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GABAergic excitation after febrile seizures induces
ectopic granule cells and adult epilepsy

Ryuta Koyama!, Kentaro Taol2, Takuya Sasakil>2, Junya Ichikawa!, Daisuke Miyamoto!, Rieko Muramatsu!,

Norio Matsuki! & Yuji Ikegaya!

Temporal lobe epilepsy (TLE) is accompanied by an abnormal location of granule cells in the dentate gyrus. Using a rat model
of complex febrile seizures, which are thought to be a precipitating insult of TLE later in life, we report that aberrant migration
of neonatal-generated granule cells results in granule cell ectopia that persists into adulthood. Febrile seizures induced an
upregulation of GABA, receptors (GABA,-Rs) in neonatally generated granule cells, and hyperactivation of excitatory GABA,-Rs
caused a reversal in the direction of granule cell migration. This abnormal migration was prevented by RNAi-mediated
knockdown of the Na*K*2CI~ co-transporter (NKCC1), which regulates the excitatory action of GABA. NKCC1 inhibition

with bumetanide after febrile seizures rescued the granule cell ectopia, susceptibility to limbic seizures and development

of epilepsy. Thus, this work identifies a previously unknown pathogenic role of excitatory GABA ,-R signaling and highlights
NKCC1 as a potential therapeutic target for preventing granule cell ectopia and the development of epilepsy after

febrile seizures.

Disorders of neuronal migration during the development of the cer-
ebral cortex result in neuronal heterotopia, which increases the risk
of epilepsy"2. Neuronal heterotopia is associated with spontaneous
seizures and a reduced seizure threshold in many genetic-3, drug-*
and lesion-induced® animal models, whereas rescue of the hetero-
topia decreases seizure susceptibility in a rat model of subcortical-
band heterotopia®.

The abnormal location of hippocampal granule cells is also present
in individuals with TLE and corresponding animal models’~!!:
the granule cell somata are dispersed, forming a wider granule cell
layer (GCL) than normal (granule cell dispersion)”-®, whereas ectopi-
cally located granule cells are found in the dentate hilus (ectopic
granule cells)!?. Ectopic granule cells are abnormally incorpo-
rated into excitatory hippocampal networks!®!213 and may be
epileptogenic. Here we focus on the mechanisms underlying the
emergence and function of ectopic granule cells after experimental
febrile seizures.

Febrile seizures are the most common convulsive events in humans
between 6 months and 5 years of age, with a prevalence of 2-14%'4 in
the population in this age range. Although febrile seizures are benign
in most instances, 30-40% of them are ‘complex’'>!®, with a pro-
longed seizure duration of >15 min, and are subsequently associated
with 30-70% of the cases of adult TLE!”>!8. Using a well-established
rat model of complex febrile seizures!®2%, which includes hippocam-
pal hyperexcitability?!?2 and behavioral and electroencephalographic
seizures in adulthood??, we sought a therapeutic strategy for prevent-
ing the emergence of epileptogenic foci.

RESULTS

Febrile seizures arrest newborn granule cells in the hilus

To determine whether febrile seizures affect the localization of neo-
natally generated granule cells, we placed rats at postnatal day 11 (P11
rats) under hyperthermic conditions at 39.5-42.5 °C (the hyperther-
mic group) (Fig. 1a). These rats exhibited a typical pattern of complex
febrile seizures involving body flexion (Fig. 1b and Online Methods).
Systemic seizures and epileptiform discharges in local field potentials
(LFPs) were both prevented by pretreatment with pentobarbital, an
activator of GABA ,-R (Fig. 1c). Therefore, we used pentobarbital
treatment in rats in this hyperthermic group as controls!® in addi-
tion to another control group, a normothermic group not exposed to
hyperthermic conditions.

To examine whether febrile seizures induce ectopic granule cells in
adulthood, we labeled neonatally generated granule cells by injection of
aretrovirus that encodes membrane-targeted GFP at P5 in rats from the
hyperthermic and normothermic groups; we then immunostained sec-
tions from these rats with the granule cell marker prospero homeobox 1
(Prox1)?+25 at P60 (Fig. 1a). At P60, we found GFP* granule cells in
the GCL with extended well-oriented dendrites (Fig. 1d) in both the
normothermic and hyperthermic groups (n = 6-8 rats per group). In six
of the eight rats in the hyperthermic group, however, we found ectopic
granule cells, which had bipolar dendrites that extended into the hilus
and axons that projected to the GCL, as well as into the CA3 region. We
did not find these ectopic granule cells in the rats in the normothermic
group (n = 0 of 6 rats; P < 0.05 for the normothermic compared to the
hyperthermic group by Fisher’s exact probability test) (Fig. 1e).
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Figure 1 Febrile seizures induce ectopic granule cells. (a) Experimental paradigms. Rats were killed at P6, P11, P18 or P60. s.c., subcutaneous;

i.p., intraperitoneal. (b) Photograph of a P11 rat during febrile seizures. (c) LFP recording from the hippocampus of mice from each of the three
experimental groups. (d,e) Retrovirus-infected GFP* normotopic (d) and ectopic (e) granule cells. Prox1~ cells, presumably an aggregate of glial cells
(arrowhead), were also found in regions near the retrovirally injected areas. The images on the far right are confocal three-dimensional reconstruction
images of the soma. The arrows point to axons, and the open arrows point to dendrites. ML, molecular layer. (f) Images of dentate hilus from rats in the
normothermic (NT) and hyperthermic (HT) groups at P60 immunolabeled for Prox1 and BrdU. Neonatally (P5)-generated granule cells (Prox1*BrdU*)

in the hilus of a rat from the hyperthermic group are indicated by arrows. The images on the far right show a confocal three-dimensional reconstruction
of a neonatally (P5)-generated granule cell. (g,h) Semicircular diagrams of the dentate gyrus (g) and a sequential line graph (h) showing the localization
of neonatally (P5)-generated granule cells (GCs) as a function of age in postnatal days. Hippocampal sections were prepared at multiple postnatal time
points (P6, P11, P18 and P60) and immunostained for Prox1 and BrdU (g). The locations of neonatally (P5)-generated granule cells were analyzed and
plotted on the diagrams (Online Methods). Localization (on the y axis, 100% corresponds to all neonatally (P5)-generated granule cells in the hilus and

GCL) of neonatally (P5)-generated granule cells in the hilus (triangles) and the GCL (circles) (h). **P < 0.01 compared to the normothermic group by

Tukey’s test after one-factor ANOVA (n = 9-16 sections from 3-4 rats).

