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Abstract
Status epilepticus (SE) in adulthood dramatically alters the hippocampus and produces spatial
learning and memory deficits. Some factors, like environmental enrichment and exercise, may
promote functional recovery from SE. Prenatal choline supplementation (SUP) also protects
against spatial memory deficits observed shortly after SE in adulthood, and we have previously
reported that SUP attenuates the neuropathological response to SE in the adult hippocampus just
16 days after SE. It is unknown whether SUP can ameliorate longer-term cognitive and
neuropathological consequences of SE, whether repeatedly engaging the injured hippocampus in a
cognitive task might facilitate recovery from SE, and whether our prophylactic prenatal dietary
treatment would enable the injured hippocampus to more effectively benefit from cognitive
rehabilitation. To address these issues, adult offspring from rat dams that received either a control
(CON) or SUP diet on embryonic days 12–17 first received training on a place learning water
maze task (WM) and were then administered saline or kainic acid (KA) to induce SE. Rats then
either remained in their home cage, or received three additional WM sessions at 3, 6.5, and 10
weeks after SE to test spatial learning and memory retention. Eleven weeks after SE, the brains
were analyzed for several hippocampal markers known to be altered by SE. SUP attenuated SE-
induced spatial learning deficits and completely rescued spatial memory retention by 10 weeks
post-SE. Repeated WM experience prevented SE-induced declines in glutamic acid decarboxylase
(GAD) and dentate gyrus neurogenesis, and attenuated increased glial fibrilary acidic protein
(GFAP) levels. Remarkably, SUP alone was similarly protective to an even greater extent, and
SUP rats that were water maze trained after SE showed reduced hilar migration of newborn
neurons. These findings suggest that prophylactic SUP is protective against the long-term
cognitive and neuropathological effects of KA-induced SE, and that rehabilitative cognitive
enrichment may be partially beneficial.

Keywords
seizure; kainic acid; neurogenesis; glutamic acid decarboxylase; glial fibrillary acidic protein

Corresponding author: Christina L. Williams, Department of Psychology and Neuroscience, 572 Research Drive, Box 91050, GSRB-
II, Room 3083, Duke University, Durham, NC 27708, USA, Phone: 919-660-5698, Fax: 919-660-5798, williams@psych.duke.edu.

NIH Public Access
Author Manuscript
Hippocampus. Author manuscript; available in PMC 2012 June 1.

Published in final edited form as:
Hippocampus. 2011 June ; 21(6): 584–608. doi:10.1002/hipo.20783.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Status epilepticus (SE), a period of prolonged seizures, is a serious neurological condition
that produces a myriad of degenerative and regenerative changes in the hippocampus, which
are thought to contribute to the development of temporal lobe epilepsy in rodent models and
in humans. Hippocampal pathophysiology following SE includes considerable neuronal loss
(e.g., Cavazos et al., 1994; Haas et al., 2001; Gorter et al., 2003), γ-aminobutyric acid
(GABA) system alterations (Morimoto et al., 2004; Sperk et al., 2004; Brooks-Kayal et al.,
2009), reactive gliosis (e.g., Jorgensen et al., 1993; Niquet et al., 1994a; Stringer, 1996;
Kang et al., 2006), aberrant mossy fiber innervation of the dentate gyrus (Sutula et al., 1988;
Ben-Ari and Represa, 1990), altered growth factor levels (Shetty et al., 2003; Morimoto et
al., 2004), and perturbed dentate cell proliferation and neurogenesis (Bengzon et al., 1997;
Parent et al., 1997; Scharfman et al., 2000; Hattiangady et al., 2004). These plastic changes
following SE are accompanied by cognitive deficits on hippocampal-dependent tasks, which
are present both before and after the emergence of spontaneous recurrent motor seizures
(Stafstrom et al., 1993; Liu et al., 1994; Sarkisian et al., 1997; Hort et al., 1999; Mikati et al.,
2001; Kemppainen and Pitkanen, 2004; McKay and Persinger, 2004; Detour et al., 2005;
Lin et al., 2009). As has been suggested (Prince et al., 2009), to develop prophylactic or
rehabilitative strategies that might be applied either before or after brain injuries that lead to
epilepsy, it is critical to understand the pathophysiological and cognitive processes to target.

