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Abstract—Population-based studies have demonstrated

that children with a history of febrile seizure (FS) perform

better than age-matched controls at hippocampus-

dependent memory tasks. Here, we report that FSs induce

two distinct structural reorganizations in the hippocampus

and bidirectionally modify future learning abilities in an

age-dependent manner. Compared with age-matched con-

trols, adult mice that had experienced experimental FSs

induced by hyperthermia (HT) on postnatal day 14 (P14-

HT) performed better in a cognitive task that requires

dentate granule cells (DGCs). The enhanced memory perfor-

mance correlated with an FS-induced persistent increase in

the density of large mossy fiber terminals (LMTs) of the

DGCs. The memory enhancement was not observed in mice

that had experienced HT-induced seizures at P11 which

exhibited abnormally located DGCs in addition to the

increased LMT density. The ectopic DGCs of the P11-HT

mice were abolished by the diuretic bumetanide, and this

pharmacological treatment unveiled the masked memory

enhancement. Thus, this work provides a novel basis for

age-dependent structural plasticity in which FSs influence

future brain function. � 2016 IBRO. Published by Elsevier

Ltd. All rights reserved.
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INTRODUCTION

Follow-up surveys of children who experienced febrile

seizures (FSs) have revealed no association between

early-life FSs and global cognitive dysfunctions such as

academic progress, intellect, or behaviors compared to
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children without FS at school (Ellenberg and Nelson,

1978; Verity et al., 1998); however, these studies did

not specifically investigate whether FSs induce memory

dysfunction. In another population-based study that

examined the effects of FSs on working memory, it was

shown that school-aged children with FS experiences per-

formed significantly better than age-matched control chil-

dren in learning, consolidation, memory retrieval, and

delayed recognition (Chang et al., 2000, 2001). Impor-

tantly, however, those children with an onset of FSs

before 1 year-of-age had deficits in these properties,

which suggests an age-dependent modulation of memory

performances. To date, the mechanisms whether and

how age-dependent experiences of FSs affect differently

on later memory function remains unclear.

The dentate gyrus (DG) is one of the most susceptible

brain regions against seizures and epilepsy (Sloviter,

1994). Both in temporal lobe epilepsy (TLE) individuals

and their animal models, the dentate granule cells (DGCs)

exhibit several distinct structural abnormalities such as

aberrant axonal sprouting (Sutula et al., 1988) and ectopic

somal positioning (Scharfman et al., 2007). Importantly, it

has been reported that the FS-induced emergence of

ectopic DGCs during postnatal days contributes to the

future development of epilepsy in a rat model of severe

FSs (Koyama et al., 2012).

DG filters and outputs the neural activity from the

entorhinal cortex to the hippocampus as the first layer of

the hippocampal trisynaptic circuit, play an important

role in the hippocampus-dependent learning and

memory (Treves and Rolls, 1994). Especially, DGCs are

involved in the hippocampus-dependent episodic memory

via mediating pattern separation and pattern completion

(Nakashiba et al., 2012). Further, structural plasticity of

the large mossy fiber terminals (LMTs), which are the pri-

mary synaptic connections from the DGCs to the den-

drites of CA3 pyramidal cells (Claiborne et al., 1986),

has a critical role for the formation and maintenance of

context-dependent spatial memory (Ruediger et al.,

2011). Therefore, we hypothesized that early-life FSs

would induce structural reorganization of DGCs and exert

subsequent effects on the DG-dependent learning and

memory performances in adulthood.
EXPERIMENTAL PROCEDURES

Animals

Mice from the reporter line Thy1-mGFP (Lsi1; a generous

gift from Dr. Pico Caroni) were maintained under

http://dx.doi.org/10.1016/j.neuroscience.2016.01.011
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controlled temperature and light schedule conditions and

provided with unlimited food and water. All the

experimental procedures conformed to the National

Institutes of Health (NIH) Guide for the Care and Use of

Laboratory Animals and to the guidelines issued by the

University of Tokyo.

Pharmacological agents

The pharmacological agents were applied at the following

concentrations in vitro: Rp-adenosine-30,50-cyclic monoph

osphorothioate (Rp-cAMPS: competitive antagonist of the

cyclic nucleotide-binding domains of PKA, Sigma, St

Louis, MO, USA), 100 lM; KT-5720 (PKA antagonist,

Sigma), 10 lM; K252a (Trk receptor antagonist, Wako),

300 nM; and an anti-BDNF antibody Calbiochem),

10 lg/ml.

The pharmacological agents were administered

intraperitoneally (i.p.) at the following concentrations

in vivo: bumetanide at 0.1 mg/kg (Sigma) and

pentobarbital at 37 mg/kg (Sigma).

Prolonged experimental FSs

Prolonged experimental FSs were induced as previously

described (Koyama et al., 2012) with some modifications.