Although retroviral labeling enabled morphological analyses of
ectopic granule cells, it was not suitable for quantitative analyses
because the number of GFP-labeled neurons varied among the experi-
ments. We thus labeled newly generated cells by a single-bolus injec-
tion of the S-phase marker 5-bromo-2’-deoxyuridine (BrdU) at P5. We
killed the rats at either P6, P11, P18 or P60 for immunohistochemical
staining with Prox1 (Fig. 1f). Most neonatally (P5)-generated, BrdU*
granule cells were found in the hilus at P6 and moved to the GCL by
P18 (Fig. 1g,h). The rats in the hyperthermic group had more BrdU*
granule cells in the hilus than the rats in the normothermic group or
the hyperthermic control group at both P18 and P60 (Fig. 1h), indi-
cating that these ectopic granule cells were induced by seizures rather
than hyperthermia. The ectopic granule cells appeared by P18 and

persisted into adulthood (P60) in the hyperthermic group. The densi-
ties of BrdU™ granule cells in the hilus and the GCL, but not in the
entire dentate gyrus, differed substantially between the normothermic,
hyperthermic and hyperthermic control groups at P60 (Supplementary
Fig. 1), implying that febrile seizures attenuated the migration, but not
the proliferation or survival, of immature granule cells.

GABA,-R signaling regulates granule cell localization

GABA is crucial in neuronal migration during cortical development?6-30,
To examine whether GABA ,-R signaling is involved in granule cell ecto-
pia, we treated rat pups with a low concentration (1 mg per kg of body
weight) of the GABA , -R antagonist picrotoxin once a day for 7 d after
hyperthermic induction of febrile seizures (Supplementary Fig. 2a,b).
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Figure 2 GABA,-R signaling modulates granule
cell migration. (a,b) Diagrams (a; 5 DIV) and a
sequential line graph (b) showing the locations

of the neonatally (P5)-generated granule cells in
cultured slices. The drugs indicated were applied
from O DIV to 5 DIV. **P < 0.01 compared to
control without reagents by Tukey'’s test after one-
factor ANOVA (n = 6). (c) Images of cocultures.
Trans, transmitted light. (d,e) Images (d; 4 DIV)
and trajectories (e) of GFP* granule cells for 24 h
(3-4 DIV) in the dentate gyrus of a coculture.

The dotted lines in d and e indicate the boundary
between the hilus and the GCL. The trajectories
and orientation of 35 granule cells are shown

(e, right). (f,g) A GFP* granule cell (with the soma
shown in g) immunostained for GABA,-R

B subunits. (h—j) Response of GFP* cells in the hilus
to GABAergic and glutamatergic inputs recorded
under the gramicidin-perforated (h,i) or whole-

cell (j) patch-clamp technique. Currents were
recorded from GFP* cells (h,j) with or without the
administration of drugs, and the current-voltage
(I-V) relationships of the GABA-evoked currents are e
shown in i. V};, holding membrane potential.

Control

This subconvulsive dose of picrotoxin blocked
seizure-induced granule cell ectopia. In con-
trast, repetitive administration of pheno-
barbital, a positive modulator of GABA ,-R,
increased the number of hilar granule cells
in the rats in the hyperthermic group. In the
rats in the normothermic group, phenobarbital increased the density
of hilar ectopic granule cells but picrotoxin did not. Neither picrotoxin
nor phenobarbital affected the total density of BrdU* cells in either
group (Supplementary Fig. 2¢). These results suggest that GABA ,-R
signaling regulates granule cell ectopia.

To confirm this phenomenon ex vivo, we prepared hippocampal
slices from P6 rat pups and cultured them for 5 d in the presence of
the GABA ,-R antagonist bicuculline or the GABA ,-R agonist musci-
mol. The granule cell localization pattern in these rats was similar to
that observed in vivo: muscimol facilitated and bicuculline retarded
granule cell migration (Fig. 2a,b). The sodium channel blocker tetro-
dotoxin did not affect granule cell localization or the effects of bicu-
culline treatment, which suggests that action-potential-independent,
ambient GABA regulates granule cell migration. The receptors AMPA
(AMPA-R) or NMDA (NMDA-R) were also probably not involved in
this process (Fig. 2b).

Hilus

Migrating granule cells receive excitatory GABA,-R inputs
Granule cell progenitors are associated with radial glia in the dentate
gyrus>132; however, direct time-lapse evidence for radially migrating
granule cells is lacking. We visualized granule cell migration using a
slice coculture system in which we replaced the hilar region of the hippo-
campal slices from wild-type rats with the hilar graft slices prepared
from transgenic rats expressing GFP (GFP* transgenic rats) (Fig. 2c).
We defined GFP* cells with single leading processes and trailing proc-
esses emanating from the oval-shaped somata whose minor axis was
less than 10 um as immature granule cells because they expressed
Prox1 but not the mature neuronal marker NeuN, the mature granule
cell marker calbindin or the astrocyte markers S100f and glial fibril-
lary acidic protein (GFAP) (Supplementary Fig. 3a—c). After 5-12d
in vitro (DIV), most migrating granule cells reached the GCL and
showed mature morphology (Supplementary Fig. 3a).
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A 24-h time-lapse analysis revealed that granule cells migrated
radially to the GCL (Fig. 2d,e, Supplementary Fig. 4a and
Supplementary Video 1). The mean velocity and total distance of
the cells were 3.94 +0.13 pm per h (mean £ s.e.m.) and 98.5+ 3.1 pm
(mean * s.e.m.), respectively (n = 35). The granule cells occasionally
showed somal translocation to the GCL (Supplementary Fig. 4b and
Supplementary Video 2). The leading processes of the granule cells
attached to GFAP* radial glial scaffolds (Supplementary Fig. 4c).
One of the 35 cells turned in the opposite direction in the middle of
migration (Fig. 2e).

