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The immature dentate gyrus represents a
shared phenotype of mouse models of epilepsy
and psychiatric disease
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Objectives: There is accumulating evidence to suggest psychiatric
disorders, such as bipolar disorder and schizophrenia, share common
etiologies, pathophysiologies, genetics, and drug responses with many of
the epilepsies. Here, we explored overlaps in cellular/molecular,
electrophysiological, and behavioral phenotypes between putative mouse
models of bipolar disorder/schizophrenia and epilepsy. We tested the
hypothesis that an immature dentate gyrus (iDG), whose association
with psychosis in patients has recently been reported, represents a
common phenotype of both diseases.

Methods: Behaviors of calcium/calmodulin-dependent protein kinase II
alpha (a-CaMKII) heterozygous knock-out (KO) mice, which are a
representative bipolar disorder/schizophrenia model displaying iDG, and
pilocarpine-treated mice, which are a representative epilepsy model, were
tested followed by quantitative polymerase chain reaction (qPCR)/
immunohistochemistry for mRNA/protein expression associated with an
iDG phenotype. In vitro electrophysiology of dentate gyrus granule cells
(DG GCs) was examined in pilocarpine-treated epileptic mice.

Results: The two disease models demonstrated similar behavioral
deficits, such as hyperactivity, poor working memory performance, and
social withdrawal. Significant reductions in mRNA expression and
immunoreactivity of the mature neuronal marker calbindin and
concomitant increases in mRNA expression and immunoreactivity of the
immature neuronal marker calretinin represent iDG signatures that are
present in both mice models. Electrophysiologically, we have confirmed
that DG GCs from pilocarpine-treated mice represent an immature state.
A significant decrease in hippocampal a-CaMKII protein levels was also
found in both models.

Conclusions: Our data have shown iDG signatures from mouse models
of both bipolar disorder/schizophrenia and epilepsy. The evidence
suggests that the iDG may, in part, be responsible for the abnormal
behavioral phenotype, and that the underlying pathophysiologies in
epilepsy and bipolar disorder/schizophrenia are strikingly similar.
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Incidence rates of epileptic patients who develop
psychiatric symptoms have been reported to be sig-
nificantly higher compared to other chronic condi-
tions or healthy controls (1, 2). A recent study
demonstrated that individuals with epilepsy have a

5.5-fold increased risk for developing broad psy-
chosis, an almost 8.5-fold increased risk of having
schizophrenia, and a 6.3-fold increased risk of
having bipolar disorder (3). Clinically, epileptic
patients can develop postictal psychosis or
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interictal depressive symptoms (4, 5) and often
exhibit pronounced negative symptoms such as
emotional withdrawal and blunted affect (6).
Recent genetic studies have identified chromosome
copy number variations, such as the 15q13.3 mic-
rodeletion, as conferring an increased risk for
developing psychosis and epilepsy (7–9). Based on
these and other findings, which suggest a genetic
basis may underlie common phenotypes in epilepsy
and psychosis, we hypothesize that an immature
dentate gyrus (iDG) may represent a shared patho-
physiology between the two diseases.

The hippocampal dentate gyrus is one of two
brain regions where newborn neurons are gener-
ated throughout adulthood (10–12). During an
approximately eight-week period, neural stem cells
(NSCs) can differentiate into mature neurons or
glial cells, and become incorporated into the hip-
pocampal neural circuitry (13, 14). The normal
developmental process from NSCs to mature gran-
ule cells [principal cells of the dentate gyrus (DG)]
can be identified at various stages using specific
neuronal markers, such as doublecortin for prolif-
erative/progenitor cells, calretinin for immature
neurons, and calbindin for mature neurons. The
iDG phenotype represents a failure in the matura-
tion of DG neurons (15) or a reversal of the state
of matured neurons (16). Several mutant mice
models of psychosis, where bipolar disorder/
schizophrenia susceptibility genes have been
manipulated, exhibit behavioral deficits related to
psychosis and similar iDG phenotypes. These
include mice with calcineurin conditional knock-
out (17, 18), synaptosomal-associated protein of
25 kDa knock-in (18), schnurri-2 knock-out (18),
and alpha-isoform of calcium/calmodulin-depen-
dent protein kinase II heterozygous knock-out
(a-CaMKII hKO) (15). Importantly, in a quantita-
tive immunohistochemical analysis of postmortem
human DGs, we found significantly increased cal-
retinin immunoreactivity in bipolar disorder and
schizophrenia patients with concomitantly
decreased calbindin immunoreactivity in bipolar
disorder patients (19). There was a strong relation-
ship between elevations of calretinin and psychosis
in human patients, which provided clinical evi-
dence that the iDG may be an important pheno-
type of bipolar disorder/schizophrenia patients.
Similarly, microarray analysis of schizophrenia
postmortem brain tissue also demonstrated signifi-
cant reductions in hippocampal calbindin gene
expression (20).

The a-CaMKII hKO mice are the best charac-
terized iDG mouse model with behavioral abnor-
malities such as hyperactivity, working memory
deficits and social withdrawal, which are analogous

to those in patients with bipolar disorder/schizo-
phrenia (15, 19). Xing et al. (21) demonstrated that
prefrontal cortical a-CaMKII mRNA expression
in bipolar disorder patients was reduced to half of
controls. Furthermore, we found that chronic
lamotrigine treatment reversed social withdrawal
and nest building deficits (commonly interpreted as
a negative feature in an animal model) with a trend
toward ameliorating poor working memory perfor-
mance, while partially restoring the iDG of
a-CaMKII hKO mice (22). Taken together, these
data suggest that the a-CaMKII hKO mice have
construct, face, and predictive validity as a model
of bipolar disorder/schizophrenia, and that a
reduction in a-CaMKII expression could be an
important contributor to the iDG phenotype.

The pilocarpine-induced seizure is a well-estab-
lished rodent model of temporal lobe epilepsy
(23–25). Based on the previous evidence that there
is a permanent reduction of calbindin mRNA and
protein expression from the hippocampus of rats
following pilocarpine treatment (26), and a similar
reduction in human postmortem epileptic brains
(27, 28), we anticipated that the pilocarpine-
induced seizure mice may also exhibit an iDG phe-
notype linking the pathophysiology of the two
mouse models.

Our present study was based on the hypothesis
that an iDG phenotype may be a core feature of
both bipolar disorder/schizophrenia and epilepsy,
and that the iDG may, in part, be responsible for
the behavioral abnormalities that are common to
both diseases. The implications of our study sug-
gest that reversal of the phenotype may be benefi-
cial for epileptic and bipolar disorder and/or
schizophrenia patients.

Materials and methods

Animals

All procedures were approved by our Institutional
Animal Care and Use Committee (Astellas
Research Institute of America LLC, Skokie, IL,
USA) and the Animal Care and Use Committee of
Nippon Medical School (Tokyo, Japan). A total of
40 DBA/2J male mice (19 for vehicle and 21 for
pilocarpine; Jackson Labs, Bar Harbor, ME,
USA) were used in this study. DBA/2J mice were
chosen because of the high mortality rates
(90–95%) that occurred in C57BL/6 mice, even
with the lowest effective pilocarpine dose for trig-
gering seizures. We acknowledge that there are
variations in seizure sensitivity between different
mouse strains, and this could ultimately impact the
iDG phenotype. However, the two mouse strains
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used in the present experiment, C57BL/6 and
DBA/2J, yielded similar behavioral, immunohisto-
chemical and molecular phenotypes, which suggest
that the iDG phenomenon is represented across
strains. a-CaMKII hKO mice, licensed from Mas-
sachusetts Institute of Technology, were back-
crossed on a C57BL/6 background for more than
15 generations and maintained at Hilltop Labs
(Scottdale, PA, USA). Mice were maintained on a
12-hour on, 12-hour off light cycle. Upon arrival at
our facility, 40 DBA/2J, 17 wild-type (WT), and 17
a-CaMKII hKO male mice were singly housed
to prevent excessive fighting. Although social
isolation may negatively impact behaviors and
potentially neurogenesis, we conducted pilot
experiments and found housing conditions did not
affect the iDG phenotype (data not shown). Food
and water were available ad libitum except during
seizure induction and behavioral testing. Pilocar-
pine-treated mice exhibited multiple daily sponta-
neous recurrent tonic-clonic seizures (SRSs) over a
six-week period (eight weeks after pilocarpine)
before behavioral testing. Animals were not previ-
ously exposed to the behavioral tasks prior to test-
ing.