Briefly, male mouse pups at P11 (n= 60) and P14

(n= 54) were placed in a glass jar, and their core temper-

ature was raised using a regulated stream of moderately

heated air. Their rectal temperatures were measured at

baseline, seizure onset and every 2 min during the sei-

zures. Hyperthermic temperatures (40.0–42.0 �C) were

maintained for 30 min, and the occurrence and duration

of seizures, which consisted of an acute sudden arrest

of hyperthermia (HT)-induced hyperactivity, such as run-

ning, followed by oral automatism (biting and chewing)

and often by body flexion. After the periods of HT, the

mice were placed on a cool surface, monitored for

15 min and then returned to their home cages. The mice

in the control (normothermic) groups were treated identi-

cally to those in the hyperthermic groups with the excep-

tion that they were not exposed to HT; the control mice

were placed in a glass jar, and their rectal temperatures

were measured every 2 min for 40–50 min.

Early environmental enrichment

The enriched environment designed to induce complex

sensory-motor stimulation in neonatal mice was

configured based on previous protocols (He et al., 2010;

Kondo et al., 2012; Liu et al., 2012) with some modifica-

tions and consisted of a large cage (28 � 45 � 20 cm)

containing a running wheel, tunnels and wooden blocks.

The objects were repositioned once per day. Two preg-

nant mice (embryonic days 16–20) were housed with

two additional filler females. The litters were housed with

their mother until P21 and then transferred to a standard

cage.

Behavioral experiments

The open-field test was conducted using a square, white,

expanded polystyrene box (47 � 47 � 19 cm) with an
open top and a floor that was covered with clear acrylic

sheeting. The arena of the open field included a center

zone (26 � 26 cm). The test was performed at day 0 for

10 min.

Preexposure-dependent contextual fear conditioning

was performed over three consecutive days. On the

preexposure day (day 1), the mice were placed in a

rectangular chamber (18 � 15 � 15 cm) that contained a

metal grid floor connected to a shock scrambler (SGS-

003DX; Muromachi Kikai, Tokyo, Japan) for 3 min. On

the conditioning day (day 2), the mice were placed in

the chamber and then subjected to a single foot shock

(2 s, 1 mA) 10 s or 180 s after placement. After the

shock, the mice remained in the chamber for 30 s

before being returned to their home cage. On the test

day (day 3), the mice were placed in the chamber and

kept there for 300 s. Fear memory was assessed as the

percentage of time spent freezing (defined as a

complete lack of movement with the exception of

respiration). All the sessions were video recorded for

automated scoring of the freezing behavior. For the

anatomical analysis, the mice were perfused with 4%

paraformaldehyde (PFA) dissolved in 0.1 M PB 90 min

after the test.
Organotypic slice culture

Hippocampal slice cultures were prepared from P8 or P12

mice based on a previous protocol (Gogolla et al., 2006)

with some modifications. Briefly, dissected hippocampi

placed on an agarose block were sliced into 400-lm-

thick transverse sections using a DTK-1500 vibratome

(Dosaka) in aerated, ice-cold Gey’s balanced salt solution

(GBSS) containing 25 mM glucose. The slices were incu-

bated for 60 min at 4 �C in cold incubation medium con-

taining minimal essential medium (MEM) and Hanks’

balanced salt solution (HBSS) at a ratio of 2:1, 10 mM

Tris, 25 mM HEPES and 5 mM NaHCO3. For the P12

mice, 1 mM kynurenic acid was added to the incubation

medium. The slices were placed on Omnipore membrane

filters (JHWP02500; Millipore, Bedford, MA, USA)

(Koyama et al., 2007) in a solution containing 50%

MEM, 25% horse serum (HS), 25 mM HBSS, 10 mM Tris,

25 mM HEPES and 5 mM NaHCO3 supplemented with

33 mM glucose. Finally, the slices were cultured at

37 �C in a humidified incubator with 5% CO2 and 95% air.
Sample preparation and immunohistochemistry

The experimental animals were deeply anesthetized and

transcardially perfused with cold PBS followed by 4%

PFA. The brain samples were post-fixed using 4% PFA

at 4 �C for 24 h. Horizontal sections thicknesses of

200 lm were generated using a Zero-1 vibratome

(Dosaka). For slice cultures, the samples were fixed

using 4% PFA at 4 �C for 24 h under agitation. The fixed

slices were rinsed 3 times with 0.1 M phosphate buffer

(PB). Next, the slices were permeabilized overnight at

4 �C in 0.1 M PB with 0.1% Triton X-100 and 5% goat

serum. After extensive washing with 0.1 M PB, the

slices were incubated in 5% goat serum in 0.1 M PB at

room temperature for 60 min under agitation.
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Subsequently, the samples were incubated in primary

antibodies dissolved in 0.1 M PB with 0.1% Triton X-100

and 5% goat serum overnight at room temperature

under agitation. After this step, the slices were rinsed 10

times with 0.1 M PB followed by incubation in secondary

antibodies in 0.1 M PB with 5% goat serum for 2 h at

room temperature under agitation.