Both environmental enrichment and physical exercise are known to enhance hippocampal
plasticity and cognitive function in the absence of injury (van Praag et al., 2000; Cotman et
al., 2007), and may also be beneficial for the functional recovery from SE and temporal lobe
epilepsy. Enrichment and/or exercise have been shown to reduce the frequency and severity
of seizures, prevent neurodegeneration, and reverse deficits in synaptic plasticity
(Dhanushkodi and Shetty, 2008; Hattiangady and Shetty, 2008b; Arida et al., 2009). Post-SE
housing of immature rats in an enriched environment with access to a running wheel has
been shown to ameliorate spatial learning and memory deficits in the water maze (Young et
al., 1999; Faverjon et al., 2002; Rutten et al., 2002), although studies of the effects of
experience on cognitive recovery after SE in adult animals are very limited. Recent evidence
suggests that voluntary wheel running after SE in adult mice aids recovery of spatial
learning and memory in the water maze (Sartori et al., 2009).

Similar to environmental enrichment and physical exercise, supplementation of pregnant rats
during embryonic days (ED) 12–17 with the nutrient choline (about 4.5 times the amount of
choline in standard rat chow) also enhances several features of hippocampal plasticity of
adult offspring in the absence of injury and improves cognitive function. Choline is a
precursor to the neurotransmitter acetylcholine that is critical for learning, memory, and
attentional processes; it is one of the building blocks of all biological membranes; and it
contributes to methyl donation for the epigenetic modification of histones and DNA
(Blusztajn, 1998; Zeisel, 2004; Zeisel, 2006). Compared to control-fed offspring, prenatal
choline supplemented adult rats have increased basal neurogenesis (Glenn et al., 2007),
increased levels of various neurotrophic/growth factors (Sandstrom et al., 2002; Glenn et al.,
2007; Glenn et al., 2008; Napoli et al., 2008; Wong-Goodrich et al., 2008a; Wong-Goodrich
et al., 2008b), a reduced threshold to induce long-term potentiation (LTP, Pyapali et al.,
1998; Jones et al., 1999), enhanced depolarization-induced mitogen-activated protein kinase
(MAPK) and cAMP-response element binding protein (CREB) activation (Mellott et al.,
2004), and improved memory capacity and precision (Meck and Williams, 1997b; Meck and
Williams, 1997c; Meck and Williams, 1997a; Ricceri and Berger-Sweeney, 1998; Williams
et al., 1998; Meck and Williams, 1999; Tees and Mohammadi, 1999; Meck et al., 2008).
Remarkably, prophylactic prenatal dietary choline supplementation has also been shown to
protect adult rats against seizure-induced spatial learning and memory retention deficits
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observed 1–2 weeks after SE (Yang et al., 2000; Holmes et al., 2002). And, we have
recently reported that prenatal choline supplementation attenuates some features of the
neuropathological response to SE in adult offspring. Prenatal choline supplemented rats
have drastically reduced histopathology, aberrant dentate cell proliferation, reactive gliosis,
and GABAergic dysfunction in the hippocampus 16 days after SE compared to offspring of
standard control-fed rats (Wong-Goodrich et al., 2008b). It is unknown, however, whether
prenatal choline supplementation is a prophylactic treatment that can ameliorate more long-
term cognitive and neuropathological consequences of SE and/or whether the added
plasticity conferred by prenatal choline supplementation might aid an injured hippocampus
to engage in a cognitive task, which might facilitate the long-term recovery from SE.