Induction and characterization of status epilepticus

(SE) in DBA/2J mice

The induction of SE in DBA/2J mice is
described in Figure 1. The optimal pilocarpine
dose of 270 mg/kg for eliciting SE with minimal
mortality rates was chosen based on previous

studies (29–32). SE was achieved when the ani-
mal reached a state of continuous tremors,
which is usually preceded by several periodic
stage-5 (Racine scale) convulsive seizures (33).
Control animals received identical drug treat-
ment, except for intraperitoneal (i.p.) administra-
tion of 0.9% sodium chloride instead of
pilocarpine.

Spontaneous recurrent seizures and behavioral

assessments

In this study, all of the mice injected with
270 mg/kg pilocarpine experienced SE. Because
DBA/2J mice have been shown to exhibit very
low mortality rates following administration of
various concentrations of pilocarpine (29), we felt
they were a suitable model of chronic epilepsy
despite the different genetic background from the
a-CaMKII hKO mice. The monitoring and con-
firmation of SRS commenced three weeks follow-
ing pilocarpine induction by daily videotaping
(10 a.m. to 4 p.m.) each mouse for two consecu-
tive days. All pilocarpine-treated mice exhibited
on average 1–3 SRSs with stage-5 severity (33)
during the 6-hour recording period, and thus
were considered epileptic. All experiments were
performed between 8 a.m. and 5 p.m. For all
behavioral tests, except for social investigation,
the apparatus was wiped thoroughly with Anlage
QTB disinfectant and deodorizer (Quiplabs, Wil-
mington, DE, USA) after removal of each
mouse.

α-CaMKII hKO Mice Behavioral Tes ng

Age of Mice

Pilocarpine Mice Behavioral Tes ng

0                           1                           2                           3                           4            5

0                           1                           2                           3                           4            5

Age of Mice

Pilocarpine Injec on

0       30                       120Time (min)

Scopolamine
Methyl Bromide

(1 mg/kg, i.p.)

Pilocarpine
(270 mg/kg, i.p.)

Diazepam
(10 mg/kg, i.p.)

Brain Tissue Processed
for mRNA and Protein

Brain Tissue Processed
for mRNA and Protein

Fig. 1. Time line of pilocarpine administration, behavioral testing, and tissue processing in DBA/2J and calcium/calmodulin-depen-
dent protein kinase II heterozygous knock-out (a-CaMKII hKO) mice.
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Drugs

Pilocarpine hydrochloride, scopolamine methyl
bromide (Sigma-Aldrich, St. Louis, MO, USA),
and diazepam (Hospira, Inc., Lake Forest, IL,
USA) were freshly dissolved in sterile 0.9% NaCl
prior to i.p. administration.

Behavioral measurements

Open-field test. Using the Ethovision XT v.7 soft-
ware program (Noldus Information Technology,
Leesburg, VA, USA) to track movement in infrared
light, total horizontal distance traveled over a 30-
min period in a 50 9 50 9 50 cm (L 9 W 9 H)
transparent plexiglass chamber (Med Associates,
St. Albans, VT, USA) was measured.

Working memory (Y-maze). Working memory
deficits during a spontaneous delayed alternation
task were assessed using an automated Y-maze
(Med Associates) with three electronically con-
trolled gray guillotine doors and infrared detection
beams. The task began when the animal was ran-
domly placed in any 37-cm arm with all doors
closed for 30 sec, after which it was free to choose
to enter any arm (start arm). One minute later, the
animal could choose to enter any arm (choice arm).
Once a choice had been made, all doors were closed
for 30 sec, after which it could choose any arm
(final arm). There were five trials in total with an in-
tertrial interval of 1 min. Maximum time allowed
to complete this task was 15 min. A perfect score
was attained when the animal did not re-enter an
arm previously chosen within a particular trial.
Percent correct was calculated by averaging all five
trials. All arms of the maze were unbaited.

Social investigation. Ovariectomized Balb/c female
mice (Hilltop Labs) at four months of age were
used to examine social investigative behaviors in
the male’s home cage (20 9 30 9 13 cm) for a
duration of 5 min. Investigation times were
counted when the male’s head was in contact with
the female. Trials were videotaped and were manu-
ally scored with investigators blind to genotype
and treatment.

Sensitivity of a-CaMKII hKO mice to pilocar-
pine. Mice (n = 5/dose) were administered a single
injection of pilocarpine (200, 230, 250, 300, or
350 mg/kg, i.p. for WT; 30, 50, 70, or 100 mg/kg,
i.p. for mutants). The doses were determined from
pilot studies and literature review. The lowest dose
of pilocarpine required to elicit a seizure was
recorded.

Immunohistochemistry

A separate cohort of a-CaMKII hKO (n = 2) and
pilocarpine-treated mice with SRS (n = 2) were
used for qualitative immunohistochemistry. Ani-
mals were perfused intracardially with 0.9% NaCl
followed by 4% ice-cold paraformaldehyde. The
brains were post-fixed overnight then transferred
to a 30% sucrose solution in 0.1 M phosphate-buf-
fered saline (PBS), pH 7.2, for a minimum of
three days before sectioning. Coronal sections of
the hippocampus were cut on a cryostat at 20 lm.
Sections were then washed three times for 10 min
each with 0.3% TX-100 in PBS followed by block-
ing at room temperature with 2.5% normal donkey
serum (Jackson Immunolabs, West Grove, PA,
USA) in 0.3% TX-100 in PBS. Primary antibodies
[calbindin: 1:3000, Swant; calretinin: 1:3000,
Swant; doublecortin (DCX): 1:500] (Cell Signaling
Technology, Inc., Danvers, MA, USA) were incu-
bated overnight at 4°C. Sections were then subse-
quently rinsed three times for 10 min each with
0.3% TX-100 in PBS before incubation of second-
ary antibodies for 40 min at room temperature
[Cy2/3 donkey anti-rabbit (1:800); Jackson Immu-
nolabs]. Finally, sections were washed as described
above and mounted on gelatinized glass slides and
coverslipped with Fluoromount-G mounting med-
ium (Southern Biotech, Birmingham, AL, USA).
Time-matched exposures of DG images were taken
at 209 with a Keyence BZ-9000 microscope (Key-
ence, Osaka, Japan).

mRNA isolation, cDNA synthesis and quantitative

polymerase chain reaction (qPCR)

Following behavioral testing, animals were decapi-
tated and the brains were removed quickly and
sliced coronally on a vibratome at 500-lm thick-
ness in ice-cold PBS. Two slices of the dorsal hip-
pocampus (�1.4 to �2.4 mm relative to bregma)
were acquired. Using a standard 300-ll pipette tip
(0.46 lm diameter), tissue from the DG was
excised from both hemispheres. The punch
included both dorsal and ventral blades of the
granule cell layer toward the midline, including a
portion of the hilus. A total of four pipette punches
(two brain slices, both hemispheres) were homoge-
nized in 350 lL of lysis buffer. Total RNA from
the dentate gyrus was prepared by RNeasy Micro
Kit (Qiagen, Germantown, MD, USA) with
DNase I treatment. One hundred nanograms of
total RNA was reverse-transcribed by random
priming to synthesize single-strand cDNA (Super-
Script III; Invitrogen, Grand Island, NY, USA).
The qPCR reaction contained 15-times diluted
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cDNA from the synthesis reaction, 19 FastSYBR
reagent (Applied Biosystems, Grand Island, NY,
USA), and 200 nM of specific forward and reverse
primers in a 10-lL volume of reaction. Mouse
genomic DNA was used in the standard curve
reaction for absolute quantification. qPCR reac-
tion and measurement were carried out with the
ViiA 7 Real-Time PCR System (Applied Biosys-
tems). The PCR reaction conditions were 95°C,
20 sec and 40 cycles of 95°C, 1 sec and 60°C,
20 sec followed by a dissociation curve step to ver-
ify single amplicon in the reaction. The expression
value of the test genes was normalized with the 18S
rRNA signal and shown as relative expression.
qPCR mouse primers are listed in Table 1.