The following primary antibodies were used for

immunostaining: rabbit anti-c-Fos (1:5000; Millipore),

mouse anti-NeuN (1:1000; Millipore), mouse and rabbit

anti-Prox1 (1:5000; Millipore), mouse anti-PSD95

(1:5000; Abcam, Cambridge, UK), rabbit anti-Synapsin 1

(1:1000; Millipore) and rabbit anti-zinc transporter 3

(ZnT3) (1:5000; Synaptic Systems, Göttingen,

Germany). Alexa Fluor 350-, 405-, 488- and 594-

conjugated secondary antibodies were used (1:500;

Abcam, Cambridge, UK).

The samples were imaged using a CellVoyagerTM

CV1000 confocal scanner system (Yokogawa Electric

Corporation, Tokyo, Japan) with a 40� objective.

Anatomical analysis

Images of the samples were analyzed using ImageJ

(National Institutes of Health, Bethesda, MD, USA) and
Fig. 1. P14-HT improve rapid contextual learning. (A, C) Rapid

contextual learning experimental paradigm. Mice experienced either

HT-induced seizures at P14 (A) or were reared in an early enriched

environment (EE) from P0 to P21 (C). In the EE, neonatal mice were

reared in an enriched environment with two pregnant mice (embry-

onic days 16–20) and two additional filler females in a cage

containing several objects, including a running wheel, tunnels and

wooden blocks designed to induce complex sensory-motor stimula-

tion. At 8 weeks-old, both the control mice and the mice subjected to

either FSs or EE were examined using the fear conditioning test with

or without preexposure (the unconditioned stimulus [US] was an

electrical shock, and the conditioned stimulus [CS] was placement in

a chamber, interval = 10 s). EE, enriched environment; Pre, preex-

posure (3 min); FC, fear conditioning. (B, D) Fear memory was

calculated as the percentage of time spent freezing (defined as a

complete lack of movement with the exception of respiration) during

preexposure-dependent rapid contextual recall. **P < 0.01, two-way

ANOVA followed by Tukey’s test. n= 7–8 mice for each group. The

error bars indicate the s.e.m.
Adobe Photoshop (Adobe Systems, San Jose, CA,

USA) software.
Data representation and statistical analysis

The data are represented as mean ± the standard error

of the means (s.e.m.), and all data were pooled from at

least three independent experiments. The data were

collected and statistically analyzed independently by two

researchers in a blinded manner. Student’s t-tests or

two-way analyses of variances (ANOVAs) followed by

Tukey’s tests were used for the statistical analyses

unless otherwise stated. One-way ANOVAs followed by

Tukey’s tests was also used.
RESULTS

Distinct early-life experiences improve rapid
contextual learning

To examine whether FSs affect future memory

performance, we utilized a well-established rodent

model of FSs induced by HT (Dubé and Baram, 2006;

Koyama and Matsuki, 2010). This method has been

proved to resemble human FSs in several key aspects

such as the age specificity and the threshold of body tem-

perature for seizure induction (Bender et al., 2004). Mice

at postnatal day (P) 14 exhibited a typical pattern of com-

plex FSs when their rectal temperature was maintained at
Fig. 2. There were no detectable behavioral changes after early-life

experiences based on the open field and preexposure-independent

contextual recall tests. (A) Representative traces of mouse activity

patterns in the open field over 5 min. Bar: 10 cm. (B, C) The

percentages of time that the mice spent in the center area

(16 � 16 cm) (B) and the total distances traveled by the mice (C).

Neither the P14-HT mice nor the early EE mice exhibited anxiety-like

behaviors during the open field test. One-way ANOVA followed by

Tukey’s test. n= 7 mice for each group. (D) Freezing responses

during the preexposure-independent contextual recall test (the CS

was the placement in a chamber, and the US was the electrical

shock; the interval was set at 180 s). Increased freezing was not

detected in either the P14-HT or the early EE mice when the CS-US

interval was prolonged to 180 s. CS, conditioned stimulus; US,

unconditioned stimulus. One-way ANOVA followed by Tukey’s test.

n= 7 mice for each group. The error bars represent the s.e.m.
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40.0–42.0 �C for 30 min (P14-HT). Because seizures are

known to induce structural abnormalities of the DGCs

(Sutula et al., 1988; Sloviter, 1994; Scharfman et al.,

2007), we investigated the DGC-dependent cognitive abil-

ities of the P14-HT mice using a preexposure-dependent
Fig. 3. HT-induced seizure-dependent formation of LMTs correlates wit

hippocampal section obtained from a P60 Thy1-mGFP mouse that was imm

stratum lucidum; s.p., stratum pyramidale; s.o., stratum oriens. Bar: 200 lm
lucidum (s.l.) of the P60 control (left) and P14-HT mice (right). Bar: 20 lm. (C

from 5 to 6 mice for each group. No significant differences were detected be

Representative images of the GFP+ mossy fibers in the CA3 region of the P60

in the s.p. A number of LMTs were detected in the P14-HT mice. Bar: 100 lm.