In the present study, we utilized a kainic acid model of excitotoxic injury in adult rats to
investigate whether prenatal choline supplementation and/or repeated cognitive testing in the
water maze can alter the long-term effects of SE on spatial learning and memory retention
and on hippocampal neuropathology. This study had several goals. Place learning in the
water maze offers an enriching learning experience that both engages hippocampal networks
(Jenkins et al., 2004; Kee et al., 2007) and has an exercise component. No study to date has
examined whether repeated cognitive testing can rehabilitate spatial learning and memory
and alter hippocampal recovery after SE. Second, while both prenatal choline
supplementation and enrichment/exercise increase hippocampal plasticity and aid recovery
from hippocampal injury, no study has directly compared the effects of these two
manipulations on brain and cognitive function to determine if there are similar mechanisms
underlying these effects. In particular, we focused on the effects of SE on a number of
markers in the hippocampus that contribute to the neuropathological response to seizures,
which we have shown to be attenuated by prenatal choline supplementation shortly after SE
(Wong-Goodrich et al., 2008b), and that may be potential therapeutic targets for the
treatment of SE and epilepsy. These measures included hippocampal histopathology,
glutamic acid decarboxylase (GAD) expression, astrogliosis as measured by glial fibrillary
acidic protein (GFAP) expression, dentate neurogenesis, and levels of brain derived
neurotrophic factor (BDNF). Third, because prenatal choline supplementation enhances
hippocampal plasticity in the intact adult hippocampus (e.g., Sandstrom et al., 2002; Mellott
et al., 2004; Glenn et al., 2007; Wong-Goodrich et al., 2008b), we were interested in
whether prenatal choline supplementation would better enable the adult injured
hippocampus to take advantage of the rehabilitative effects of cognitive enrichment after SE.

Materials and Methods
Animals

Fifty-six timed-pregnant Sprague-Dawley rats (CD strain, Charles River, Kingston, NY)
were obtained on day 9 of gestation (ED9). All dams were individually housed in clear
polycarbonate cages (27.9 × 27.9 × 17.8 cm) that were individually ventilated, and the
colony was maintained at 21°C on a 12-h light/dark cycle with lights on at 7 a.m. Dams
were fed a control diet ad libitum (AIN76-A from Dyets, American Institute of Nutrition,
ICN, Nutritional Biochemical, Cleveland, Ohio; 1.1 g/kg choline chloride substituted for
choline bitartrate). Prenatal diet treatments were the same as those used in studies showing
memory enhancing and memory protecting effects of prenatal choline supplementation
(Meck et al., 1988; Meck et al., 1989; Yang et al., 2000; Holmes et al., 2002; Meck and
Williams, 2003; Wong-Goodrich et al., 2008a; Wong-Goodrich et al., 2008b). On the
evening of ED11 to the morning of ED18 (ED 12–17), pregnant dams were either given ad
libitum access to a control diet (n = 29) or a choline supplemented diet (n = 17). Control
dams were given the AIN76-A diet and water sweetened with 50 mM saccharine. Choline
supplemented dams received the AIN76-A diet and water containing 25 mM choline
chloride and sweetened with 50 mM saccharine. On the morning of ED18, all dams were
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returned to normal drinking water. There were no significant differences in the amount of
water intake, food consumed, or body weights on ED11–18 between control and choline
supplemented dams (ps > .05; data not shown). After birth, offspring from the control and
choline supplemented dams were toe clipped for identification and then were selected
randomly and cross-fostered to dams that consumed the control diet throughout pregnancy
to yield 10 pups per litter (5 males and 5 females, half from different control dams and half
from supplemented dams). There were no significant differences between control and
prenatally choline supplemented litter size or pup birth weights (ps > .05). On postnatal day
(P) 25, pups were weaned and pair-housed with a rat of the same sex and prenatal diet
condition. All offspring were given ad libitum access to the control diet through the duration
of the study. Male offspring were used as subjects. All animal procedures were in
compliance with the Institutional Animal Care and Use Committee of Duke University.