Western blot

From the remaining cohort of mice (n = 7,
a-CaMKII hKO; n = 6, pilocarpine) whole hippo-
campus from one hemisphere was used for pro-
cessing protein. Cells were lysed in a modified
radioimmunoprecipitation assay buffer containing
(in mM): 150 NaCl, 50 EDTA (pH 7.5), 50 sodium
b-glycerophosphate, 50 NaF, 5 sodium pyrophos-
phate, 2 EDTA, 2 EGTA, 1 DTT, 1 phenylmethyl-
sulfonyl fluoride, 1 sodium orthovanadate with
1% Triton X-100, 10 lg/mL leupeptin and 10 lg/
mL aprotinin (Sigma-Aldrich). Equal amounts of
lysates were resolved on a 4–12% sodium dodecyl
sulfate (SDS) -polyacrylamide gel and transferred
to a polyvinylidene fluoride membrane. The mem-
brane was blocked in PBS containing 5% nonfat
dry milk for 1 hour and then incubated with pri-
mary antibodies in PBS containing 5% nonfat milk
overnight at 4°C. Primary antibodies used were:
rabbit anti-CaMKIIa, 1:2000 (Abcam, Cambridge,
MA, USA); mouse anti-beta actin, 1:2000 (Cell
Signaling Technology, Inc., Danvers, MA, USA).
Horseradish peroxidase-labeled secondary anti-
bodies were applied in PBS containing 5% nonfat
dry milk for 1 hour. Secondary antibodies: rabbit
anti-immunoglobulin G (anti-IgG), 1:3000 (GE
Healthcare, Pittsburg, PA, USA); mouse anti-IgG,
1:3000 (GE Healthcare). All samples were normal-
ized to B-actin. Protein was visualized by using an
enhanced chemiluminescence (ECL) detection
system (Amersham, Pittsburg, PA, USA) on a
ChemiDoc XRS Scanner (BioRad, Hercules, CA,
USA).

In vitro electrophysiology

Whole-cell recordings and field potential record-
ings were made using acute hippocampal slices.
Electrophysiological experiments were performed

6–12 weeks after pilocarpine administration. Mice
were decapitated under halothane anesthesia and
both hippocampi were isolated. Transverse hippo-
campal slices (380 lm) were cut using a tissue slicer
and maintained in a humidified interface holding
chamber at room temperature until use. Electro-
physiological recordings were made in a submer-
sion-type chamber superfused at 2 mL/min with a
standard saline cocktail that was comprised of (in
mM): NaCl, 125; KCl, 2.5; NaH2PO4, 1.0; NaH-
CO3, 26.2; glucose, 11;CaCl2, 2.5; MgCl2, 1.3
(equilibrated with 95% O2/5% CO2) and main-
tained at 27–27.5°C. Blind whole-cell patch-clamp
recordings and field potential recordings were
made using a Multiclamp 700B amplifier (Molecu-
lar Devices, Sunnyvale, CA, USA) as described
previously (15, 16). Whole-cell current-clamp
recordings were made from dentate granule cells
with a glass pipette filled with a solution composed
of (in mM): potassium gluconate, 140; HEPES, 20;
NaCl, 8; MgATP, 2; Na2GTP, 0.3; EGTA, 0.05
(pH adjusted to 7.2 with KOH). Hyperpolarizing
and depolarizing currents (400 msec) were injected
through the recording pipette to measure the input
resistance and to assess properties of action poten-
tial firing, respectively. Field excitatory postsynap-
tic potentials (EPSPs) arising from mossy fiber
(MF) synapses were recorded in the stratum luci-
dum with a glass electrode filled with 2 M NaCl.

Table 1. Mouse primer sequences for RT-qPCR

Calbindin Forward: 5′-GCTCCGCGCACTCTCAA-3′

Reverse: 5′-TGACTGCAGGTGGGATTCTG-3′

Calretinin Forward: 5′-CGGAGCTGGCGCAGAT-3′

Reverse: 5′-CTGCCTGAAGCACAAAAGGAA-3′

Doublecortin Forward: 5′-TTCGTAGTTTTGAGCGTTGCT-3′

Reverse: 5′-GAGGCAGGTTAATGTTGTCAG-3′

aCaMKII Forward: 5′-TGGGTTTGGCTCTTGTATGGA-3′

Reverse: 5′-AAGAAAACAGTGCAGACAGGAGATC-3′

Tdo2 Forward: 5′-GGCAGAGTTCCGGAAGCA-3′

Reverse: 5′-CATGACGCTTCTCATCAAACAA-3′

Bdnf Forward: 5′-GCCCTGCGGAGGCTAAGT-3′

Reverse: 5′-GGATGGCCACTCAGAAATTCC-3′

Drd1a Forward: 5′-ACAGCAGCCCCTCCGATAG-3′

Reverse: 5′-GTTAGACCTGGGCAGATGAAG-3′

Grp Forward: 5′-TGAATCCCCGTCCCTGTATG-3′

Reverse: 5′-TACCCCCTCAGCTGCTCCTT-3′

Il1r1 Forward: 5′-AAACCTCTGCTTCTTGACAACGT-3′

Reverse: 5′-AGCCACATTCCTCACCAACAG-3′

Dsp Forward: 5′-GCTCCATTACCAAGACTTCATC-3′

Reverse: 5′-TGTCGTCGTCTCCAAACATCT-3′

18S rRNA Forward: 5′-GTAACCCGTTGAACCCCATT-3′

Reverse: 5′-CCATCCAATCGGTAGTAGCG-3′

Mouse forward and reverse primers (Sigma-Aldrich) for real-time
quantitative polymerase chain reaction (RT-qPCR).
aCaMKII = calcium/calmodulin-dependent protein kinase II
alpha; 18S rRNA = 18S ribosomal RNA; Bdnf = brain-derived
neurotrophic factor; Drd1a = dopamine receptor D1A; Dsp =
desmoplakin; Grp = gastrin-releasing peptide; Il1r1 = interleukin
1 receptor, type 1; Tdo2 = tryptophan 2,3-dioxygenase.
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EPSPs were evoked by bipolar stimulating elec-
trodes placed in the granule cell layer (GCL) at the
frequency of 0.05 Hz unless otherwise specified. A
criterion of 85% blockage of EPSPs was used by
the group II metabotropic glutamate receptor ago-
nist (2S,2′R,3′R)-2-(2′,3′-dicarboxycyclopropyl)
glycine (DCG-IV; Tocris Bioscience, Bristol, UK)
to identify the MF input.

Data analysis

Data were analyzed in GraphPad Prism v5.03
(GraphPad Software, La Jolla, CA, USA) using a
two-tailed t-test that compared the respective treat-
ment groups. For the open field task, data were
analyzed using a two-way ANOVA with genotype
as the between-groups factor and time as the
within-groups factor. Bonferroni post-tests for
comparing individual means were used whenever
appropriate.

Results

Behavioral measurements

Open field test. a-CaMKII hKO mice exhibited
significantly higher levels of locomotion in the
open field test compared with WT controls [F
(1,70) = 5.33, p < 0.05], but both groups demon-
strated habituation over a 30-min period [F
(5,70) = 78.8, p < 0.0001]. Although the mice dis-
played identical locomotion times during the first
5 min, the mutants showed less habituation to the
chamber for the remainder of the test compared to
controls, resulting in a significant time 9 genotype
interaction [F(5,70) = 2.41, p < 0.05] (Fig. 2A).
Pilocarpine-treated mice showed a substantially
significant increase in hyperactivity compared to
WT controls [F(1,50) = 24.2, p < 0.001] with no
habituation to the chamber (Fig. 2B). Their loco-
motor activity was much more pronounced than

that of the a-CaMKII hKO mice [F(1,60) = 80.0,
p < 0.0001].