two-way ANOVA followed by Tukey’s test. n= 3–4 mice (19–154 mossy fib

densities at P60 between the control and P14-HT mice. **P< 0.01, Student’s

group. (G) Correlation between the LMT density and the freezing responses o

the P14-FS mice. R2 = 0.04, P= 0.67 for the Control and R2 = 0.79, P
LMT densities at P60 between the control mice and the mice reared in an e

n= 7–8 mice (27–45 mossy fiber fragments per mouse) for each group. (I)

individual mice. A significant correlation was found among the EE-exposed m

the EE mice; n= 7 mice. The error bars indicate the s.e.m.
fear conditioning test (Fig. 1A). At 8 weeks of age, mice

that had been placed in a chamber for 3 min (preexpo-

sure) were again placed in the same chamber on the fol-

lowing day and given a foot shock 10 s later. We then

measured the time that the mice spent freezing during a
h improved memory performance in adulthood. (A) A horizontal

unostained for the neuronal marker NeuN. DG, dentate gyrus; s.l.,

. (B) Micrographs of the fragments of mossy fibers in the stratum

) The density of the LMTs formed in the s.l. at P60. n= 5–11 slices

tween the control and P14-FSs mice. P> 0.05, Student’s t-test. (D)
control (left) and P14-HT (right) mice. The arrowheads indicate LMTs

(E) Time course of the emergence of LMTs following FSs. **P < 0.01,

er fragments per mouse) for each group. (F) Comparison of the LMT

t-test. n= 7 mice (26–50 mossy fiber fragments per mouse) for each

f individual mice at P60. A significant correlation was detected among

< 0.01 for the P14-FSs mice; n= 7 mice. (H) Comparison of the

nriched environment from P0–P21 (EE). **P< 0.01, Student’s t-test.
Correlation between the LMT densities and the freezing responses of

ice. R2 = 0.01, P= 0.96 for the Control and R2 = 0.57, P< 0.05 for
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5-min test session on the third day. Without preexposure

to the chamber on day 1, both the non-HT control and

P14-HT mice displayed little freezing, most likely because

they were unable to relate the environmental context to

the foot shock within 10 s (Fig. 1B, w/o Pre). In contrast,

the mice that experienced the pre-exposure displayed

increased freezing (Fig. 1B, w/Pre). This increased freez-

ing represented a rapid recall of a full contextual repre-

sentation formed during the preexposure, i.e., pattern

completion, and was thus mediated by the DGCs

(Nakashiba et al., 2012). The preexposure-dependent

increase in freezing response was significantly greater

in the P14-HT mice than in the control mice (Fig. 1B,

w/Pre). As another manipulation of early-life experience,

we utilized an enriched environment (He et al., 2010).

This procedure has been shown to affect pup’s develop-

ment through intensive maternal care such as licking

(Cancedda et al., 2004). Similar to the mice that had

experienced P14-HT, mice that had been reared in an

enriched environment from P0 to P21 also exhibited the

preexposure-dependent increase in freezing at 8 weeks

old, whereas control mice that had been reared in their

home cages did not (Fig. 1C, D, w/Pre). Therefore, these

different childhood experiences that can enhance later

adulthood cognitive ability may share a common neural

mechanism. Neither enhanced anxiety (Fig. 2A–C) nor a

general increase in the freezing response (Fig. 2D)

accompanied the memory enhancement.
Fig. 4. LMTs colocalized with pre- and post-synaptic markers. (A, B) Represe

P21 (7 days after P14-HT). The hippocampal slices were immunostained f

transporter 3 (ZnT3, B). Bar: 10 lm. (C–E) Double immunostaining for Synap

boxed area in (C). (E) Magnified view of the boxed area in (D) illustrating the c

D) and 2 lm (E). (F) Representative images of CA3 at P60 immunostained for

pyramidale; s.o., stratum oriens. Bar: 100 lm. (G) Analysis of the density of S

p. and s.o. but not in s.l. The values were normalized to those of s.l. in the con

by Tukey’s test. n= 3 mice (2–4 slices per mouse) for each group. The erro
Experience-dependent formation of LMTs correlates
with improved memory performances

