an important clinical concern (Hillborn 

et al., 2003; Rogawski, 2005). In these individuals, our data would suggest that the seizure 

would be more likely to be severe (i.e., more likely to be convulsive) if there was reduced 

adult neurogenesis. Importantly, individuals who have a heart attack or stroke, i.e., the 

elderly, have reduced adult neurogenesis because there is a substantial decline in adult 

neurogenesis with age (Couillard-Despres, 2013; Hamilton et al., 2013). In animal models of 

alcoholism, adult neurogenesis also declines (Crews et al., 2006; Nixon et al., 2010). 

Therefore, our results suggest that adult neurogenesis could be a potential contributing factor 

in seizures.

VI. Implications for temporal lobe epilepsy (TLE)

A. Chronic epilepsy—The results are potentially relevant to TLE because the dentate 

gyrus has been implicated (Margerison and Corsellis, 1966; Heinemann et al 1992; Lothman 

et al 1992; Sloviter, 1994; Masukawa et al., 1999; Santhakumar et al., 2001; Dudek and 

Sutula, 2007). The results of the present study suggest that adult neurogenesis may be one of 

the factors that influences seizure susceptibility in TLE. Our data suggest that reducing adult 

neurogenesis would worsen seizures by increasing the number of convulsive seizures and 

their duration. Regarding nonconvulsive seizures, which decreased after reducing adult 

neurogenesis, the decrease in nonconvulsive seizures was usually accompanied by an 

increase in convulsive seizures, so we view the decrease in nonconvulsive seizures as 

negative also.

Adult-born neurons may also contribute to TLE in its chronic phase, when the neurogenic 

niche appears to be reduced (Blümcke et al., 2001; Hattiangady et al., 2004, but see 

Jessberger et al., 2005). During this late phase, it has been suggested that epilepsy worsens 
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or progresses (Nearing et al., 2007; Bernhardt et al., 2013). In animals, it has also been 

reported that seizures during the weeks and months after SE increase progressively 

(Williams et al., 2009). Our data suggest that few adult born neurons could contribute to 

“progression.”

B. Early stages of epileptogenesis—In contrast to the chronic period, adult 

neurogenesis is increased when one examines the hippocampus early in the process of 

epileptogenesis in animal models. For example, after systemic pilocarpine- or KA-induced 

SE, there is a dramatic rise in adult-born neurons in the subsequent days and weeks (Parent 

et al., 1997, Gray and Sundstrom, 1998; Covolan et al., 2000; Nakagawa et al., 2000; 

Scharfman et al., 2000). Electrically-induced SE (Mohapel et al., 2004) and kindling (Parent 

et al., 1998; Scott et al., 1998; Nakagawa et al., 2000; Ferland et al., 2002) are similar. 

However, if SE is extremely severe there appears to be toxicity to progenitors (Mohapel et 

al., 2004) although not always (Yang et al., 2008; Hung et al., 2012). If KA is injected into 

the hippocampus rather than administered systemically, the neurogenic niche is adversely 

affected (Bouilleret et al., 1999; Kralic et al., 2005). In young animals, there is limited 

capacity to increase adult neurogenesis after SE (Bender et al., 2003; Porter, 2008, Lauren et 

al., 2013), possibly because the rate is already high.

In the animal models where adult neurogenesis increases, the surviving newborn neurons 

would be likely to decrease epileptogenesis in light of the findings presented here. Indeed, 

the GCs born after SE which migrate correctly and integrate properly appear to be quiescent 

or inhibitory (Jakubs et al., 2006). However, diverse characteristics have been reported for 

adult GCs after SE, which could be due to variability in pathology (Wood et al., 2011). 

Many newborn neurons become abnormal and could increase excitability rather than 

decrease it. For example, some GCs born in the days or weeks after SE migrate into the hilus 

instead of the granule cell layer and establish an aberrant ectopic population of granule cells 

(hilar ectopic granule cells or hEGCs; Parent et al., 1997; Scharfman et al., 2000; Jessberger 

et al., 2007; Jiao and Nadler, 2007; Yang et al., 2008; Fournier et al., 2010; Zhang et al., 

2012; Koyama et al., 2012; Hester and Danzer, 2013) that creates a potential epileptic focus 

(Scharfman, 2004; Scharfman and Gray, 2009; Cameron et al., 2011; Pierce et al., 2011). 