Timeline of Experimental Procedures
The experimental design and timeline of procedures is presented in Figure 1. Adult male
control (CON) and prenatally choline supplemented (SUP) offspring were first trained in the
water maze at approximately 56 days of age. Twenty-four hours after the last day of water
maze training, CON and SUP rats were injected with saline or of kainic acid (KA) to induce
status epilepticus (SE) and were given 5 days to recover. All rats were then injected with the
cell division marker, bromodeoxyuridine (BrdU), every other day for 10 days. A subgroup
of saline-and KA-treated rats were then given three additional water maze testing sessions at
3, 6.5, and 10 weeks post-SE, while the remaining rats remained pair-housed in their home
cage, yielding the following experimental groups: saline-treated home cage rats (CON, n =
6; SUP, n = 5), saline-treated water maze rats (CON, n = 10; SUP, n = 9), KA-treated home
cage rats (CON, n = 4; SUP, n = 6), and KA-treated water maze rats (CON, n = 7; SUP, n =
8). All rats were sacrificed at approximately 11 weeks after saline or KA treatment. The
overall design was a 2 (prenatal diet: CON vs. SUP) × 2 (seizure: saline vs. KA) × 2
(experience: home cage vs. water maze) between-subjects design.

Induction of Status Epilepticus
Status epilepticus (SE) induction procedures were adapted from previous reports and were
based on a model of chronic temporal lobe epilepsy that yields a low mortality rate and
mimics several aspects of human temporal lobe epilepsy (Hellier et al., 1998; Hellier and
Dudek, 1999; Hattiangady et al., 2004; Hellier and Dudek, 2005; Pitkanen et al., 2007;
Sharma et al., 2007). KA was obtained from Tocris Bioscience (Ellisville, MO) and was
dissolved in 0.9% sterile saline (Sigma, St. Louis, MO). A group of adult male CON and
SUP offspring were injected with KA (2.5 mg/kg, i.p.) every hour and observations of
seizure behavior were recorded according to Racine’s scale (Racine, 1972). A separate
group of CON and SUP male offspring was similarly treated with hourly injections of 1 ml/
kg saline. All KA-treated animals initially showed wet dog shakes and head-nodding,
followed by Class III (unilateral forelimb clonus), Class IV (bilateral forelimb clonus with
rearing), and Class V (bilateral forelimb clonus with rearing and falling over) motor
seizures. KA treatment continued until rats displayed at least one Class IV/V seizure per
hour for 3 consecutive hours, although most rats exhibited many more seizures during these
1-hour periods and all rats eventually entered a state of continuous Class III–V seizures for
over 3 hours. If a rat displayed ≥ 10 Class IV/V seizures in an hour, administration of the
next injection was delayed to the next hour. If a rat displayed bouncing seizures after
reaching SE, it was given a low dose of diazepam (2.5 mg/kg) to reduce the risk of
mortality. We have observed and others have demonstrated (Scharfman et al., 2000; Pierce
et al., 2005) that administering a low dose of diazepam following SE does not compromise
the development of spontaneous epileptic motor seizures. The total KA dosage administered
was titrated for each rat according to each rat’s motor seizure activity. Because it has been
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found that seizures, as opposed to neuronal cell death per se, lead to increases in
hippocampal cell proliferation and neurogenesis (Parent et al., 1997; Tooyama et al., 2002;
Smith et al., 2005), our procedures were designed such that all KA-treated rats experienced
similar duration and severity of seizure activity (see Results).