Next, we investigated whether the LMTs were associated

with the HT-induced enhancement of memory performance,

because rapid recall via pattern completion is likely

mediated by developmentally generated DGCs (Nakashiba

et al., 2012). To visualize the LMTs of the developmentally

generated DGCs, we used the Thy1-mGFP (Lsi1) mouse

line (Fig. 3A), in which GFP expression is restricted to the

principal neurons that differentiate during the late embry-

onic stages (Deguchi et al., 2011). The mossy fibers

formed the majority of LMTs in the stratum lucidum in

the control mice at P60 (Fig. 3B, D, Ctrl). However, we

often detected LMTs within the pyramidal cell layer,

i.e., the stratum pyramidale, in P14-HT mice (Fig. 3D,

P14-HT). Immunohistochemical analyses revealed that

these ‘‘anomalous” LMTs formed mature structural

synapses that were immunopositive for the pre-synaptic

marker Synapsin 1 and the LMT marker ZnT3 and

were closely co-localized with the postsynaptic marker

postsynaptic density protein 95 (PSD95) (Fig. 4A–E).

The HT-induced increase in LMT density was specific to

the stratum pyramidale, and no changes were detected

in the stratum lucidum (Fig. 3B, C); the latter finding was

also confirmed by analysis of the density of Synapsin

1-immunopositive puncta (Fig. 4F, G). The anomalous

LMTs appeared as early as 4 days after P14-HT
ntative confocal images of LMTs formed in the stratum pyramidale at

or the pre-synaptic marker Synapsin 1 (A) or the LMT marker zinc

sin 1 and the post-synaptic marker PSD-95. (D) Magnified view of the

olocalization of the pre- and post-synaptic structures. Bars: 10 lm (C,

Synapsin 1. s.r., stratum radiatum; s.l., stratum lucidum; s.p., stratum

ynapsin 1 puncta confirmed the emergence of aberrant synapses in s.

trol group. *P< 0.05, Two-way repeated measures ANOVA followed

r bars represent the s.e.m.
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(i.e., P18) (Fig. 3E) and persisted until the age of 8 weeks

(Fig. 3F). Importantly, a significant correlation between

the extent of freezing and LMT density was detected in

the P14-HT mice but not in the control mice (Fig. 3G).

Similarly, the enriched environment also increased the

LMT density (Fig. 3H), and this density was significantly

correlated with the extent of freezing (Fig. 3I).

The structural and functional plasticities of mossy fiber

synapses have been suggested to be mediated by the

activation of the cyclic adenosine monophosphate

(cAMP)-protein kinase A (PKA)-brain-derived neurotrophic

factor (BDNF)-tropomyosin receptor kinase (Trk) receptor
Fig. 5. The cAMP-PKA and BDNF pathways underlie the emergence of LMT

(A) and CA3 (B) in hippocampal slices immunostained for cAMP 6 h after

lucidum; s.p., stratum pyramidale; s.o., stratum oriens. Bar: 100 lm. (C) Inten

CA3. **P< 0.01, two-way repeated measures ANOVA followed by Tukey

Representative images of the CA3 region in a cultured hippocampal slice im

prepared from P12 mice that had experienced FSs at P11. We obtained sim

reared in an enriched environment beginning at P0 (not shown). Bar: 100 lm
anomalous LMTs was also detected in the stratum pyramidale at 7 DIV (E and

in LMT formation was pharmacologically assessed using the respective anta

binding domains of PKA, 100 lM), KT-5270 (a competitive antagonist of AT

inhibitor of Trk receptors, which are a family of receptor tyrosine kinases activa

Activation of the cAMP-PKA pathway and the BDNF-TrkB pathway underl

enriched environment (EE) (F). *P< 0.05 versus control, #P< 0.05 versus F

slices (2–21 mossy fiber fragments per slice) for each group. The error bars
pathway (De Paola et al., 2003). Indeed, we observed

that cAMP immunoreactivity was increased in the hip-

pocampus after P14-HT (Fig. 5A–C). Thus, we performed

pharmacological analyses using antagonists against

cAMP-PKA and BDNF-Trk signaling in hippocampal slice

cultures prepared from mice that were exposed to either

FSs or the enriched environment. In this experimental

system, we adopted P11-HT but not P14-HT, because

the healthiness of organotypic hippocampal slice cultures

highly depends on the age of pups used for the sample

preparation and that the healthiness drastically goes

down if the age of pups are older than P10. After 7 days
s after early-life experiences. (A, B) Representative images of the DG

P14-HT. ML, molecular layer; GCL, granule cell layer; s.l., stratum

sities of cAMP immunostaining (arbitrary units: a.u.) in the DG and the

’s test. n= 3–4 mice (4–7 slices per mouse) for each group. (D)

munostained for NeuN after 7 days in vitro (DIV). Slice cultures were

ilar results using slice cultures generated from P8 mice that had been

. (E, F) As observed in vivo, an HT- and EE-dependent increase in

F, Control). The involvement of cAMP-PKA and BDNF-Trk pathways

gonists Rp-cAMPS (a competitive antagonist of the cyclic nucleotide-

P at its binding site on the PKA catalytic subunit, 10 lM), K252a (an

ted by neurotrophins, 300 nM) and an anti-BDNF antibody (10 lg/ml).

ies the emergence of LMTs after both FSs (E) and exposure to an

Ss (E) or EE (F), two-way ANOVA followed by Tukey’s test. n= 4–9

represent the s.e.m.
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of pharmacological treatment, we found that both cAMP-

PKA and BDNF-Trk signaling were commonly involved

in the formation of anomalous LMTs (Fig. 5D–F).