HEGCs appear to have this pro-epileptic effect in the febrile seizure model also (Koyama et 

al., 2012).

Other abnormalities in maturation of newborn GCs also occur, such as abnormal dendrites 

that extend into the hilus rather than the molecular layer, called “hilar basal dendrites.” 

(Dashtipour et al., 2003; Ribak et al., 2012). These dendrites have more excitatory input 

(Thind et al., 2008), so they may promote excitability (Ribak et al., 2000; Shapiro et al., 

2005; Ribak et al., 2012, but see Becker et al., 2012). There are other abnormalities that can 

develop also, such as hypertrophy (Pun et al., 2012) or malalignment (Murphy et al., 2012). 

Hypertrophy appears to have a robust pro- epileptic effect (Pun et al., 2012).

In light of these studies, adult neurogenesis early in epileptogenesis may promote seizures 

by increasing aberrant neurogenesis. In fact, several studies support this idea (Jung et al., 

2004, Jung et al., 2006; Cho et al., 2013) but not if seizure susceptibility is tested 

immediately after reducing adult-born cells (Pekcec et al., 2008; Pekcec et al., 2011).
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C. Depression and TLE—Depression is a common comorbidity in TLE (Kanner, 2008; 

Kanner and Hesdorffer, 2012). Our data support the idea that adult neurogenesis may be a 

contributing factor in this comorbidity, because reduced adult neurogenesis in the DG is 

considered to be a potential cause of depression based on animal models (Santarelli et al., 

2003; Sahay et al., 2007). Our findings also suggest an explanation for the observation that 

some antidepressants, which increase adult neurogenesis like fluoxetine (Santarelli et al., 

2003), can reduce seizures (Thome-Souza et al., 2007; Hamid and Kanner, 2013).

VII. Conclusions

Our results suggest that reduction of adult neurogenesis exacerbates effects of KA. These 

data suggest a novel effect of reducing adult-born neurons on KA-induced seizures.
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Highlights

• Reduction of adult neurogenesis increases susceptibility to the effects of KA.

• Convulsive seizures and interictal spikes (IIS) were affected primarily.

• Results were similar with two methods to reduce adult neurogenesis.

• Effects on convulsive seizures and IIS were similar with two methods to 

produce seizures.

• Ethosuximide enhanced effects of reduced adult neurogenesis on KA-induced 

seizures.
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Figure 1. Greater acute effects of KA in GFAP-TK+ mice compared to GFAP-TK− mice
A. The experimental timeline is shown. Valganciclovir (VGCV)-treated chow was used for 

6 weeks. One week later, mice were implanted with electrodes, and approximately a week 

later, ethosuximide (Etx) was injected, followed by KA after 30 min. Sample sizes are as 

follows: 20 mg/kg, n = 7/group; 25 mg/kg, n = 3/group. In this figure and all others, sz = 

seizures.

B. Representative traces from a GFAP-TK− and a GFAP-TK+ mouse (20 mg/kg KA) show 

that convulsive seizures (arrows) occurred sooner and more often in the GFAP-TK+ mouse.

C. Dividing the 3 hrs after KA into 15 min-long bins shows that GFAP-TK+ mice had more 

convulsive seizures (stages 3–5, Racine, 1972). Each row is for a different mouse. Right: 
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Colors are used to indicate the number of convulsive seizures/bin, ranging from 0 (blue) to 8 

(red). After an animal died there are no more bins shown for that animal.

D. 1–2. GFAP-TK+ mice that were administered 20 mg/kg KA had a shorter latency to the 

first convulsive seizure but not the first nonconvulsive seizure. 3. GFAP-TK+ mice had a 

greater number of convulsive seizures and fewer nonconvulsive seizures. 4. When all 

convulsive seizure durations were summed, the total duration was greater in GFAP-TK+ 

mice. The total duration of nonconvulsive seizures was shorter in GFAP-TK+ mice. For this 

figure and all other figures, two asterisks reflect a main effect of reducing adult neurogenesis 

by two-way ANOVA and significance by post-hoc test (p<0.05). A single asterisk indicates 

there was a significant main effect of suppressing adult neurogenesis but the post-hoc 

comparison did not reach significance.
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Figure 2. Acute effects of KA were greater in X-irradiated mice compared to sham controls
A. The experimental timeline is shown. Six weeks after sham-treatment or X-irradiation, 

electrodes were implanted (surgery). One week later, mice were pretreated with Etx and 

injected with KA after 30 min. Sample sizes are as follows: 20 mg/kg, n = 8/group; 25 

mg/kg, n = 3/group.