After KA treatment, rats were injected subcutaneously with 5 ml of lactated Ringer’s
solution (Abbott Laboratories, Chicago, IL) to prevent dehydration and were monitored
closely until all seizure activity subsided. Saline-treated rats were also given 5 ml of lactated
Ringer’s solution to equate their post-treatment experience to that of KA-treated rats. For the
next 5 days, all rats continued to receive daily subcutaneous injections of 1–5 ml of lactated
Ringer’s solution and were provided with moistened chow and slices of fresh fruit to aid
recovery. Mortality rates did not differ significantly between CON and SUP rats, χ2 (1, N =
57) = 0.12, p = 0.74. Rats remained pair-housed throughout the duration of the experiment.
All KA-treated rats were checked at least 3 times per week in their home cage for fighting
and for spontaneous motor seizures. During these brief observations, we did not see
spontaneous motor seizures in any rat in its home cage. However, 2 CON and 2 SUP rats
that were treated with KA did exhibit a spontaneous motor seizure during the last spatial
learning component of water maze testing (see water maze procedures), but it did not
prevent the animals from completing the water maze task. In this case, these rats were
immediately removed from the maze, given a short rest period, followed by a “make-up”
trial. Analysis of each data point collected indicated that these 4 animals performed similarly
to other animals in their respective treatment group. It should be noted, however, that we did
not systematically monitor the occurrence of spontaneous seizures during and after SE
induction and that others have used electroencephalographic (EEG) monitoring to show that
abnormal spiking activity and nonconvulsive EEG seizures can occur after excitotoxic injury
before the onset of the first motor seizure (Bertram and Cornett, 1993; Jessberger et al.,
2007a; Raedt et al., 2009). It is therefore possible that we underestimated the number of rats
undergoing spontaneous seizure activity weeks following SE.

Bromodeoxyuridine Injections
Five days after being treated with KA or saline, all rats were administered a total of 5 daily
injections of 5-bromo-2-deoxyuridine (BrdU; 100mg/kg/day, i.p.; Sigma, St. Louis, MO)
one injection every other day for 10 days to label dividing cells. This injection regimen was
based on our previous report and was designed to capture the period of time during which
we have shown alterations in SE-induced dentate cell proliferation and hippocampal
pathology as a result of prenatal choline supplementation (Wong-Goodrich et al., 2008b).

Water Maze Procedures
The maze consisted of a circular pool approximately 1.8 m in diameter and filled with room
temperature water. A circular platform 10 cm in diameter was submerged 2 cm below the
surface of the water and the water was clouded by non-toxic powdered tempera paint to
ensure that the rats could not see the platform. The pool was located in a well-lit room
(approximately 5.8 m × 2.6 m in dimension) with salient extramaze cues, such as a table
with a computer, shelving that contained large objects, pictures of large black shapes
adhered to a curtain and room walls, a large metal trash bin, and the experimenter who sat in
a chair near the computer. All rats received 2 days of pretraining to adapt to the room,
experimenter, and water, and to learn that there was an escape platform in the pool. Rats
were first placed on a hidden platform in the middle of the maze for ~10 s, then placed in the
water near the hidden platform and gently guided toward the platform. This was repeated 2–
3 times per day. For all training trials, rats were placed in a random start location facing the
wall of the pool and given 60 s to locate a hidden platform. If a rat did not find the platform
by the end of 60 s, it was gently guided to the platform. Rats were allowed to sit on the
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platform for 15 s after climbing on to it. Following each trial, rats were removed from the
water maze and dried with a towel. Performance on the task, including latency and
pathlength to locate a hidden platform as well as swim speed, was measured and recorded
using a computerized tracking system (HVS Image, Hampton, UK).

Prior to saline or KA treatment (pre-SE), all rats were given four consecutive days (6
training trials per day with an inter-trial interval of 5–8 min) of water maze training where
rats were trained to navigate the maze to learn a single platform location. Each rat’s total
latency to locate the hidden platform (summed across 6 trials) was recorded for each day.
This measure has been used previously to assess water maze performance before and after
excitotoxin-induced SE (Yang et al., 2000; Holmes et al., 2002). Following saline or KA
treatment, a subgroup of CON and SUP rats were given three additional water maze testing
sessions at 3, 6.5, and 10 weeks post-SE that included both a spatial learning and a spatial
memory retention component. Each post-SE testing session was 5 days long and was
separated by 21 days. On the first day of each session, a single spatial memory retention test
was administered. Rats were required to locate the hidden platform that was placed in the
same spatial location learned 3 weeks prior to the retention test. Latency and pathlength to
locate the previously learned platform was recorded for each rat. In the first post-SE session
(3 weeks post-SE), rats were tested for their ability to remember the platform location they
learned during the pre-SE training period (prior to saline or KA treatment). During the
remaining 4 days of each session, rats were administered 6 training trials per day where they
were required to learn a new platform location. Total latency and pathlength (summed
across the 6 training trials) was recorded for each rat across each day.