Functionally incorporated LMTs in the hippocampal

networks have been shown to expand in an activity-

dependent manner (Galimberti et al., 2006). In accor-

dance with this finding, the LMT sizes of the P14-HT mice

expanded from P21 to P60 and were significantly larger

than those of control mice at both P21 and P60

(Fig. 6A–C). We also found that the LMTs of the P14-

HT mice possessed significantly fewer filopodia, which

form synapses with inhibitory interneurons to establish

feed-forward inhibitory networks (Acsády et al., 1998)

(Fig. 6D, E). Taken together, FSs induced by HT likely
Fig. 6. HT-induced seizures induce the expansion of LMTs and decrease th

traces (right) of intrapyramidal fragments of mossy fibers of P60 control

pyramidale; s.o., stratum oriens. (B) Representative traces of the structures o

(1.5 months after P14-HT). The arrowheads indicate filopodia. Bar: 10 lm. (

those of the control mice at both P21 and P60. Note that the sizes of the LMT

between P21 HT and P60 HT, #P< 0.05 and ##P< 0.01 versus control, two-

mice for each group. (D) Representative traces of the LMTs formed in the stra

P21. Bar: 5 lm. (E) The numbers of filopodia emanating from the LMTs. *P<

n= 4–5 mice (6–14 LMTs per mouse) for each group. The error bars indica
create excitatory networks and enhance DG-CA3 connec-

tions via newly formed LMTs.
Hilar ectopic DGCs induced by FSs attenuate
memory performance

In rodents, the DG undergoes several processes of

dynamic neural circuit formation daily during the first two

postnatal weeks. Therefore, we induced HT-induced

seizures in P11 mice (Fig. 7A) and tested their

performance in rapid recall via a pattern completion task

at 8 weeks old. We found that the P11-HT mice

exhibited freezing that was comparable with that of the

controls (Fig. 7B, Saline). In contrast, the P14-HT mice
e number of LMT filopodia. (A) Micrographs (left) and representative

and P14-HT mice. Bar: 10 lm. s.l., stratum lucidum; s.p., stratum

f the anomalous LMTs in s.p. at P21 (7 days after P14-FSs) and P60

C) The sizes of the LMTs in HT mice were significantly greater than

s of the HT mice significantly expanded from P21 to P60. **P < 0.01

way ANOVA followed by Tukey’s test. n= 147–248 LMTs from 3 to 4

tum lucidum (s.l., upper) and the stratum pyramidale (s.p., bottom) at

0.05, two-way repeated measures ANOVA followed by Tukey’s test.

te the s.e.m.



Fig. 7. P11-HT induce LMT formation but do not enhance memory

performance. (A) Experimental paradigm. Seizures were induced by

HT at P11. In some groups, the mice were administered a daily

injection of bumetanide from P11 to P17. (B) Freezing responses

during preexposure-dependent rapid contextual recall were assessed

at 8 weeks of age. Bum, bumetanide. *P< 0.05 and **P< 0.01, two-

way ANOVA followed by Tukey’s test. n= 8–9 mice for each group.

(C) Bar graph displaying the densities of LMTs at 8 weeks of age in

the mice that did or did not receive bumetanide administration

following FSs at P11. (D, E) Correlation between the LMT densities

and the freezing responses of the individual mice. A significant

correlation was detected among the P11-HT mice that were treated

with both saline (D) and bumetanide (E). R2 = 0.01, P= 0.78 for the

Saline-Control; R2 = 0.49, P< 0.05 for the Saline-P11-HT;

R2 = 0.03, P= 0.68 for the Bumetanide-Control; and R2 = 0.75,

P< 0.01 for the Bumetanide-P11-HT; n= 8–9 mice (17–67 mossy

fiber fragments per mouse) for each group. The error bars indicate

the s.e.m.
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exhibited significantly increased freezing responses

(Fig. 1B). Interestingly, human population-based studies

have reported that children who experienced FS onset

prior to the age of 1 year exhibit deficits in working

memory, whereas those who experienced FS onset

after the age of 1 year exhibit enhanced working

memory (Chang et al., 2000, 2001). Our findings that

experimental FSs at P14 but not at P11 enhanced adult

memory performance are apparently consistent with the

human studies because the first postnatal week in

rodents roughly corresponds to the first 2–3 postnatal

months in humans and the next two postnatal weeks in

rodents correspond to the next 4–5 postnatal years in

humans in terms of the developmental stage of the hip-

pocampus and its role in learning and memory (Avishai-

Eliner et al., 2002).