B. 1–2. Representative traces show that convulsive seizures (arrows) occurred sooner and 

were greater in number in X-irradiated mice compared to sham controls.

C. Dividing the 3 hrs after KA into 15 min-long bins shows that X-irradiated mice had more 

convulsive seizures (stages 3–5, Racine, 1972). Each row is for a different mouse. Right: 

Colors are used to indicate the number of convulsive seizures/bin, ranging from 0 (blue) to 8 

(red).
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D. 1–2. X-irradiated mice that were administered 20 mg/kg KA had a shorter latency to the 

first convulsive seizure, but not the first nonconvulsive seizure. 3. X-irradiated mice had no 

significant differences from Sham-irradiated mice in the numbers of seizures. 4. Like 

GFAP-TK+ mice (Fig. 1D4), there was a longer total convulsive seizure duration and 

shorter nonconvulsive seizure duration in X-irradiated mice compared to Sham-irradiated 

mice.
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Figure 3. Greater delayed effects of KA in GFAP-TK+ mice compared to GFAP-TK−mice
A. The experimental timeline is shown. Animals were treated with ethosuximide and 20 

mg/kg KA. IIS were analyzed during the 4–21 hrs after KA as shown. Sample sizes are as 

follows: GFAP-TK−: n = 7; GFAP-TK+: n = 6.

B. Representative examples of IIS from a GFAP-TK− (1) and GFAP-TK+ (2) mouse. For 1–

2, the trace to the right shows an IIS at higher temporal resolution. Qualitatively, IIS had 

similar morphologies. 3. There was a higher IIS frequency in GFAP-TK+ mice compared to 

GFAP-TK− mice at all the time points tested.

C. 1–2. Representative examples of records from a GFAP-TK− and a GFAP-TK+ mouse at 

similar delays (approximately 7.5 hrs) after KA.

3. The number of mice with delayed seizures was not significantly greater in GFAP-TK+ 

mice compared to TK− mice, but the mean number of seizures per mouse was greater in 

GFAP-TK+ mice.
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Figure 4. Greater delayed effects of KA in X-irradiated mice compared to sham controls
A. The experimental timeline is shown. Animals were treated with ethosuximide and 20 

mg/kg KA. IIS were analyzed during the 4–21 hrs after KA. Sample sizes are as follows: 

GFAP-TK−: n = 8; GFAP-TK+: n = 7.

B. Representative examples of IIS from a sham-treated (1) and X-irradiated (2) mouse. For 

1–2, the trace to the right shows an IIS at higher temporal resolution. Qualitatively, IIS were 

similar. 3. There was a higher IIS frequency in X-irradiated mice compared to sham-treated 

mice at all the time points tested.

C. 1–2. Representative examples of records from a X-irradiated and a sham-treated mouse at 

similar delays (approximately 7.5 hrs) after KA.

3. There were significantly more X-irradiated mice that exhibited delayed seizures compared 

to sham-treated mice. The mean number of seizures per mouse was greater in X-irradiated 

mice also.
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Figure 5. In mice that were not pretreated with ethosuximide, GFAP-TK+ mice had a greater 
response to KA than GFAP-TK− mice
A. The experimental timeline is shown for treatment of GFAP-TK mice with 16 mg/kg KA 

(GFAP-TK−, n = 13; GFAP-TK+, n = 14).

B. Representative examples of the response to KA in a GFAP-TK− and GFAP-TK+ mouse 

show a greater response in the GFAP-TK+ mouse.

C. 1–2. GFAP-TK+ mice had similar latencies to GFAP-TK+ mice for the first convulsive 

and first nonconvulsive seizure. 3. There were more convulsive seizures in GFAP-TK+ mice 

compared to GFAP-TK− mice. 4. The total duration of convulsive seizures was greater and 

total duration of nonconvulsive seizures was shorter in GFAP-TK+ mice compared to 

GFAP-TK− mice.