The migrating GFP* cells expressed GABA ,-R B subunits on the
membrane surface (Fig. 2f,g). To determine whether these GABA ,-Rs
were functional, we performed perforated whole-cell patch-clamp
recordings by optically targeting two types of GFP* cells: cells in the
hilus with the morphology of migrating granule cells (Fig. 2h-j) and
cells in the GCL with the morphology of more mature granule cells
(Supplementary Fig. 5). When clamped at —65 mV, GFP* cells in the
hilus had spontaneous inward currents that were abolished by a bath
treatment with the GABA 4-Rantagonist bicuculline (n = 11; Fig. 2h),
whereas spontaneous inward currents in GFP* cells in the GCL were
blocked with the simultaneous application of the non-NMDA-R
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and
the NMDA-R antagonist 2-amino-5-phosphonovaleric acid (APV)
(n = 11; Supplementary Fig. 5a). Puff application of GABA evoked
currents in all the GFP* cells tested: the reversal potential of the
currents was —40.2 = 5.1 mV (mean % s.e.m.) for GFP* cells in the
hilus (n = 6; Fig. 2i) and —64.8 + 6.3 mV for GFP"* cells in the GCL
(n = 5; Supplementary Fig. 5b), indicating that GABA is excitatory
in granule cells migrating in the hilus. Neither AMPA nor NMDA
evoked currents in GFP* cells in the hilus (n = 3; Fig. 2j), whereas
they both evoked inward currents in GFP* cells in the GCL (n = 3,
Supplementary Fig. 5¢). Thus, neonatally generated granule cells
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Figure 3 GABA,-R hyperactivity underlies
aberrant granule cell migration. (a) Diagrams
for the migration assay (top) and the
trajectories of granule cells for 6 h (bottom).
The trajectories of reversed migration are shown
in red. (b) Cumulative frequency of the rate of
movement of the granule cells. **P < 0.01 by
Kolmogorov-Smirnov test (n = 22-28 cells per
group). (c) Time-lapse (left) and immunostained
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(right) images of an aberrantly migrated
granule cell in a hyperthermic to normothermic
coculture. Arrows point to the soma, and H|Ius
arrowheads point to the leading process.

(d) A representative ectopic granule cell (arrow)
in a hyperthermic to normothermic coculture at
12 DIV. (e,f) Images of the explant culture (e)
and immunostained images of migrating granule
cells (f). (g-i) Immunocytochemical (ICC; g) and
immunoblot (IB; h) images and quantification

(i) of the surface expression of the B subunits

of GABA,-Rs, which were assessed by using
antibodies specific to the extracellular domain of
the B subunits of the GABA,-Rs. p85 was used e
as a loading control. Error bars (i), s.e.m.
MW, molecular weight.

initially receive GABA-mediated tonic cur-
rents during migration and thereafter receive
glutamate-mediated synaptic inputs when
they reach the GCL, similar to adult-born
granule cells®?

200 um

Aberrant migration of granule cells after febrile seizures

We next designed a slice coculture system in which we prepared
GFP* hilar grafts and wild-type host slices from P12 rats in the
normothermic and the hyperthermic groups (24 h after the induc-
tion of febrile seizures) (Fig. 3a). A time-lapse analysis revealed that
12 of the 26 GFP* cells from the hyperthermic grafts migrated in
the opposite direction in host normothermic slices (hyperthermic to
normothermic cocultures) (Fig. 3a—-c and Supplementary Video 3).
In contrast, 26 of 28 cells and 23 of 25 cells from the normothermic
to normothermic and normothermic to hyperthermic cocultures,
respectively, migrated correctly toward the GCL (P < 0.01 between
normothermic to normothermic and hyperthermic to normothermic;
P =0.65between normothermic to normothermic and normothermic
to hyperthermic by Fisher’s exact probability test) (Fig. 3a). We found
ectopic granule cells in the hyperthermic to normothermic cocultures
at 12 DIV (Fig. 3d). Administration of bicuculline prevented the aber-
rant migration of the granule cells and increased the rate of migration
(n =23; Fig. 3a,b).

What functional changes are induced by febrile seizures in migrating
granule cells? Febrile seizures did not affect the expression of glutamate
decarboxylase (GAD)-67 or GABA in the dentate gyrus (Supplementary
Fig. 6). We therefore isolated the hilar explants from P12 rats in either
the normothermic or hyperthermic group (24 h after the induction of
febrile seizures) and cultured them for 48 h (Fig. 3e). We found a large
number of Prox1* granule cells with a polarized morphology typical
of migrating neurons®* around the explants (Fig. 3f). The immunocy-
tochemical staining revealed that the surface expression of GABA ,-R
B subunits was upregulated in cells from the rats in the hyperthermic
group (Fig. 3g). We confirmed this upregulation by immunoblotting
plasma membrane proteins extracted from the hilar slices (Fig. 3h). The
quantification of these results is shown in Figure 3i.
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Puff application of muscimol to the growth cones of the leading
processes of migrating cells caused a reversal in the direction of the
migrating hyperthermic cells but not the migrating normothermic
cells (Fig. 4a-c and Supplementary Videos 4 and 5), suggesting an
increased sensitivity of hyperthermic granule cells to GABA.

We analyzed the cell positions relative to the explants after 72 h
in vitro (Fig. 4d,e). The cell migration rate was suppressed by mus-
cimol, an effect that was stronger in the hyperthermic granule cells
than in the normothermic cells (Fig. 4f). This effect was blocked
by an inhibitor of L-type Ca?* channels (1 uM nimodipine). Thus,
depolarization-induced Ca®* entry may mediate migration deficits
through Ca?*-dependent cytoskeletal reorganization?%-3>-37,

The excitatory action of GABA on immature neurons is mediated
by the accumulation of Cl~ through the NKCCI transporter (also
known as SLC12A2)3839 Indeed, a selective inhibitor of NKCCl1
(10 uM bumetanide) prevented muscimol-induced migration deficits
(Fig. 4f). To further confirm the involvement of NKCC1, we knocked
down NKCC1 in hyperthermic granule cells using NKCC1-targeted
shRNA. At 48 h after knockdown, the amount of NKCCI1 protein was
reduced in the cells transfected with NKCC1-targeting shRNA but not
in control cells transfected with nontargeting shiRNA (Supplementary
Fig. 7). The NKCC1 knockdown rescued GABA , -R-mediated migra-
tion deficits (Fig. 4g,h).