Working memory (Y-maze). A spontaneous delayed
alternation task was used to assess working mem-
ory performance. a-CaMKII hKO mice showed
significant impairment in the Y-maze compared to
controls (t = 3.62, df = 14, p < 0.01; Fig. 3A), as
did pilocarpine-treated mice at a 30-sec delay
(t = 2.34, df = 10, p < 0.05; Fig. 3B). One obser-
vable key difference is that the majority of pilocar-
pine mice exhibited perseveration in this task by
entering either the same arm repeatedly or alter-
nating between two preferential arms.

Social interaction. In this task, examining free
interaction with a stimulus mouse, a-CaMKII
hKO mice generally showed periods of investiga-
tory behavior during the first 2 min of the 5-min
test, but exhibited decreased interaction thereafter
with only sporadic encounters. Pilocarpine-treated
mice appeared socially aversive with little to no
pursuant activity of the stimulus female. Despite
their robust hyperactivity in the open field, they
appeared hypoactive during this task. In either
case, a similar and robust reduction in social inter-
action times was observed in the a-CaMKII hKO
(t = 4.61, df = 10, p < 0.001; Fig. 4A) and pilocar-
pine-treated mice (t = 4.12, df = 14, p < 0.002)
compared to WT controls (Fig. 4B).

Psychiatric and epileptic deficits in pilocarpine-induced

seizure and a-CaMKII hKO mice

We have shown that pilocarpine-treated mice
showed similar psychiatric-analogous features to
a-CaMKII hKO mice, including hyperactivity,
poor working memory performance, and social
withdrawal. Conversely, we also examined whether
a-CaMKII hKO mice exhibited characteristics of
epilepsy. Although we observed that a-CaMKII

A B

Fig. 2. Hyperactivity in the open field. Average cumulative distance traveled � SEM was assessed in calcium/calmodulin-dependent
protein kinase II heterozygous knock-out (a-CaMKII hKO) (A) and pilocarpine-treated (B) mice compared to wild-type (WT) and
vehicle-treated controls, respectively, over a 30-min period in darkness. *p < 0.05.
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hKO mice did not have SRS, they demonstrated
an approximately 49 higher sensitivity (lower sei-
zure thresholds) to pilocarpine compared to WT
mice when tested at various dosages (Fig. 5A and
B). It is surprising that despite their lower seizure
thresholds, supra-threshold dosages (70 and 100
mg/kg) did not result in the death of all a-CaMKII
hKO mice tested. It is possible that the pilocarpine
challenge may have transiently enhanced compen-
satory inhibitory mechanisms in the mutant mice.
Generally, we have observed that mortality occurs
immediately following one of the many possible
stage-5 seizures prior to the onset of SE. Higher
dosages of pilocarpine were not tested in these
mice because it was important to establish seizure
threshold sensitivity rather than lethal dose. Sur-
prisingly, mortality rates in WT mice were
achieved at a pilocarpine dose of 250 mg/kg. Other
pilocarpine studies employed dosages of
250–350 mg/kg, which we systemically tested.

Expression of DG maturation markers in the epilepsy

model and a-CaMKII hKO mice

Tissue from the DG of a-CaMKII hKO and pilo-
carpine-treated mice was examined for changes in
gene expression to characterize the development of
adult neurogenesis. Relative expression values for
each gene were normalized to 18S ribosomal RNA.
18S values were not statistically different between
WT/vehicle and a-CaMKII hKO/pilocarpine
groups (WT: 51.4 � 6.58; a-CaMKII hKO: 62.74 �
11.80; DBA vehicle: 141.80 � 9.34; pilocarpine:
143.64 � 12.61 SEM). We measured the expression
of doublecortin, a marker for progenitor cells,
calretinin, a marker for immature neurons, and
calbindin, a marker for mature neurons. The most
dramatic change was seen in calbindin mRNA
expression for a-CaMKII hKO mice, which was
over 40-fold lower than for WT controls (t = 19,
df = 12, p < 0.0001; Fig. 6A). In pilocarpine-
treated mice, a 3.7-fold reduction was observed

A B

Fig. 3. Working memory deficits in the Y-maze test. Average percent correct choice � SEM over five trials was assessed in calcium/
calmodulin-dependent protein kinase II heterozygous knock-out (a-CaMKII hKO) (A) and pilocarpine-treated (B) mice compared
to wild-type (WT) and vehicle-treated controls, respectively. A correct trial was defined as non-repeat entry into a previously visited
arm on a single trial. The test included a 30-sec delay between the closing of the guillotine doors following the choice (second) arm
and the opening of the doors at the start of the final (third) arm of the maze. *p < 0.05, **p < 0.01.

A B

Fig. 4. Decreased social investigation with the female. Average total investigation times � SEM, including body and anogenital
sniffing, by calcium/calmodulin-dependent protein kinase II heterozygous knock-out (a-CaMKII hKO) (A) and pilocarpine-treated
(B) mice compared to wild-type (WT) and vehicle-treated controls, respectively, toward a Balb/c ovariectomized female mouse were
recorded during a 5-min interval in the subject’s home cage. **p < 0.01.
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A B

Fig. 5. Heightened sensitivity to pilocarpine in calcium/calmodulin-dependent protein kinase II heterozygous knock-out (a-CaMKII
hKO) mice. Various doses of pilocarpine were administered to a-CaMKII hKO (n = 5/dose) (A) and wild-type (n = 5/dose) (B) mice
to assess seizure threshold. 50 and 230 mg/kg of pilocarpine were found to be the minimal dose required to elicit seizures in a-CaM-
KII hKO and wild-type mice, respectively. Open circles represent mice that survived the treatment; closed circles represent mice that
died within 90 min of pilocarpine injection.

A B

DC

E F

Fig. 6. mRNA expression of dentate gyrus maturation markers. Average mRNA expression � SEM of calbindin, calretinin, and
doublecortin in calcium/calmodulin-dependent protein kinase II heterozygous knock-out (a-CaMKII hKO) (A, C, E) and pilocar-
pine-treated (B, D, F)mice, respectively, compared to controls. Average values were normalized to the housekeeping gene 18S rRNA.
*p < 0.05, ***p < 0.001. WT = wild-type.
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(t = 8.91, df = 10, p < 0.0001; Fig. 6B). As seen in
Figure 7A–D, calbindin immunoreactivity of the
granule cell layer was nearly absent in a-CaMKII
hKO mice, and to a lesser extent in the pilocarpine-
treated mice compared to controls. The mRNA
expression of calretinin was significantly increased
in a-CaMKII hKO (t = 2.52, df = 11, p < 0.05;
Fig. 6C) and pilocarpine-treated mice (t = 2.59,
df = 10, p < 0.05; Fig. 6D) compared to their con-
trols. Calretinin immunoreactive cells appeared to
localize near the subgranular zone, especially in WT
or vehicle-treated controls. However, in a-CaMKII
hKO and pilocarpine-treated mice, immunoreactive
cells could also be seen in the hilus, which are pre-
sumably either mossy cells or spiny multipolar cells
(34), as distinguished by their shape, and through-
out the granule cell layer (Fig. 7E–H). Doublecortin
mRNA expression was higher in the a-CaMKII
hKO mice (t = 2.32, df = 12, p < 0.05; Fig. 6E),
but did not change in pilocarpine-treated mice com-
pared to controls when examined at two months
after pilocarpine administration (Fig. 6F). Robust
doublecortin immunoreactivity of cell bodies within
the subgranular zone and its processes extending
through the granule cell layer was observed in a-
CaMKII hKO mice. Much more muted immunore-
active expression was seen in pilocarpine-treated

mice (Fig. 7I–L). We did, however, observe substan-
tial elevation of doublecortin immunoreactivity in
pilocarpine-treated mice after one month (data not
shown), which is consistent with previous reports
(35, 36).