D. 1–2. Representative IIS in a GFAP-TK− and GFAP-TK+ mouse.

3. GFAP-TK+ mice had a higher IIS frequency than GFAP-TK− mice.
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Figure 6. Comparison of the response of sham and X-irradiated mice to KA without 
pretreatment with ethosuximide
A. The experimental timeline is shown for treatment of Sham- and X-irradiated mice with 

16 mg/kg KA (n = 10/group).

B. Example of the response to KA in a Sham-treated and X-irradiated mouse.

C. 1–2. There were no significant differences in the latency to the first seizure. 3. There no 

significant differences in the numbers of seizures. 4. The total duration of convulsive 

seizures was greater in X-irradiated mice compared to Sham-irradiated mice.

D. 1–3. There were no significant differences in IIS frequency between Sham-treated and X-

irradiated mice 4–21 hrs after KA administration.
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Figure 7. Confirmation of suppression of adult neurogenesis
A. The experimental timeline used to confirm that adult neurogenesis was suppressed by X-

irradiation.

B. 1–2. DCX-ir in a sham (1a–b) and X-irradiated mouse (2a–b) shows strong DCX-ir 

(arrows) only in the sham. GCL, granule cell layer. Calibrations, 75 µm (1a, 2a); 30 µm (1b, 

2b). 3.a. The ROI used to quantify DCX-ir. b-c. DCX-ir before (b) and after thresholding 

DCX-ir in red (c). Calibration, 75 µm (a); 30 µm (b, c).

4. DCX-ir in X-irradiated mice was negligible compared to sham (Mann-Whitney U-test, p 

= 0.045; n = 3/group) and there was no difference in ROI area (t-test, p = 0.646).

5. DCX-ir in GFAP-TK+ mice was negligible compared to GFAP-TK− mice (Mann-

Whitney U-test, p<0.001; n = 3/group) and there was no difference in ROI area (t-test, p = 

0.257.

C. 1–2. DCX-ir (arrows) in the OB was robust in the GFAP-TK− (left) but not GFAP-TK+ 

mice (right). G, granule cell layer. Calibration, 100 µm.

3. The OB ROI is shown in a cresyl violet-stained section.

4. X-irradiated mice were not significantly different from sham mice in DCX-ir or ROI area 

(t-tests, p = 0.481, p = 0.694 respectively, n = 3/group).

5. GFAP-TK+ mice had a negligible DCX-ir relative to GFAP-TK− mice but no differences 

in ROI area (t-tests, p<0.001, p = 0.299 respectively, n = 3/group).
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Figure 8. Specificity of GFAP-TK+ mice
A. 1. The experimental timeline is shown.

2. The ROIs used to examine the DG, CA1 and CA3 are shown.

B. 1–2. GFAP-ir was similar in mice with normal and reduced adult neurogenesis. Arrows 

point to GFAP-ir cells. Calibration (Top), 100 µm; (Bottom), 75 µm.

3. There were no differences in GFAP-ir in sham- and X-irradiated mice (DG, CA1, CA3: t-

tests, p = 0.488, 0.652, 0.750 respectively, n = 3/group) or ROI area (t-tests, p = 0.519, 

0.841, 0.521, n = 3/group).

4. Differences in GFAP-ir were not detected in comparisons of GFAP-TK− and GFAP-TK+ 

mice (t-tests, p = 0.633, 0.0848, 0.2603 respectively, n = 3/group) or ROI area (t-tests, p = 

0.623, 0.545, 0.380 respectively, n = 3/group).

C. 1–2. Iba 1-ir (arrows) was similar in GFAP-TK− (1) and GFAP-TK+ (2) mice. 

Calibrations, 100 µm.

3. Mice with reduced adult neurogenesis were not different from controls in Iba 1-ir in the 

DG (t-test, p = 0.194, n = 3/group) or the DG ROI area (t-test, p = 0.763, n = 3/group).

D. Top: A representative section from a GFAP-TK+ mouse stained with an antibody to hsv-

TK shows numerous cells in the DG with the morphology of astrocytes (arrows). 

Calibration, 100 µm.

Bottom: The area surrounded by the box is expanded. Calibration, 100 µm.
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