Bumetanide rescues granule cell ectopia and epilepsy

In the in vivo febrile seizure model, bumetanide also prevented gran-
ule cell ectopia (Fig. 5a,b). Neither febrile seizures nor bumetanide
attenuated the dendritic maturation of neonatally (P5)-generated
granule cells in the GCLs at P60 (Supplementary Fig. 8), although
NKCCI1 has been reported to contribute to dendritic maturation in
adult-born granule cells*
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Figure 4 NKCC1 inhibition rescues granule cell migration deficits and ectopia. (a—c) Time-lapse analysis of migrating granule cells before and after
muscimol application at 48 h in the explant culture. Muscimol was focally applied to the leading growth cones (a). **P < 0.01 by Student’s ¢ test

(n = 4-5 cells per group). (d,e) Immunostained (d) and plotted (e) images of granule cells at 72 h in the explant culture. (f) Cumulative frequency of
the migration distance. Reagents were applied between 24 h and 72 h in explant culture. **P < 0.01 by Kolmogorov-Smirnov test (n = 5-6 explants
per group). (g,h) Immunostained images (g) and mean migration distance (h) of shRNA-transfected hyperthermic granule cells cultured with or without

muscimol. Error bars (h), s.e.m. *P < 0.05, **P < 0.01 by Tukey'’s test after one-factor ANOVA (n = 13-19 cells per group).

To examine whether febrile seizures in early life increase the sus-
ceptibility to seizures in adulthood, we treated P60 rats with a subcon-
vulsive dose of pilocarpine (300 mg per kg body weight). Pilocarpine
induced limbic seizures that persisted for >80 min in rats in the

hyperthermic group but not in the rats in the normothermic and
hyperthermic control groups (Fig. 5¢). This increased susceptibil-
ity to adult seizures was blocked by the application of bumetanide
after febrile seizures at P11. The maximal average behavioral score
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Figure 5 Bumetanide rescues granule cell ectopia, seizure susceptibility and
development of epilepsy. (a) Experimental paradigms. (b) Localization (%) of

neonatally (P5)-generated granule cells in the hilus at P60. Error bars, s.e.m.
**P < 0.01 compared to normothermic; ##P < 0.01 by Tukey’s test after one-factor

ANOVA compared to hyperthermic (n = 16 sections from four rats per group).
(c) Seizure scores every 5 min for 80 min after pilocarpine injection from rats

each experimental group (P60). **P < 0.01 compared to normothermic, ##P < 0.01
by Bonferroni test compared to hyperthermic in the same time bins (n = 6 rats

per group). (d) Still shot from a movie of a seizing adult rat that experienced febrile
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the normothermic (n = 20), normothermic plus phenobarbital (n = 14) or hyperthermic plus bumetanide (n = 15) groups. **P < 0.01 compared to

normothermic by Steel-Dwass test after Kruskal-Wallis test. (f) Rats with seizures (n =

without seizures (n = 8) in the hyperthermic group. Error bars, s.e.m. *P< 0

8) had larger numbers of ectopic granule cells compared to rats

.05 by Student’s t test. (g) Box plots showing the relationship between

the number of ectopic granule cells and the seizure frequency per day. A total of 16 rats in the hyperthermic group were categorized into two groups

according to the number of ectopic granule cells, high: top 50%, n = 8; low

: bottom 50%, n = 8. *P < 0.05 by Mann-Whitney U test. (h) Correlation

between the ectopic granule cell number and the seizure frequency (n = 16 rats) in the hyperthermic group. R = 0.31, P < 0.05 by ANOVA.

NATURE MEDICINE VOLUME 18 | NUMBER 8 | AUGUST 2012

1275



© 2012 Nature America, Inc. All rights reserved.

&

ARTICLES

Figure 6 Bumetanide blocks the emergence a b c
of ectopic granule cells and epileptic ripples mis ~8 —NT
in adulthood. (a) Representative LFP traces LLl ‘,.Mm"\‘"“‘\‘w'\‘ww(\ 25 ::14, bumetanide
recorded from the CA1 pyramidal cell layer l L c
. HT Y o 4
of rats from the three experimental groups. } 2
(b) Magnification of the boxed region in a HT + bumetanide Z § 2
confirming that the hyperactivity observed |uo>. ; 0
in a raw LFP trace (top) consisted of an HFO 2s 100 300 500 (Hz)
(bottom; 150-500 Hz). (c) Representative d Ripples Fast ripples e f
spectrograms from the three experimental 0 (190-250Hz) _(250-500Hz) = 4 :u;
groups. The osgillatiqn powers were normallized g ) g 25 o @ HT + bumetanide
to the 200-Hz intensity in the normothermic § 30 £ 20 _
group. The rats in the hyperthermic group é; g ggeo- ° °
had a spectrum peak at approximately =520 215 #t he]
200 Hz (arrow). Experiments in a-c were 2§ ; 10 %% 401 R=077
reproduced at least three times, and similar }%U 10 “ %’ 5 g ﬁ . P <0.001
results were obtained in each. (d) The mean a o z o 5 ‘g 204
duration of hippocampal discharges in ripples = 8 = 3 g 3 3 e
(left; 150-250 Hz) and fast ripples (right; 3 3 K] 8%° °
250-500 Hz). *P < 0.05, **P < 0.01 compared £ £ £ 0 =
to normothermic, #P < 0.05 compared to < 2 < Number of ectopic GCs
hyperthermic by Tukey’s test after one-factor HT HT HT

ANOVA (n = 5-7 rats per group). (e) The number

of ectopic granule cells in each group. Error bars (d,e), s.e.m. **P < 0.01 compared to normothermic, ##P < 0.01 compared to hyperthermic by Tukey’s
test after one-factor ANOVA (n = 12 sections from 5-7 rats per group). (f) Correlation between the number of ectopic granule cells and the average
duration of hippocampal discharges in HFOs (150-500 Hz). R=0.77, P< 0.001 by ANOVA.

was 5.0 = 0.4 (mean * s.e.m.) in the hyperthermic group and 3.2 +
0.2 in the hyperthermic plus bumetanide group (n = 6 rats in each).
Specifically, we observed head bobbing (corresponding to a score of
4, two rats), rearing and forelimb clonus (corresponding to a score of
5, two rats) and rearing, clonus and falling (corresponding to a score
of 6, two rats) in the hyperthermic group, whereas only one of the six
rats in each of the normothermic, hyperthermic plus bumetanide and
hyperthermic control groups reached a score of 4.

We killed the rats 80 min after the injection of pilocarpine and
evaluated the activity of their granule cells using expression of c-Fos,
an immediately early gene product that is rapidly induced by neuro-
nal activity and can be used as a maker of the activity history of the
neurons*! (Supplementary Fig. 9a,b). The rats in the hyperthermic
group had more c-Fos* granule cells in the hilus and in the GCL than
the other groups (Supplementary Fig. 9c,d). Thus, ectopic granule
cells in the hyperthermic group were activated during limbic seizures,
which may recruit the recurrent activation of normal granule cells,
resulting in behavioral seizures.