Tissue Harvesting, Reverse Transcriptase PCR, Western Blot Analysis, and ELISA
At approximately 11 weeks after saline or KA treatment (24 hours after the last day of water
maze training), rats were given an overdose of a ketamine/xylazine cocktail, decapitated,
and brains were rapidly removed and midsagitally sectioned. The entire hippocampus from
one half-brain was immediately dissected out and divided into pieces of approximately equal
length along the rostral-caudal extent of the hippocampus. Pieces for reverse transcriptase
PCR assays (see Reverse transcriptase PCR section) were immediately homogenized in cold
guanidine isothiocyanate solution, frozen on dry ice, and stored at −80°C for. The remaining
pieces were immediately stored at −80° C until assayed for protein. The other half-brain
from each rat was immediately post-fixed in 4% paraformaldehyde for 72 hours at 4° C and
then cryoprotected in a 30% sucrose solution in 1M phosphate buffer (PB). These half-
brains were then sectioned coronally at 60 μm on a freezing microtome through the rostral-
caudal extent of the hippocampus and every fifth section was collected in 0.1% sodium
azide in 1M PB to yield five series of sections. The first and second series were processed
for BrdU and doublecortin (DCX) immunohistochemistry, respectively, for subsequent cell
counting. Representative samples of four to five 60 μm sections that captured the rostral-
caudal extent of the hippocampus were selected from the third and fourth series and were
processed for NeuN immunohistochemistry and triple immunofluorescent labeling
procedures, respectively (see immunohistochemistry procedures). The fifth series was
mounted and stained with cresyl violet for quantification of characterization of hippocampal
histopathology and quantification of total hippocampal volume.

Reverse transcriptase (RT)-PCR procedures for GAD65, GAD67, and GFAP were
performed according to our initial study (Wong-Goodrich et al., 2008b). In brief, total RNA
was extracted from tissues by phenol and chloroform method (Chomczynski and Sacchi,
1987; Sambrook, 1989) and precipitated. RNA was resuspended and its quantity was
determined using Quant-iT™ RiboGreen® RNA assay kit (Molecular Probes) and the
Victor3 multi-label plate reader (PerkinElmer Life Sciences). Hippocampal RNA was used
for RT-PCR using Superscript One-Step RT-PCR with Platinum Taq (Invitrogen). PCR
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products were separated on a 10% TBE polyacrylamide gel and stained with ethidium
bromide. PCR products were then visualized with the Kodak Image Station 440 (Rochester,
NY) and product intensities were quantified using Kodak software. PCR product levels were
normalized with β-actin values.

Western blot analysis procedures were also performed according to our initial report (Wong-
Goodrich et al., 2008b). In brief, extracts were normalized for total protein and subjected to
SDS-PAGE. After transfer of protein to an Immoblin P membrane (Millipore), the
membrane was blocked with 5% nonfat dry milk in 1X Tris-buffered saline (TBS)
containing 0.1% Tween 20 for 2 hours and then probed overnight with either anti-GFAP
monoclonal antibody GA5 (1:1000) (Cell Signaling Technology), anti-GAD65/67
polyclonal antibody (1:1000) (Chemicon), or anti-β-actin monoclonal A5441 (1:5000;
Sigma). The antibody/antigen complexes on the membranes were detected using a
peroxidase-conjugated anti-mouse IgG for GFAP and β-actin (1:2000) or anti-rabbit IgG
(1:5000) for GAD65/67 and visualized using the enhanced chemiluminescence method
(Western Lightning, Perkin Elmer) and a Kodak Image Station 440. Digitized images of
immunoblots were quantified using Kodak ID software. Protein levels were normalized with
β-actin values.