Gene expression of iDG markers in the epilepsy model

and a-CaMKII hKO mice

Tryptophan 2,3-dioxygenase (Tdo2), brain-derived
neurotrophic factor (Bdnf), dopamine 1 receptor
(Drd1a), gastrin-releasing peptide (Grp), interleu-
kin-1 receptor (Il1r1), and desmoplakin (Dsp) are
genes that were previously shown to be dysregulat-
ed in the DG of a-CaMKII hKO mice (15, 16).
mRNA expression of Tdo2 in a-CaMKII hKO
(t = 22.0, df = 12, p < 0.0001; Fig. 8A) and pilo-
carpine-treated mice (t = 6.15, df = 9, p < 0.001;
Fig. 8B) was dramatically reduced compared to
controls. Similar to the increase in mRNA expres-
sion of doublecortin and calretinin, a-CaMKII
hKO mice had a significant increase in mRNA
expression of the neurotrophic factor Bdnf com-
pared to WT controls (t = 3.89, df = 12, p < 0.01)
(Fig. 8C). The same increase in Bdnf mRNA
expression (t = 2.87, df = 9, p < 0.05) was evident
in pilocarpine-treated mice (Fig. 8D). We
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Fig. 7. Representative immunofluorescence staining of maturation markers in the dentate gyrus (DG) at 209 magnification. A com-
parison was made between wild-type controls and calcium/calmodulin-dependent protein kinase II heterozygous knock-out (a-CaM-
KII hKO) DG sections stained with anti-calbindin (A, B), calretinin (E, F), and doublecortin (I, J), respectively. An identical
comparison was made between DG sections from vehicle- and pilocarpine-treated mice stained with anti-calbindin (C, D), calretinin
(G, H), and doublecortin (K, L), respectively. Scale bar = 100 lm. h = hilus; gcl = granule cell layer; sgl = supragranular layer.
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additionally observed abnormally high mRNA
expression levels of Drd1a from the DG of a-CaM-
KII hKO (t = 4.36, df = 12, p = 0.001; Fig. 8E)
and pilocarpine-treated mice (t = 6.12, df = 10,
p < 0.0001; Fig. 8F), which is consistent with
enhanced D1-like receptor-mediated synaptic mod-
ulation at the mossy fiber synapse. Grp mRNA was
shown to be highly elevated in the DG of
a-CaMKII hKO mice (t = 6.12, df = 12,
p < 0.0001) and pilocarpine-treated mice (t = 5.19,
df = 10, p < 0.001) compared to controls (Fig. 9A
and B). Two more genes whose mRNA expression
was dysregulated in a-CaMKII hKO mice

compared toWTmice were Il1r1 and Dsp (t = 6.40,
df = 12, p < .0001, Il1r1; and t = 7.65, df = 12,
p < .0001, Dsp; Fig. 9C and E).While Il1r1 mRNA
expression was not changed, Dsp mRNA expres-
sion was significantly decreased in pilocarpine-trea-
ted mice relative to controls (n.s., Il1r1; and
t = 4.47, df = 10, p < 0.01, Dsp; Fig. 9D and F).

Electrophysiological properties of DG granular cells in

the epilepsy model

We made whole-cell current clamp recordings
from dentate granule cells (GCs) to examine the

A B

C D

E F

Fig. 8. Tryptophan 2,3-dioxygenase (Tdo2), brain-derived neurotrophic factor (Bdnf), and dopamine 1 receptor (Drd1a) mRNA
expression. Average mRNA expression � SEM of Tdo2, Bdnf, and Drd1a genes from the dentate gyrus of calcium/calmodulin-
dependent protein kinase II heterozygous knock-out (a-CaMKII hKO) (A, C, E) and pilocarpine-treated (B, D, F) mice, respectively,
compared to controls. Average values were normalized to the housekeeping gene 18S rRNA. *p < 0.05, **p < 0.01, ***p < 0.001.
WT = wild-type.
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physiological properties of these cells. Pilocarpine-
treated GCs had depolarized resting membrane
potentials (�70.8 � 0.8 pilocarpine versus �75.8
� 0.6 mV vehicle; t = 5.023, df = 43, p < 0.0001;
Fig. 9B, top left), intact input resistance
(395.0 � 28.4 pilocarpine versus 368.3 � 18.1 MO
vehicle) (t = 0.7931, df = 35, p = 0.433; Fig. 10B,
top center), and smaller membrane capacitance
(56.3 � 3.4 pilocarpine versus 69.1 � 4.7 pF
vehicle; t = 2.180, df = 43, p < 0.05) compared to
GCs from vehicle-treated mice (Fig. 10B, top
right). The current intensity to evoke an action

potential was smaller (56.4 � 5.4 pilocarpine
versus 80.4 � 3.7 pA vehicle; t = 3.705, df = 43,
p < 0.001; Fig 9B, bottom left), the spike thresh-
old potential was lower (�39.7 � 0.7 pilocarpine
versus �35.8 � 0.5 mV vehicle; t = 4.417, df = 43,
p < 0.0001; Fig. 10B, bottom center), and more
spikes were observed during sustained depolariza-
tion (33.1 � 1.4 pilocarpine versus 27.4 � 0.8 mV
vehicle; t = 3.647, df = 33, p < 0.001; Fig. 10B,
bottom right), indicating higher excitability of GCs
from pilocarpine-treated compared to vehicle-trea-
ted mice. We also examined synaptic transmission

A B

C D

E F

Fig. 9. Gastrin-releasing peptide (Grp), interleukin-1 receptor (Il1r1), and desmoplakin (Dsp) mRNA expression. Average mRNA
expression � SEM of Grp, Il1r1, and Dsp genes from the dentate gyrus of calcium/calmodulin-dependent protein kinase II heterozy-
gous knock-out (a-CaMKII hKO) (A, C, E) and pilocarpine-treated (B, D, F) mice, respectively, compared to controls. Average val-
ues were normalized to the housekeeping gene 18S rRNA. **p < 0.01, ***p < 0.001. WT = wild-type.
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between the mossy fiber axons of GCs and CA3
pyramidal cells. The prominent frequency facilita-
tion characteristic of this synapse was intact
(37, 38) (358.5 � 21.2 pilocarpine versus 363.0 �
13.4% increase vehicle; t = 0.1792, df = 14, p =
0.860; Fig. 10C), while a dopamine-induced synaptic
potentiation mediated by D1-like receptors was
greatly enhanced in the GCs from pilocarpine-treated
mice (255.9 � 48.3 pilocarpine versus 56.6 � 7.6%
increase vehicle; t = 4.080, df = 5, p < 0.01;
Fig. 10D). Overall, GCs from pilocarpine-treated mice
share some of the electrophysiological properties with
GCs from a-CaMKII hKO mice (15). Furthermore,

GCs from both mice share properties, especially
regarding heightened excitability, observed in GCs
from chronic fluoxetine-treated mice that exhibit a
‘dematuration’ of GCs (16, 39).

a-CaMKII mRNA and protein in the epilepsy model and

a-CaMKII hKO mice

We confirmed by qPCR and western blots that the
levels of a-CaMKII mRNA in the DG (t = 2.69,
df = 12, p < 0.05) and total protein in the whole
hippocampus (t = 5.33, df = 12, p < 0.001) of the
a-CaMKII mice were approximately half those of

A B

C D

Fig. 10. Electrophysiological properties of dentate granule cells and mossy fiber synapses in pilocarpine-treated mice. (A) Sample
recordings of granule cell action potentials evoked by depolarizing currents. (B) Pooled data showing somatic electrophysiological
properties of granule cells in saline-treated (n = 23) and pilocarpine-treated mice (n = 22). The resting membrane potential, input
resistance, membrane capacitance calculated from input resistance and membrane time constant, threshold current intensity to evoke
a single spike, spike threshold potential, and maximal number of spikes during sustained depolarization are shown. (C) Frequency
facilitation induced by 1-Hz stimulation is intact at the mossy fiber-CA3 synapse (n = 8 each). (D) Dopamine-induced synaptic
potentiation mediated by D1-like receptors is enhanced in pilocarpine-treated mice (saline: n = 5, pilocarpine: n = 6). Dopamine
(10 lM) was applied in bath as indicated. *p < 0.05, **p < 0.01, ***p < 0.001.
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WT controls (Fig. 11A–C). a-CaMKII mRNA
from pilocarpine-treated mice did not differ from
that of vehicle controls (Fig. 11D), but total hip-
pocampal protein was significantly reduced by
approximately 25% of controls (t = 7.27, df = 10,
p < 0.0001; Fig. 11C and E). B-actin levels were
quantified based on measured intensity/mm2 and
were not statistically different between treatment
groups (WT: 503254 � 28431; a-CaMKII hKO:
479428 � 35037; DBA vehicle: 971213 � 24901;
pilocarpine: 956935 � 22892).