We carried out long-term video monitoring (9 p.m. to 5 a.m. for
7 successive days) of 12- to 13-week-old rats that had experienced
febrile seizures and compared their behavioral profiles to the number
of ectopic granule cells. Eight out of 16 rats in the hyperthermic group
showed spontaneous limbic seizures consisting of rearing and bilateral
clonuses, which were sometimes followed by falling (Fig. 5d). These
seizures are known to accompany electrophysiological seizures in the
hippocampus in the same febrile seizure models?3. None of the rats in
the normothermic, normothermic plus phenobarbital or hyperther-
mic plus bumetanide groups developed spontaneous seizures (Fig. 5e).
The rats in the hyperthermic group with spontaneous seizures had
more ectopic granule cells than the rats in the hyperthermic group
without spontaneous seizures (Fig. 5f,g). The number of ectopic gran-
ule cells correlated positively with the frequency of spontaneous sei-
zures in the hyperthermic group (Fig. 5h). This correlation was also
previously reported in the adult pilocarpine model of TLE*2,

We conducted long-term LFP recordings from the CAl region
of adult rats (9-11 weeks old) that had experienced febrile seizures.

We focused on the high-frequency oscillations (HFOs) with spectral
frequencies of 150-500 Hz because the dentate gyrus and CAl in
a TLE model show abnormal discharges in this oscillation band*3.
Rats in the hyperthermic group showed hyperactivity in their HFOs,
which were sustained over 20 s (Fig. 6a,b), whereas rats from the
normothermic and hyperthermic plus bumetanide groups did not
(Fig. 6¢c). We separately analyzed these aberrant HFOs in ripples
(150-250 Hz) and fast ripples (250-500 Hz); the latter is suggested
to serve as a pathological marker*4, although recent findings have
suggested that the former is also increased in seizure-generating brain
regions*®, making it difficult to distinguish normal and pathological
HFOs by the oscillation frequency alone*®. Indeed, rats in the hyper-
thermic group showed hyperactivity in both ripples and fast ripples
(Fig. 6d). Bumetanide prevented febrile-seizure-induced increases
in HFOs (but not significantly in fast ripples; P = 0.078, Tukey’s test
after one-factor analysis of variance (ANOVA)) (Fig. 6d), as well as
in the number of ectopic granule cells (Fig. 6e) in the hyperthermic
group. In the pooled data from the rats in all the groups together,
the duration of hippocampal hyperactivity correlated positively with
granule cell ectopia (Fig. 6f).

DISCUSSION

It has been unclear whether and how complex febrile seizures induce
pathophysiological alternations in the developing brain and how
they are related to epilepsy later in life??, mainly because of the limi-
tations of human studies. Here we have addressed these issues by
using an animal model of febrile seizures!®?1-23 and developing an
in vitro system that can replicate febrile-seizure-induced anatomi-
cal changes. We discovered that excitatory GABA ,-R signaling is
enhanced after febrile seizures and disturbs the radial migration of
neonatally generated granule cells, resulting in persistent granule
cell ectopia. Furthermore, we show a statistical correlation between
ectopic granule cells and epilepsy in adult rats that experienced febrile
seizures. These results suggest that blockade of excitatory GABA ,-R
signaling in the developing brain is a possible therapeutic target for
febrile seizures and that at this early stage, medications that enhance
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GABA ,-R function, such as barbiturates and benzodiazepines that
may be administered to children with febrile seizures, could induce
aberrant maturation of dentate neuronal circuits. However, our results
must be extrapolated to clinical treatment with caution, as it is unclear
whether phenobarbital, a GABA ,-R agonist, or other drugs that
enhance GABA ,-R function increase the risk of developing epilepsy
in humans or rodent models. Although we did not simultaneously
monitor behavioral and electroencephalographic seizures, multisite
recordings within and outside the dentate gyrus in combination with
behavioral monitoring over longer time periods would allow us to
more clearly distinguish epileptic and nonepileptic events and specify
the role of ectopic granule cells in initiating or propagating the ictal
activity that leads to seizures.

We found that febrile-seizure-induced excitatory GABA ,-R sig-
naling resulted in a reversal in the direction of migration through
an influx of Ca2*. In cerebellar neurons, Slit-2-induced intracellular
Ca?" waves have previously been shown to change the orientation of
the leading process from forward to backward by redistribution of
RhoA, a member of the Rho family of GTPases, and thereby reverse
the direction of migration3®.

Our results are also in agreement with previous studies regard-
ing cortical neuronal migration?>#” and suggest that ambient GABA
inhibits cell migration through activation of GABA ,-R. Under normal
conditions, this role of GABA may underlie the proper layering of
granule cells by incorporating newborn granule cells into the inner-
most region of the GCL*3. Possible sources of GABA include interneu-
rons and hippocampal mossy fibers, which release GABA in young
animals® and after seizures®. It will also be necessary to determine
whether the migrating granule cells release GABA and communicate
with each other to regulate migration speed, as has been reported in
tightly migrating subventricular-zone neuroblasts?®.

We here provide evidence that granule cell ectopia, susceptibility
to limbic seizures and the development of epilepsy in adulthood are
all prevented by a widely used loop diuretic, bumetanide®!, even after
febrile seizures. Bumetanide is known to decrease seizure activity in
neonatal rats®? and in a human neonate®3. Thus, further drug designs
are required to increase the permeability of bumetanide through the
blood-brain barrier, although the clinical evidence for use of bumeta-
nide for febrile seizure treatment is not yet available.

Our study does not exclude the possibility that mechanisms that
are unrelated to granule cell ectopia underlie the long-lasting modu-
lation of hippocampal network functions after febrile seizures. For
example, potentiated inhibitory inputs and larger hyperpolarization-
activated depolarizing currents (I,) could contribute synergically
to the febrile-seizure-induced hyperexcitability of CA1 pyramidal
neurons?h?2°4, Other neuroanatomical changes, such as mossy fiber
sprouting and loss of inhibitory interneurons??, could also contribute
to hippocampal hyperactivity on their own or in combination with
ectopic granule cells. Indeed, we did not find spontaneous seizures
in phenobarbital-injected rats, even though these rats had a higher
number of ectopic granule cells than noninjected rats, indicating that
ectopic granule cells alone are not sufficient to cause epilepsy in our
experimental paradigm. Further studies are necessary to examine
whether ectopic granule cells and other alterations act synergisti-
cally to generate persistent hyperexcitable foci in the hippocampus
that cause epilepsy.