BDNF ELISA assay procedures were performed according to our previous studies (Glenn et
al., 2007; Wong-Goodrich et al., 2008b). The ChemiKine™ BDNF sandwich ELISA kit
(Chemicon Int., Inc.) was used to assay the BDNF levels in hippocampal lysates, according
to the manufacturer’s instructions. A biotinylated mouse anti-BDNF monoclonal antibody
(1:1000) was used for 2 hours at room temperature. After rinsing, diluted streptavidin-HRP
conjugate solution (1:1000) was added to wells and incubated for 1 hour at room
temperature. The optical density of each well was measured using the Victor3 microplate
reader (PerkinElmer Life Sciences). The intensity of color was measured at a wavelength of
450 nm. In order to correct for optical imperfections in the plate, readings at 540 nm were
subtracted from readings at 450 nm. The standard curve was used to assess the validity of
the protocol and to determine the relative concentrations of the growth factors. Values in all
samples were normalized per gram of tissue assayed, and the average value for each sample
was calculated separately before determining the group means.

BrdU, DCX, and NeuN Immunohistochemistry
Immunohistochemical procedures for BrdU-, DCX-, and NeuN-labeling were based on our
and others’ previous reports (Kuhn et al., 1996; Hattiangady et al., 2004; Glenn et al., 2007;
Wong-Goodrich et al., 2008b). Free-floating coronal sections were rinsed with tris-buffered
saline (TBS: pH 7.3) followed by 30 min in 50% methanol and 30 min in 3% hydrogen
peroxide in TBS at room temperature to reduce nonspecific staining, and then rinsed in TBS.
For BrdU-labeling, sections were first treated for 2 hours in 50% Formamide/2x SSC (0.3 M
NaCl, 0.03 M sodium citrate) at 65°C, rinsed in 2x SSC for 10 min, incubated in 2 N HCl
for 30 min at 37°C, rinsed in 0.1 M boric acid (pH 8.5) for 15 min, and rinsed again in TBS.
Sections were incubated in 0.1% Triton X-100 (TTX; Sigma) and 3% normal horse serum
(Vector Laboratories, Burlingame, CA) in TBS for 30 min at room temperature, and then
incubated with the primary antibody (monoclonal mouse anti-BrdU, 1:400, Roche;
polyclonal goat anti-DCX, 1:200, Santa Cruz Biotechnology, Inc.; monoclonal mouse anti-
NeuN, 1:500, Millipore) for 48 hours at 4 °C. Following this, sections were rinsed with TBS
and incubated with the secondary antibody (biotinylated horse anti-mouse or biotinylated
horse anti-goat, 1:200; Vector Laboratories) for 2 hours at room temperature. Sections were
then rinsed in TBS, incubated in an avidin-biotinylated peroxidase complex (ABC, Vector
Laboratories) for 1 hour at room temperature, rinsed again in TBS, and treated for
peroxidase detection with diaminobenzidine (for BrdU and NeuN; Vector Laboratories,
nickel intensified) or with vector grey substrate (for DCX; Vector Laboratories) for 4 min.
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Stained sections were mounted on gelatin-coated slides, dehydrated, and coverslipped. Prior
to being coverslipped, BrdU-labeled sections were first counterstained with cresyl violet.