Discussion

The present study provides evidence that a-CaM-
KII hKO and pilocarpine-treated seizure mice
share many common phenotypes, including behav-
ioral changes, some GC electrophysiological prop-
erties, neuronal maturation marker changes and
iDG-related genes, that were previously reported
to be dysregulated in several mouse models of psy-
chiatric disease (15, 16). Recently, we demon-
strated that postmortem samples from psychotic

patients had an iDG feature (19). The implications
of our data are that the iDG is a common feature
of both psychosis and epilepsy.

Neuronal maturation marker expression in the immature

dentate gyrus

An important finding in our study was the signifi-
cant reduction in mRNA and immunoreactivity of
the mature neuronal marker calbindin in the dorsal
DG in both a-CaMKII hKO and pilocarpine-trea-
ted mice. This result, along with an over-expression
of the immature neuronal marker calretinin, sug-
gests that there is an elevation of immature GCs
and a reduction of mature GCs in both mouse
models (15).

Although calbindin has been frequently used as
a mature neuronal marker, it also functions as an
interneuron marker and calcium-binding protein
that can buffer excess intracellular calcium. We
observed the robust decrease in calbindin immuno-
reactivity to be presumably localized in GCs,
which are primarily principal cells within the GC

α-CaMKII
B-actin 
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Fig. 11. Calcium/calmodulin-dependent protein kinase II (a-CaMKII) mRNA and total protein expression. Average mRNA expres-
sion � SEM of a-CaMKII from a-CaMKII heterozygous knock-out (hKO) (A) and pilocarpine-treated (D) mice. Bar graphs show
significant reductions of average total hippocampal a-CaMKII protein expression � SEM in a-CaMKII hKO (B) and pilocarpine-
treated (E)mice, with western blot (C) normalized to B-actin. W = wild-type; a = a-CaMKII hKO; V = vehicle; P = pilocarpine. Aver-
age mRNA values were normalized to the housekeeping gene 18S rRNA. *p < 0.05, ***p < 0.001.
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layer. Functionally, a decrease in calbindin immu-
noreactivity may represent a shift in seizure thresh-
old favoring increased excitation and/or decreased
inhibition, which can ultimately influence cellular
excitability (40, 41). Given that the a-CaMKII
hKO mice exhibited more than a 4-fold increase in
sensitivity to pilocarpine compared to vehicle con-
trols, and demonstrated a substantial decrease in
mRNA calbindin expression (similarly to the pilo-
carpine-treated mice), it is, perhaps, not surprising
that intracellular calcium signaling of both mouse
lines may be perturbed in a manner that results in
increased membrane excitability. This was illus-
trated by previous electrophysiological findings
that demonstrated abnormal GC excitability in the
a-CaMKII hKO mice (15), and similar excitability
from the present study in pilocarpine-treated mice.

We further observed increased mRNA expres-
sion of calretinin and doublecortin in a-CaMKII
hKO mice, but only increased calretinin expression
in pilocarpine-treated mice. This finding indicates
that there is a similar abnormal fate of newborn
neurons in both mouse models. A lack of difference
in doublecortin mRNA expression at two months
post-administration in the pilocarpine-treated mice
compared to vehicle treatment is consistent with
previous reports that showed that rates of neuro-
genesis were high shortly after SE, but gradually
declined over the next several months (35, 36). It is
likely that at the time the tissue was processed in
this study (two months after pilocarpine), double-
cortin expression may have already fallen back to
near baseline levels in pilocarpine-treated mice. On
the other hand, a-CaMKII hKO mice have been
shown to constitutively exhibit increased neuro-
genesis (with bromodeoxyuridine labeling), which
is consistent with elevations of doublecortin (15,
19). The difference in doublecortin expression
between a-CaMKII hKO and pilocarpine-treated
mice suggests that elevations in neurogenesis may
not be necessary for the occurrence of an iDG.
Thus, in pilocarpine-treated mice, it is likely that
the iDG and, perhaps, their behavioral abnormali-
ties occur during the post-SE period of days to
weeks during which substantial hippocampal reor-
ganization and neurogenesis occur (42, 43). For
example, in the pilocarpine-treated rat, a perma-
nent reduction in hippocampus calbindin mRNA
and protein expression was maximal after
one month post-SE (26), a period where daily SRS
has already developed. Prior to this time-point
(especially before one week post-SE), calbindin
mRNA and protein expression was nearly indistin-
guishable from that of controls. In sum, we suspect
that there may be an overlap of approximately two
to three weeks (occurring at three to six weeks

post-SE) during which the iDG is most similar
between a-CaMKII hKO and pilocarpine-treated
mice. In the present study, we specifically chose the
two months post-SE time-point because the sei-
zure mice would be in a chronic ‘epileptic’ state, a
condition represented by the majority of human
epileptics.

In addition, we have confirmed the abnormal
expression of other genes (iDG markers) in
a-CaMKII hKO mice from our microarray,
namely Tdo2, Bdnf, Drd1a, Grp, Il1r1, and Dsp.
Tdo2 and Dsp are maturation marker genes that
were highly expressed in the DG, and showed sig-
nificant down-regulation in both a-CaMKII hKO
and pilocarpine-treated mice. The Il1r1 gene, in
particular, has been implicated to play a role in the
proliferation of neural progenitor cells (44). Sev-
eral studies have demonstrated that Il1r1 mRNA is
highly expressed in the DG GC bodies (45, 46), but
their functional role is unclear. It is possible that
the DG GCs may contribute to neuronal excitation
differently in the two mouse models. The lack of
alteration in Il1r1 mRNA expression in pilocar-
pine-treated mice, and not in a-CaMKII hKO
mice, may arise from the fact that SRS may poten-
tiate Il1r1 expression to compensate for excessive
excitation in the DG. It has previously been shown
that Il1r1 signaling may have anticonvulsive prop-
erties (47).

Dentate gyrus granule cells from pilocarpine-treated

mice are physiologically immature

We conducted electrophysiological experiments to
evaluate whether the pilocarpine-treated GCs
exhibited the iDG phenotype. In agreement with
previous studies (48, 49), GCs exhibited less polar-
ized resting membrane potentials and lower spike
threshold currents in pilocarpine-treated mice,
which resulted in their higher electrophysiological
excitability compared to controls. A similar finding
was reported in GCs from a-CaMKII hKO mice
(15). These results suggest that immature GCs
from both models are more hyper-excitable com-
pared to controls. Further, the enhanced dopa-
mine-induced synaptic potentiation recorded in
pilocarpine-treated mice was also observed in the
fluoxetine-treated mice that exhibited GC dema-
turation (39). We further applied sustained depo-
larizing currents to GCs and demonstrated that
pilocarpine-treated mice exhibited a significant
increase in repetitive spiking. This was in sharp
contrast to the a-CaMKII hKO mice, which
showed relatively few spikes following the same
stimulation protocol (15). Since GCs in early mat-
urational stages hardly generate repetitive spiking
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during sustained depolarization (16, 50, 51), these
findings again suggest that the two mouse lines are
in different stages of GC immaturity. DG GCs in
a-CaMKII hKO mice resemble newly generated
immature neurons, while the GCs from pilocar-
pine-treated mice resemble neurons that have had
a reversal of their maturation, a phenomenon that
was observed in chronic fluoxetine-treated mice
(16). The intact frequency facilitation at mossy
fiber synapses in the pilocarpine-treated mice sug-
gests that their DG output is not in an immature
state, but is rather closer to that observed in matu-
rity. Thus, we propose that, similar to what was
observed as a result of pilocarpine treatment in
mice, seizure-induced changes in the epileptic brain
may lead to a ‘dematuration’ of GC neurons
resulting in an iDG. Overall, while the electrophys-
iological properties of pilocarpine-treated GCs
share common hyper-excitable characteristics with
GCs from the a-CaMKII hKO mice, the mecha-
nisms by which iDG was achieved in the two
mouse models may reflect disease-specific differ-
ences in neural circuitry and the manner in which
the DG relays and processes afferent and efferent
connections within the hippocampus.