METHODS
Methods and any associated references are available in the online
version of the paper.
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Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Rats and the generation of prolonged experimental febrile seizures. Wild-
type (SLC) or transgenic Sprague-Dawley male rats expressing GFP (GFP*
rats) were maintained under controlled temperature and light schedules with
unlimited food and water. All experimental procedures conformed to the US
National Institutes of Health Guide for the Care and Use of Laboratory Animals
and to the guidelines provided by the Subcommittee on Institutional Animal
Care and Use at the University of Tokyo. Prolonged experimental febrile sei-
zures were induced as previously described!?. In brief, P11 rat pups (n = 121)
were placed in a glass jar, and their core temperature was raised by a regu-
lated stream of moderately heated air. Rectal temperatures were measured at
baseline, seizure onset and every 2 min during the seizures. Hyperthermic
temperatures (39.5-42.5 °C) were maintained for 30 min. The presence and
duration of seizures were noted for each pup at 2 min intervals. The seizures
consisted of an acute sudden arrest of hyperthermia-induced hyperactivity such
as running, followed by oral automatism (biting and chewing) and often body
flexion. This procedure led to seizures in 97.1% of rats, with an average thresh-
old temperature to seizure onset of 40.9 + 0.1 °C (mean * s.e.m.), and the total
seizure duration averaged 23.4 + 0.5 min (mean * s.e.m.). One rat died after the
seizures. In the normothermic groups, rats were treated identically to those in
the hyperthermic groups except that they were not exposed to hyperthermia;
the rats in the normothermic group were placed in a glass jar, and their rectal
temperatures were measured every 2 min for 40-50 min. The rats were then
placed on a cool surface, monitored for 15 min and then returned to their
home cages. Hyperthermic controls were generated by subjecting littermates
to the same duration of hyperthermic treatment, but the resulting seizures
were blocked by an i.p. injection of the short-acting barbiturate pentobarbital
15 min before the induction of hyperthermia. Presumably, this group should
help distinguish whether any of the perceived consequences of the febrile sei-
zures were caused by the hyperthermic treatment itself. After the hyperthermic
period, these rats were placed on a cool surface, monitored for 15 min and then
returned to their home cages.

Electrophysiological analysis in vivo. To test the acute effect of hyperthermia,
P10 rats were anesthetized with ketamine and xylazine (4 mg per kg of body
weight each, i.p.) and implanted with a metal head holder. After 3 h of recovery,
prolonged febrile seizures were induced as described above. The rats were then
fixed in a stereotaxic frame, and a tungsten recording electrode (Frederick Haer)
was inserted into the hippocampus (anteroposterior, —1.5 to —2.0 mm from
bregma; lateral, 1.5-2.0 mm; ventral, 1.5-2.0 mm). Recordings were started
after 15 min of cooling down of body temperature.

To test the chronic effect of hyperthermia, rats at postnatal weeks 9-11 that
had sustained prolonged febrile seizures at P11 were anesthetized with ure-
thane (1.5 g per kg of body weight, i.p.) and fixed in a stereotaxic head holder.
A tungsten recording electrode was inserted into the CA1 pyramidal cell layer
(anteroposterior, —3.8 mm from the bregma; lateral, 2.5 mm; ventral, 2.0 mm).
The presence of 0 oscillations and unit activities was adopted as the criteria to
confirm the electrode tip location. Each rat was recorded for 2-4 h, and only a
middle 60 mins of observation were used for quantification.

All data were digitized at 10 kHz and analyzed with MATLAB software
(MathWorks) to calculate the spectrum intensity. To detect hippocampal dis-
charges, which were repeated for a period of more than 6 s23, we normalized the
intensity for every 5 s in each spectrum band.

Video monitoring and behavior analyses. Long-term video monitoring was
performed to observe the behavior of rats at postnatal weeks 12-13 that had
experienced experimental febrile seizures at P11. The behavior of the rats was
digitally captured for 8 h (from 9 p.m. to 5 a.m.) for 7 successive days using the
ZoneMinder video surveillance application on Linux and infrared-compatible
USB webcams (DC-NCR13U; Hanwha Japan). A well-trained observer blind to
the immunohistochemical results analyzed the rat behaviors. Rats that showed
rearing and forelimb clonus or more severe behaviors (rearing, clonus and fall-
ing) were defined as rats with limbic seizures. As shown in Figure 5, seizures
were scored according to the following scale: 0, no response; 1, immobility;
2, gustatory movements and scratching; 3, tremor; 4, head bobbing; 5, rearing
and forelimb clonus; 6, rearing, clonus and falling.

Pharmacological agents. The pharmacological agents were used at the follow-
ing concentrations in vitro: AMPA (AMPA-R agonist), 1 mM, APV (NMDA-R
antagonist), 50 UM, CNQX (non-NMDA-R antagonist), 50 UM, bicuculline
(GABA ,-Rantagonist), 20 uM, bumetanide (NKCCI1 inhibitor), 5 uM, GABA,
1 mM, NMDA (NMDA-R agonist), 1 mM, muscimol (GABA ,-R agonist),
10 uM, nimodipine (L-type voltage-sensitive calcium channel blocker), 1 UM,
and tetrodotoxin (sodium channel blocker), 1 uM. These reagents were all
obtained from Sigma.

The pharmacological agents were administrated i.p. at the following con-
centrations in vivo: bumetanide (0.1 mg per kg of body weight), pentobarbital
(37 mg per kg of body weight), phenobarbital (30 mg per kg of body weight),
picrotoxin (1 mg per kg of body weight), pilocarpine hydrochloride (300 mg
per kg of body weight) and scopolamine methylbromide (1 mg per kg of body
weight). To label proliferating cells, the S-phase marker BrdU (100 mg per kg of
body weight) was administrated subcutaneously at P5. We found no behavioral
difference between rats injected with BrdU and those injected with saline as a
control. These reagents were obtained from Sigma.

Organotypic culture and coculture of hippocampal slices. Hippocampal
slice cultures were prepared from P6 rats as previously described™. See the
Supplementary Methods for details.

For the granule cell migration assay, cocultures of hippocampal slices were
prepared from P6 or P12 rats. Microslices including the hilar region (GFP*
hilar grafts) were dissected from 300-pum thick hippocampal slices prepared
from GFP™ transgenic rats. These slices were inserted into the hilar regions of
entorhino-hippocampal slices (defined as wild-type host slices) from wild-type
littermates whose hilar regions were dissected out in advance.