Importantly, the P11-HT also produced significant

increases in the densities of anomalous LMTs (Fig. 7C,

Saline). Thus, the question of what attenuates the FS-

induced memory enhancement in the P11-HT mice

arises. We examined the possible involvement of

ectopic DGCs in this memory attenuation. Hilar ectopic

DGCs appear abnormally in the epileptic hippocampus

and generate aberrant networks (Scharfman et al.,

2007). Specifically, we previously demonstrated that

P11-HT in rats induce ectopic DGCs via disruption of

the migration of DGCs in the hilus. These ectopic DGCs

persisted into adulthood and contributed to the future

development of epilepsy (Koyama et al., 2012). Because

the neurogenic locus in the DG undergoes a dramatic

relocation from the hilus to the subgranular zone during

the first several weeks after birth (Altman and Bayer,

1990), we hypothesized that the temporally specific dis-

ruption of DGC migration and the resulting emergence

of ectopic DGCs would disrupt rapid recall via pattern

completion. Consistent with this hypothesis, we detected

ectopic DGCs that displayed marked spiny dendrites, as

previously reported (Scharfman et al., 2007; Pierce

et al., 2011), in the P11-HT Thy1-mGFP (Lsi1) mice at

P60 (Fig. 8A, B). Furthermore, we confirmed that the

P11-HT but not P14-HT produced hilar ectopic DGCs

7 days later (Fig. 8C, E). Next, we examined whether

the attenuation of FS-induced memory enhancement

was rescued in P11-HT mice when the ectopic DGCs

were abolished. Our previous study revealed that the daily

administration of bumetanide, a specific inhibitor of the

Na+K+2Cl� co-transporter NKCC1, for seven consecu-

tive days following FSs (P12–18) prevents the occurrence

of ectopic DGCs in rats (Koyama et al., 2012). Performing

this procedure in mice (Fig. 7A) also suppressed cell ecto-

pia (Fig. 8D, F) and restored the increase in freezing

(Fig. 7B, bumetanide). Notably, the extent of freezing

was negatively correlated with the density of ectopic

DGCs only in the saline-injected FS group (Fig. 8G, H).

These results indicate that the enhancement of memory

performance after FSs was masked by ectopic DGCs

and that the daily administration of bumetanide abolished

the occurrence of ectopic DGCs and unmasked the mem-

ory enhancement. Additionally, bumetanide application

following P11 HT did not affect the FS-induced increase

in anomalous LMTs (Fig. 7C). In both the presence and
absence of bumetanide, there was a strong correlation

between the extent of freezing and the density of the

LMTs in the P11-HT group (Fig. 7D, E). These data

demonstrate that experimental FSs in mice modify hip-

pocampal network structure in an age-dependent manner

via ectopic DGCs, which results in attenuation of spatial

memory performance in adulthood.



Fig. 8. Hilar ectopic DGCs induced by P11-HT affect future memory performance. (A, B) Representative images of hilar ectopic DGCs (boxed area)

from a P60 Thy1-mGFP mouse that was immunostained for the DGC marker Prox1. (B) Magnified view of an mGFP+ and Prox1+ ectopic DGC

indicated by arrows in (A). Bars: 100 lm (A) and 20 lm (B). (C) Representative images of the DG immunostained to detect the DGC marker Prox1.

Numerous ectopic DGCs were found in the hilus of the P11-HT mice. Bar: 100 lm. (D) Representative images of the DG of 8-week-old control and

P11-HT mice immunostained for Prox1. Numerous ectopic DGCs were detected in the hilus of the HT mice, and this phenomenon was blocked by

bumetanide. Bar: 100 lm. (E) Densities of ectopic DGCs at P18 (7 days after P11-HT) and at P21 (7 days after P14-HT). **P< 0.01, two-way

ANOVA followed by Tukey’s test. n= 3–4 mice for each group. eDGC, ectopic DGC. (F) Bar graph displaying the densities of ectopic DGCs at

8 weeks of age with or without bumetanide administration following FSs at P11. **P< 0.01, two-way ANOVA followed by Tukey’s test. n= 8–9

mice for each group. The error bars indicate the s.e.m. (G) An inverse correlation was detected between the densities of ectopic DGCs and the

freezing responses of the individual mice. R2 = 0.01, P= 0.88 for the Control and R2 = 0.48, P< 0.05 for the P11-HT mice; n= 8–9 mice. (H)