Potential contribution of reductions of a-CaMKII to

dentate gyrus immaturity in pilocarpine-treated mice

Previous studies have shown a down-regulation of
CaMKII activity in epilepsy models (52, 53), sug-
gesting that seizures cause molecular changes in
CaMKII signaling. The functional consequences
of a reduction in a-CaMKII would be expected to
impact the physiology of the hippocampus, in
effect, changing the excitability within proximal
and distal networks (54, 55). Singleton et al. (52)
showed that SE caused inhibition of CaMKII
activity from hippocampal homogenates of pilo-
carpine-treated rats. Because CaMKII positively
modulates both excitatory and inhibitory synaptic
receptor function, perturbations in CaMKII activ-
ity would result in alterations of membrane excit-
ability (52, 56). Singleton et al. (52) further
speculated that inhibition of CaMKII activity may
decrease GABAergic tone by either a disruption of
GABA channel function or an impairment in neu-
rotransmitter synthesis and release. If this is true,
down-regulation of CaMKII, and subsequent
GABAergic loss in the DG may account for the
hyper-excitable nature of GCs observed in both
mouse lines.

In pilocarpine-treated mice, SRS is an essential
requirement for the development of the dematured
DG, since mice from our earlier pilot studies that
exhibited very mild SE, with no subsequent SRS,

failed to induce a dematured phenotype. Addition-
ally, it was also reported that animals that failed to
fully develop SE showed no decrease in CaMKII
activity (57). These results suggest a strong connec-
tion between SRS, dematured DG and CaMKII.
In summary, these observations suggest that a-
CaMKII hKO mice and pilocarpine-treated mice
may exhibit imbalances in excitatory and inhibi-
tory networks, as a result of an a-CaMKII reduc-
tion, which may ultimately contribute to the iDG
or dematured DG phenotype and subsequent
behavioral abnormalities.

Conclusions

We found similarities in the cellular/molecular,
immunohistochemical, electrophysiological, and
behavioral phenotypes of the a-CaMKII hKO and
pilocarpine-treated mice. Changes in gene expres-
sion point to a decrease in mature neuronal mark-
ers and a concomitant increase in immature
neuronal markers indicating an iDG phenotype,
which may contribute to the pathophysiological
and behavioral deficits observed in both psychosis
and epilepsy.

Acknowledgement

This work was funded internally by Astellas Research Institute
of America LLC.

Disclosures

The authors of this paper declare no competing financial inter-
ests that might pose a conflict of interest in connection with
this manuscript. Authors marked with superscript ‘a’ are
employees of Astellas Research Institute of America LLC, a
subsidiary of Astellas Pharma Inc.

References

1. Ettinger AB, Reed ML, Goldberg JF, Hirschfeld RM.
Prevalence of bipolar symptoms in epilepsy vs other
chronic health disorders. Neurology 2005; 65: 535–540.

2. Lau C, Ettinger AB, Hamberger S, Fanning K, Reed ML.
Do mood instability symptoms in epilepsy represent for-
mal bipolar disorder? Epilepsia 2012; 53: e37–e40.

3. Clarke MC, Tanskanen A, Huttunen MO, Clancy M, Cot-
ter DR, Cannon M. Evidence for shared susceptibility to
epilepsy and psychosis: a population-based family study.
Biol Psychiatry 2012; 71: 836–839.

4. Nishida T, Kudo T, Inoue Y et al. Postictal mania versus
postictal psychosis: differences in clinical features, epilepto-
genic zone, and brain functional changes during postictal
period. Epilepsia 2006; 47: 2104–2114.

5. Carrieri PB, Provitera V, Iacovitti B, Iachetta C, Nappi C,
Indaco A. Mood disorders in epilepsy. Acta Neurol 1993;
15: 62–67.

6. Ito M. Neuropsychiatric evaluations of postictal behav-
ioral changes. Epilepsy Behav 2010; 19: 134–137.

419

Dentate gyrus in epilepsy and psychiatry



7. Stewart LR, Hall AL, Kang SH, Shaw CA, Beaudet AL.
High frequency of known copy number abnormalities and
maternal duplication 15q11-q13 in patients with combined
schizophrenia and epilepsy. BMC Med Genet 2011; 12:
154.

8. Muhle H, Mefford HC, Obermeier T et al. Absence sei-
zures with intellectual disability as a phenotype of the
15q13.3 microdeletion syndrome. Epilepsia 2011; 52:
e194–e198.

9. Mefford HC, Muhle H, Ostertag P et al. Genome-wide
copy number variation in epilepsy: novel susceptibility loci
in idiopathic generalized and focal epilepsies. PLoS Genet
2010; 6: e1000962.

10. Bruel-Jungerman E, Rampon C, Laroche S. Adult hippo-
campal neurogenesis, synaptic plasticity and memory: facts
and hypotheses. Rev Neurosci 2007; 18: 93–114.

11. Castilla-Ortega E, Pedraza C, Estivill-Torrus G, Santin LJ.
When is adult hippocampal neurogenesis necessary for
learning? Evidence from animal research. Rev Neurosci
2011; 22: 267–283.

12. Ming GL, Song H. Adult neurogenesis in the mammalian
brain: significant answers and significant questions. Neu-
ron 2011; 70: 687–702.

13. Siebzehnrubl FA, Vedam-Mai V, Azari H, Reynolds BA,
Deleyrolle LP. Isolation and characterization of adult neu-
ral stem cells. Methods Mol Biol 2011; 750: 61–77.

14. Taylor V. Hippocampal stem cells: so they are multipo-
tent!. J Mol Cell Biol 2011; 3: 270–272.

15. Yamasaki N, Maekawa M, Kobayashi K et al. Alpha-
CaMKII deficiency causes immature dentate gyrus, a novel
candidate endophenotype of psychiatric disorders. Mol
Brain 2008; 1: 6.

16. Kobayashi K, Ikeda Y, Sakai A et al. Reversal of hippo-
campal neuronal maturation by serotonergic antidepres-
sants. Proc Natl Acad Sci USA 2010; 107: 8434–8439.

17. Miyakawa T, Leiter LM, Gerber DJ et al. Conditional cal-
cineurin knockout mice exhibit multiple abnormal behav-
iors related to schizophrenia. Proc Natl Acad Sci USA
2003; 100: 8987–8992.

18. Hagihara H, Takao K, Miyakawa T. Role of calcineu-
rin in the glutamatergic dysfunction hypothesis of
schizophrenia. Japanese J Clin Psychopharmacol 2012;
15: 657–664.

19. Walton NW, Zhou Y, Kogan JH et al. Detection of an
immature dentate gyrus in human schizophrenia/bipolar
patients. Transl Psychiatry 2012; 2: e135.

20. Altar CA, Jurata LW, Charles V et al. Deficient hippo-
campal neuron expression of proteasome, ubiquitin, and
mitochondrial genes in multiple schizophrenia cohorts.
Biol Psychiatry 2005; 58: 85–96.

21. Xing G, Russell S, Hough C et al. Decreased prefrontal
CaMKII alpha mRNA in bipolar illness. NeuroReport
2002; 13: 501–505.

22. Shin R, Kogan JH, Gross AK et al. Chronic lamotrigine
treatment ameliorates behavioral deficits in CAMKII a
heterozygous knockout mice: a putative model of bipolar
disorder/schizophrenia. Society for Neuroscience Meeting,
New Orleans, LA, USA, 2012.

23. Bankstahl M, Muller CJ, Wilk E, Schughart K, Loscher
W. Generation and characterization of pilocarpine-sensi-
tive C57BL/6 mice as a model of temporal lobe epilepsy.
Behav Brain Res 2012; 230: 182–191.

24. Furtado MA, Castro OW, Del Vecchio F, de Oliveira JA,
Garcia-Cairasco N. Study of spontaneous recurrent sei-
zures and morphological alterations after status epilepticus
induced by intrahippocampal injection of pilocarpine. Epi-
lepsy Behav 2011; 20: 257–266.