Explant culture of the dentate hilus. First, 300-pum thick hippocampal slices
were prepared as described above. To exclude contamination with the mature
granule and pyramidal cells, the dentate hilar region, where neonatal (P5)-
generated granule cells extensively proliferate and migrate during the postnatal
periods, was carefully dissected out using a microscalpel (Microfeather P-730;
Feather safety razor) under microscopic control. Each dentate hilar region was
placed on a 13-mm cover glass. The cover glass had been precoated with poly-
L-lysine (Sigma) at 4 °C overnight and subsequently coated with laminin (20 pug
ml™}; Sigma) for 2 h in an incubator with a humidified atmosphere of 5% CO,
and 95% air. To adhere to the coated glasses, the explants were then exposed to
5 ul of Neurobasal medium (Invitrogen) supplemented with 2% B27 medium (Life
Technologies) for 30 min in the incubator. Finally, the explants were immersed in
400 pl of Neurobasal and B27 medium and cultured in the incubator.

Sample preparation and immunostaining. Experimental rats were anesthetized
with diethyl ether (Wako) and perfused transcardially with cold PBS followed by
4% paraformaldehyde (PFA). The brain samples were postfixed with 4% PFA at
4 °C for 24 h. Horizontal or coronal sections 200 pm thick were prepared with
a Zero-1 vibratome (Dosaka).

For slice and explant cultures, samples were fixed in 4% PFA at 4 °C for 24 h
with agitation. The fixed slices were rinsed three times with 0.1 M phosphate
buffer. Slices were then permeabilized overnight at 4 °C in 0.1 M phosphate
buffer and 0.1% Triton X-100 with 5% goat serum. After an extensive wash with
0.1 M phosphate buffer, the slices were incubated with 5% goat serum in 0.1 M
phosphate buffer at room temperature for 60 min with agitation. The samples
were subsequently incubated with primary antibodies in 0.1 M phosphate buffer
and 0.1% Triton X-100 with 5% goat serum overnight at room temperature with
agitation. After this antibody incubation, the slices were rinsed ten times with
0.1 M phosphate buffer and then incubated with secondary antibodies in 0.1 M
phosphate buffer with 5% goat serum for 2 h at room temperature with agitation.
For BrdU staining, DNA denaturation was performed before the permeabiliza-
tion step with a 20-min incubation in 2 N HCl at 37 °C. This step was followed
by a 10-min incubation in 0.1 M borate buffer (pH 8.5) at room temperature.

The list of antibodies used in this study can be found in the Supplementary
Methods. See the Supplementary Methods for the immunocytochemistry for
surface GABA ,-R 3 subunits in explant cultures.

Finally, the samples were rinsed ten times with 0.1 M phosphate buffer and ana-
lyzed with the Bio-Rad MRC-1024 confocal system under 20x (numerical aperture
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(N.A.), 0.75) and 60x (N.A., 1.20) objectives (Nikon). The stacked images were
prepared using Image]. Z-series images were collected at 1- to 2-ium steps, and
11-21 Z-sections (20 um thick) were stacked and analyzed using Image].

For the analyses of GFP* granule cells, Z-series images were collected at 2-pm
steps, and 26 Z-sections (50 wm thick) were stacked. All of the visible processes
of individual GFP* granule cells were digitally traced for morphological analyses
using Image].

Semicircular diagrams of the dentate gyrus. We used semicircular diagrams
of the dentate gyrus to visualize the distribution of newborn granule cells.
The location of each granule cell was determined by its angle and distance in
the dentate gyrus as follows. For the definition of the angle of each granule
cell, the edge of CA3 pyramidal cell layer was defined as the center of the hilus
for each section, and a line connecting the hilus center with the suprapyrami-
dal blade edge of the GCL was defined as 0°, and the infrapyramidal edge was
defined as 180°. For the distance of each granule cell in the hilus, the total
distance from the edge of CA3 pyramidal cell layer to the subgranular zone
was determined for each section, and each granule cell was normalized to this
distance. For the distance of each newborn granule cell within the GCL, the total
width of the GCL was used for normalization. Using these methods, the angle
and the distance of each newborn granule cell was determined, and the locations
of newborn granule cells from different dentate gyrus sections were compared
in the same semicircular diagrams.

Analysis of neonatally (P5)-generated granule cell density. For the analysis
of the density of neonatal (P5)-generated granule cells in the dentate gyrus, we
collected horizontal sections throughout the dorsoventral hippocampus, and
the volume of the dentate gyrus was calculated in each section. We counted the
number of neonatal (P5)-generated granule cells in the GCL (defined by Prox1
immunolabeling) and the hilus separately, either in tissue sections or cultured
slices. In each region, Z-series confocal images (Z-step, 1 tm) were captured at
a depth of 20-40 um with a 20x objective (N.A., 0.75; Nikon). Manual counting
was performed using the orthogonal views of reconstructed confocal three-
dimensional images to avoid overestimation and underestimation of cell number
by a researcher blinded to the experimental conditions. The area of Prox1* GCL
was detected digitally using Image] in each hippocampal section. By analyzing
three-dimensional confocal images, the cell location was precisely defined in the
GCL or hilus. Cells whose somatic centroids were located within 10 um toward
the hilar region from the edge of the GCL were considered to be localized in the
GCL because this region corresponds to the subgranular zone.

Confocal time-lapse imaging in slice cocultures. GFP* granule cells were imaged
using a Bio-Rad MRC-1024 confocal system with a 20x objective (N.A., 0.75;
Nikon). The time-lapse imaging was performed every 1 h for 24 h during 3-4 DIV.
Z-series images of the GFP fluorescence and the transmitted light were simultane-
ously collected at 5-um steps, and 21 Z-sections (100 um thick) were stacked and
analyzed using Image]J. Each confocal image was captured from the samples within
5 min of being placed in a sterilized chamber filled with the culture medium (37 °C,
5% CO, and 95% air in the atmosphere). After each imaging procedure, the sam-
ples were immediately returned to the incubator. After 24 h, samples were fixed
with 4% PFA and immunostained for Prox1. Image] was used to create time-lapse
and projection images from Z-stacks that included all of the visible processes of an
individual GFP* granule cell. Transmitted images were used to adjust the position
of each GFP image for correctly preparing the sequential time-lapse images. None
of the GFP* granule cells died, and degeneration in the morphology of granule
cells was not detected during the observation periods.