This inverse correlation was not detected when the emergence of eDGCs was suppressed by bumetanide in the HT mice. R2 = 0.02, P = 0.69 in

the Control, and R2 = 0.75, P< 0.01 in the P11-HT mice; n= 8–9 mice. The error bars indicate the s.e.m.
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DISCUSSION

Our findings demonstrate that early childhood

experiences modify hippocampal neuronal networks and

affect future memory performance. Most importantly,

we found that distinct structural reorganizations

during childhood could affect each other to produce

adult behavioral outputs: increased LMT formation

correlated with improved memory performance, but

the coexistence of ectopic DGCs attenuated this

improvement.
In the present study, we found that the enhanced

memory performance was significantly correlated with

the early-life experience-induced increase in the density

of LMTs. Considering that LMTs are potent synapses,

anomalous LMTs would recruit a large number of

downstream CA3 neurons, which may serve to form and

activate the CA3 memory engram possibly via

cooperation with the bursting nature of the pyramidal

cells located in a deeper layer of CA3 (Bilkey and

Schwartzkroin, 1990). The significant correlation between

the number of anomalous LMTs and rapid spatial learning
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observed in the present study is consistent with the find-

ings of an earlier study that revealed that mouse lines dis-

playing larger numbers of LMTs in the intra- and

infrapyramidal bundles exhibit better spatial learning abil-

ities (Crusio and Schwegler, 2005).

It remains unclear where (e.g., in pre-synaptic or post-

synaptic regions) the PKA-BDNF signaling pathway

becomes activated and how this signaling induces

anomalous LMT formation. Because both the pre- and

post-synaptic domains of nascent LMTs express BDNF

(Danzer and McNamara, 2004), BDNF might mediate

spatially confined feedback between the pre- and post-

synapses to form LMTs. One possible molecular mecha-

nism might involve the self-amplification of PKA-BDNF

signaling (Cheng et al., 2011), which would enhance

synapse formation and growth via interactions with cad-

herin (Bamji et al., 2006; Williams et al., 2011).

The evidence for the effect of FSs on cognitive

function is still conflicting both in humans and animal

studies. For example, by performing the Morris water

maze analyses, some studies reported that prolonged

FSs did not affect hippocampus-dependent behavioral

performances, while the other studies reported that

working and reference memory performances were

moderately attenuated by prolonged FSs (Dubé et al.,

2009; Lemmens et al., 2009; Notenboom et al., 2010).

Additionally, a previous human study reveal that children

following prolonged FSs perform worse than normal con-

trols in recognition memory task (Martinos et al., 2012).

Therefore, it would be interesting to examine age-

dependent effects of FSs on the hippocampus-

dependent memory performances. In the present study,

we performed preexposure-dependent contextual fear

conditioning, specifically focusing on the role of develop-

mentally generated DGCs in pattern completion, and

demonstrated that FS-induced structural reorganization

of LMTs play an important role in future memory perfor-

mance. In contrast to developmentally generated DGCs,

which are involved in pattern completion, it has been

reported that adulthood generated DGCs are required

for pattern separation (Nakashiba et al., 2012). Because

FSs are early-life events, it is predictable that FSs would

not affect pattern separation. However, because a genetic

modification that disrupts the excitatory/inhibitory balance

in the DG-CA3 pathway suppresses pattern separation

(Clement et al., 2012), it is possible that FSs and an early

enriched environment, both of which induce the LMT reor-

ganization in CA3, result in deficits in pattern separation-

mediated spatial recall.

Early-life experience can exert various influences on

later development and behavioral performances. Other

than FSs and EE which we investigated in the present

study, for example, maternal separation stress during

the neonatal periods is also known to affect learning

and memory in the adulthood. A previous study reported

that maternal separation impairs auditory fear

conditioning (Kosten et al., 2006), while another study

demonstrated that rats that had experienced maternal

separation outperform in active avoidance learning

(Lehmann et al., 2000). It will be interesting to examine

in the future studies whether HT-induced seizures and
EE in early childhood interact with each other for behav-

ioral outcomes in adulthood. Considering that HT-

induced seizures and EE share the similar behavioral

outcomes (Fig. 1) and the molecular and cellular mecha-

nisms underlying the structural modification (Fig. 5), it

would be possible that the effect of P14-FSs is occluded

by the EE effect.

The HT-induced ectopic DGCs might have interfered

with either the acquisition or recall of a given spatial

context via aberrant neural activity, such as augmented

high-frequency oscillations (150–500 Hz) (Koyama et al.,

2012). Interestingly, the recent computational modeling

studies suggested that even a small population of ectopic

DGCs could impair DG-dependent memory performance

(Myers et al., 2013). Additional future studies are needed

to clarify the cellular and molecular links between the

time-point of childhood seizures and the critical periods

in neural circuit formation to understand the mechanisms

that underlie epileptogenesis and to establish anti-

epileptogenic therapies.
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