25. Muller CJ, Groticke I, Bankstahl M, Loscher W. Behav-
ioral and cognitive alterations, spontaneous seizures, and
neuropathology developing after a pilocarpine-induced
status epilepticus in C57BL/6 mice. Exp Neurol 2009; 219:
284–297.

26. Carter DS, Harrison AJ, Falenski KW, Blair RE, DeLor-
enzo RJ. Long-term decrease in calbindin-D28K expression
in the hippocampus of epileptic rats following pilocarpine-
induced status epilepticus. Epilepsy Res 2008; 79: 213–223.

27. Martinian L, Catarino CB, Thompson P, Sisodiya SM,
Thom M. Calbindin D28K expression in relation to gran-
ule cell dispersion, mossy fibre sprouting and memory
impairment in hippocampal sclerosis: a surgical and post
mortem series. Epilepsy Res 2012; 98: 14–24.

28. Nagerl UV, Mody I. Calcium-dependent inactivation of
high-threshold calcium currents in human dentate gyrus
granule cells. J Physiol 1998; 509: 39–45.

29. Winawer MR, Makarenko N, McCloskey DP et al. Acute
and chronic responses to the convulsant pilocarpine in
DBA/2J and A/J mice. Neuroscience 2007; 149: 465–475.

30. Mazzuferi M, Kumar G, Rospo C, Kaminski RM. Rapid
epileptogenesis in the mouse pilocarpine model: video-
EEG, pharmacokinetic and histopathological characteriza-
tion. Exp Neurol 2012; 238: 156–167.

31. Muller CJ, Groticke I, Hoffmann K, Schughart K, Lo-
scher W. Differences in sensitivity to the convulsant pilo-
carpine in substrains and sublines of C57BL/6 mice. Genes
Brain Behav 2009; 8: 481–492.

32. Groticke I, Hoffmann K, Loscher W. Behavioral altera-
tions in the pilocarpine model of temporal lobe epilepsy in
mice. Exp Neurol 2007; 207: 329–349.

33. Racine RJ. Modification of seizure activity by electrical
stimulation. II. Motor seizure. Electroencephalogr Clin
Neurophysiol 1972; 32: 281–294.

34. Liu Y, Fujise N, Kosaka T. Distribution of calretinin
immunoreactivity in the mouse dentate gyrus. I. General
description. Exp Brain Res 1996; 108: 389–403.

35. Hattiangady B, Shetty AK. Implications of decreased hip-
pocampal neurogenesis in chronic temporal lobe epilepsy.
Epilepsia 2008; 49(Suppl. 5): 26–41.

36. Kuruba R, Hattiangady B, Shetty AK. Hippocampal neu-
rogenesis and neural stem cells in temporal lobe epilepsy.
Epilepsy Behav 2009; 14(Suppl. 1): 65–73.

37. Nicoll RA, Schmitz D. Synaptic plasticity at hippocampal
mossy fibre synapses. Nat Rev Neurosci 2005; 6: 863–876.

38. Klausnitzer J, Manahan-Vaughan D. Frequency facilita-
tion at mossy fiber-CA3 synapses of freely behaving rats is
regulated by adenosine A1 receptors. J Neurosci 2008; 28:
4836–4840.

39. Kobayashi K, Haneda E, Higuchi M, Suhara T, Suzuki H.
Chronic fluoxetine selectively upregulates dopamine d(1)-
like receptors in the hippocampus. Neuropsychopharma-
cology 2012; 37: 1500–1508.

40. Miller JJ, Baimbridge KG. Biochemical and immunohisto-
chemical correlates of kindling-induced epilepsy: role of
calcium binding protein. Brain Res 1983; 278: 322–326.

41. Mody I, Reynolds JN, Salter MW, Carlen PL, MacDonald
JF. Kindling-induced epilepsy alters calcium currents in
granule cells of rat hippocampal slices. Brain Res 1990;
531: 88–94.

42. Curia G, Longo D, Biagini G, Jones RS, Avoli M. The
pilocarpine model of temporal lobe epilepsy. J Neurosci
Methods 2008; 172: 143–157.

43. Zhang S, Khanna S, Tang FR. Patterns of hippocampal
neuronal loss and axon reorganization of the dentate gyrus
in the mouse pilocarpine model of temporal lobe epilepsy.
J Neurosci Res 2009; 87: 1135–1149.

420

Shin et al.



44. Arguello AA, Fischer SJ, Schonborn JR, Markus RW,
Brekken RA, Eisch AJ. Effect of chronic morphine on the
dentate gyrus neurogenic microenvironment. Neuroscience
2009; 159: 1003–1010.

45. Cunningham ET Jr, Wada E, Carter DB, Tracey DE, Bat-
tey JF, De Souza EB. In situ histochemical localization of
type I interleukin-1 receptor messenger RNA in the central
nervous system, pituitary, and adrenal gland of the mouse.
J Neurosci 1992; 12: 1101–1114.

46. Deyerle KL, Sims JE, Dower SK, Bothwell MA. Pattern of
IL-1 receptor gene expression suggests role in noninflam-
matory processes. J Immunol 1992; 149: 1657–1665.

47. Claycomb RJ, Hewett SJ, Hewett JA. Neuromodulatory
role of endogenous interleukin-1beta in acute seizures: pos-
sible contribution of cyclooxygenase-2. Neurobiol Dis
2012; 45: 234–242.

48. Pathak HR, Weissinger F, Terunuma M et al. Disrupted
dentate granule cell chloride regulation enhances synaptic
excitability during development of temporal lobe epilepsy.
J Neurosci 2007; 27: 14012–14022.

49. Kobayashi M, Buckmaster PS. Reduced inhibition of den-
tate granule cells in a model of temporal lobe epilepsy. J
Neurosci 2003; 23: 2440–2452.

50. Holter NI, Zylla MM, Zuber N, Bruehl C, Draguhn A.
Tonic GABAergic control of mouse dentate granule cells
during postnatal development. Eur J Neurosci 2010; 32:
1300–1309.

51. Mongiat LA, Esposito MS, Lombardi G, Schinder AF.
Reliable activation of immature neurons in the adult hip-
pocampus. PLoS ONE 2009; 4: e5320.

52. Singleton MW, Holbert WH 2nd, Lee AT, Bracey JM,
Churn SB. Modulation of CaM kinase II activity is coinci-
dent with induction of status epilepticus in the rat pilocar-
pine model. Epilepsia 2005; 46: 1389–1400.

53. Yamagata Y, Imoto K, Obata K. A mechanism for the
inactivation of Ca2+/calmodulin-dependent protein kinase
II during prolonged seizure activity and its consequence
after the recovery from seizure activity in rats in vivo. Neu-
roscience 2006; 140: 981–992.

54. Butler LS, Silva AJ, Abeliovich A, Watanabe Y, Tonega-
wa S, McNamara JO. Limbic epilepsy in transgenic mice
carrying a Ca2+/calmodulin-dependent kinase II alpha-
subunit mutation. Proc Natl Acad Sci USA 1995; 92:
6852–6855.

55. Churn SB, Rana A, Lee K, Parsons JT, De Blas A, Delor-
enzo RJ. Calcium/calmodulin-dependent kinase II phos-
phorylation of the GABAA receptor alpha1 subunit
modulates benzodiazepine binding. J Neurochem 2002; 82:
1065–1076.

56. Churn SB, Sombati S, Jakoi ER, Severt L, DeLorenzo RJ.
Inhibition of calcium/calmodulin kinase II alpha subunit
expression results in epileptiform activity in cultured hip-
pocampal neurons. Proc Natl Acad Sci USA 2000; 97:
5604–5609.

57. Singleton MW, Holbert WH 2nd, Ryan ML, Lee AT,
Kurz JE, Churn SB. Age dependence of pilocarpine-
induced status epilepticus and inhibition of CaM kinase II
activity in the rat. Brain Res Dev Brain Res 2005; 156:
67–77.

421

Dentate gyrus in epilepsy and psychiatry