In preparing the trajectories of migrating granule cells in the slice cocultures,
we determined the ‘correct’ direction of radial migration at the beginning of
the time-lapse imaging (0 h). To do this analysis, a line from the center of the
soma to the nearest interface between the hilus and the GCL was drawn, along
with a line perpendicular to it. The lines crossed at the center of the soma, and
the direction of the first line was defined as the correct direction, which cor-
responds to 90°.

Retrovirus preparation and injection. To visualize the morphology of newborn
granule cells, a membrane-targeted Aequorea coerulescens GFP (AcGFP; TaKaRa

Bio) sequence was inserted into the multicloning site of the retroviral vector
pDON-AI-2 NEO DNA (TaKaRa Bio). The expression of GFP was regulated
by the human cytomegalovirus (CMV) promoter.

Retroviruses were produced by G3T-hi cells (TaKaRa Bio) cotransfected
with the expression vector and two helper plasmids (gag-pol expression plas-
mid: TaKaRa Bio; vesicular stomatitis virus glycoprotein (VSVG) expression
plasmid: TaKaRa Bio) using a Ca>* phosphate-mediated gene transfer system
(Supplementary Methods).

To infect newborn neurons in vivo, anesthetized P5 rats were stereotactically
injected with 0.5 pl of retrovirus into the dentate gyrus region (anteroposterior,
2.0 mm from lambda; lateral, £ 1.6 mm; ventral, 2.0 mm).

Preparation and transfection of shRNA. To knock down NKCC1, shRNA
sequences that target rat NKCCI1 were incorporated into the pSIREN-RetroQ-
ZsGreen vector (TaKaRa Bio). In this plasmid, ZsGreen, a green fluorescent pro-
tein, is expressed under the control of CMV. A NKCC1 shRNA was coexpressed
under the control of the human U6 promoter. A highly specific target sequence
(5-GAATAGACTTCTCCGATAT-3"; nucleotides 3,339-3,357) with homology
to NKCC1 mRNA was selected by Dragon Genomics Center (TaKaRa Bio).
A nontargeting shRNA (5"-TCTTAATCGCGTATAAGGC-3), generated by the
manufacturer (TaKaRa Bio), was used as a control.

The shRNAs were transfected into the granule cells in the explant cultures with
FuGENE HD (Roche Diagnostics) according to the manufacturer’s instructions.
Briefly, 8 ul FuGENE HD and 2 ug shRNA plasmids (dissolved in 12 pl distilled
deionized water) were dissolved in 100 pul of distilled deionized water. This solu-
tion was mixed and incubated for 15 min at room temperature, at which point 20 pl
was gently dropped into each well. The transfection was performed 24 h after
culture preparation. Using this protocol, we performed immunocytochemical
analyses to confirm a knockdown of NKCC1 protein 48 h after transfection.

Plasma membrane preparation and immunoblotting. Microslices including
the hilar region were prepared from rats at P12 from the normothermic (n = 20)
or high-temperature (n = 20) groups, as was done for the explant cultures. For
each experiment, the microslices from four rats were collected, and the plasma
membrane proteins were specifically isolated from the cytosol. Additionally, the
total cellular membrane proteins were isolated using a plasma membrane protein
extraction kit (Bio Vision) according to the manufacturer’s protocol. See the
Supplementary Methods for details about the following immunoblot analyses.

Electrophysiological recordings and focal drug application. Slices were placed
in a recording chamber and preincubated for at least 30 min in ACSF (32 °C)
containing the following (mM): 127 NaCl, 26 NaHCO,, 1.6 KCl, 1.24 KH,PO,,
1.3 MgSO,, 2.4 CaCl, and 10 glucose, bubbled with 95% O, and 5% CO,. For
whole-cell recordings, borosilicate glass pipettes (5-9 MQ) were filled with the fol-
lowing (mM): 120 potassium gluconate, 20 KCI, 0.1 CaCl,, 10 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 0.2 ethylene glycol tetraacetic acid
(EGTA) and 3.4 Mg ATP (pH 7.2, 300 mOsm). The internal solution also con-
tained Alexa Fluor 568 hydrazine sodium salt (1:250 dilution; Invitrogen).
Immediately before the perforated-patch recordings were initiated, gramicidin
(Sigma) stock (25 mg ml~! in DMSO) was diluted to a final concentration of
50 (tg ml~! in the KCl-based solution composed of the following (mM): 130 KCI,
5 NaCl, 0.4 CaCl,, 1 MgCl,, 1.1 EGTA and 10 HEPES (pH 7.2, 300 mOsm).
Recordings were carried out with an Axopatch 200B amplifier (Molecular
Devices). Signals were low-pass filtered at 1-2 kHz, digitized at 10 kHz and
analyzed with pCLAMP 8.2 software (Molecular Devices).

For drug applications, the tip of an applying glass micropipette was placed
50 um from a GFP* cell. Drugs (1 mM AMPA, 1 mM NMDA and 1 mM GABA)
were added with a positive pressure of about 100 hPa.

Time-lapse imaging and focal drug application in explant cultures. Time-
lapse imaging and focal drug application to neurons were performed as previ-
ously descried with minor modifications®®%’. See the Supplementary Methods
for details.

Pilocarpine-induced seizures. Experimental rats (P60) were injected first with
scopolamine methyl bromide (1 mg per kg of body weight i.p.; Sigma) to minimize
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peripheral cholinergic effects and then 15-30 min later with pilocarpine hydro-
chloride (300 mg per kg of body weight i.p.; Sigma). The rats were rated for signs
of seizures once every 5 min for 80 min according to a modified version of the
scale used by Patel et al.”8. The scoring was as follows: 0, no response; 1, immo-
bility; 2, gustatory movements and scratching; 3, tremor; 4, head bobbing;
5, rearing and forelimb clonus; 6, rearing, clonus and falling. A well-trained
observer blind to the treatment groups scored the rats.

Data representation and statistical analyses. All data are presented as means
s.e.m. Data were obtained from at least three independent experiments. Data were
collected and statistically analyzed independently by two people in a blinded manner.
All analyses, including the counting of BrdU* granule cells, were performed
using unbiased stereological (systematic random) sampling of the hilus. Student’s
t test or Tukey’s test after one-factor ANOVA were used for statistical analyses,

unless otherwise described. A Kolmogorov-Smirnov test (Figs. 3b and 4f), a
Bonferroni test (Fig. 5¢), a Steel-Dwass test after a Kruskal-Wallis test (Fig. 5e and
Supplementary Fig. 8d) and a Mann-Whitney U test (Fig. 5g) were also used.

Additional methods. Detailed methodology is described in the Supplementary
Methods.
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