Dual Immunofluorescence for BrdU and NeuN
Double immunofluorescent labeling procedures were adapted from previous reports
(Mirescu et al., 2006; Segi-Nishida et al., 2008). Four to five free-floating sections were
rinsed with phosphate buffered saline (PBS) followed by 30 min in 50% methanol at room
temperature to quench unperfused blood vessels and reduce nonspecific staining, and 30 min
in 0.1% sodium tetrahydridoborate to reduce autofluorescence. After rinsing again in PBS,
sections were treated for 10 min in 0.9% saline, followed by 30 min in 2N HCl at 37°C.
Sections were rinsed in PBS, incubated in 0.3% Triton X-100 (TTX; Sigma) and 5% normal
donkey serum (Jackson Immuno) in PBS for 30 min at room temperature, and then
incubated with a primary antibody cocktail (polyclonal sheep anti-BrdU, 1:100, Abcam Inc.;
monoclonal mouse anti-NeuN, 1:50, Millipore) for 48 hours at room temperature. Following
this, sections were rinsed with PBS and incubated with the fluorescent secondary antibody
Alexa Fluor 488 anti-mouse, 1:200 (Molecular Probes) for 24 hours at 4 °C. Sections were
then rinsed in PBS, incubated in a biotinylated anti-sheep secondary antibody, 1:500
(Jackson Immuno) for 2 hours, rinsed in PBS, and then incubated in a streptavidin-
conjugated Alexa Fluor 555, 1:500 (Molecular Probes) for 2 hours. Stained sections were
then rinsed in PBS, mounted on gelatin-coated slides with Vectashield anti-fading mounting
medium (Vector Labs), coverslipped, and stored in the dark at 4 °C.

Quantification of BrdU+, DCX+, and NeuN+ Cells Using Unbiased Stereology
BrdU-, DCX-, and NeuN-labeled cells in the dentate gyrus were counted using a modified
optical fractionator method (West, 1993; West, 1999; Mouton, 2002). For counting of BrdU
+ and DCX+ cells, we sampled every fifth section through the rostral-caudal extent of the
dentate gyrus in two sampling regions: one region included the subgranular zone (SGZ),
which was designated as an approximately 2-cell thick zone between the inner rim of the
GCL, and the hilus, and the granule cell layer (GCL) that encompassed the suprapyramidal
and infrapyramidal granule cell blades, and the other region included the hilus, which did
not include the CA3c region. StereoInvestigator (Microbrightfield Inc., Williston, VT) was
used to sample systematically throughout each SGZ-GCL region of all rats and count
numbers of immunopositive cells, using an 80 x 80 μm counting frame and ~10–60 sites per
section in 8 sections that captured the rostral-caudal extent of the dentate gyus. Optical
fractionator estimates were multiplied by 2 to account for both hemispheres. For the hilus
region, there was sporadic labeling of BrdU+ cells in all saline-treated rats, and sporadic
labeling (or no labeling) of DCX+ cells in all treatment groups. In these cases, the hilus
region was sampled exhaustively for immunopositive cells (as such, total counts were
multiplied by 5 and then by 2 to account for both hemispheres). However, due to the high
density of BrdU+ cells in the hilus of KA-treated rats, we systematically sampled using the
optical fractionator throughout the hilus region in this case. These parameters ensured
adequate sampling of BrdU+ and DCX+ immunolabeled cells throughout the SGZ-GCL and
hilus. The same parameters were used for counting NeuN+ cells with the exception of using
5 representative sections that captured the rostral-caudal extent of the hippocampus and a
smaller counting frame (15 x 15 μm) due to the very high density of NeuN+ neurons in the
GCL. For analysis, we set an optical dissector height of 20 μm with a 2-μm guard zone to
avoid over-sampling and counted stained cells in each frame using a 40x objective lens.
Gundersen coefficient of error values were ≤ 0.10 for all optical fractionator estimates for
each animal, with a range of 0.04 to 0.10. For each section examined, the area of the dentate
gyrus was calculated by the StereoInvestigator software and was based on the boundaries of
the contour tracings. Volume estimates were obtained by multiplying the section area
estimates with the spacing between sampled areas. Spacing was derived by multiplying the
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measured, post-histology thickness of each sample by the number of sections examined,
which was constant for all sections for all rats (~50% shrinkage). Estimates of total
hippocampal volume and of granule cell density were generated for all KA-treated rats and a
subgroup of saline-treated rats (n = 4 per treatment group). For total hippocampal volume,
contours were made around the entire half hippocampus in each coronal section of a single
one-in-five series (stained with cresyl violet) throughout the rostral-caudal extent of the
hippocampus. Total hippocampal volume and GCL volume estimates were generated
according to Cavalleri’s principle (Mouton, 2002) and were multiplied by 2 to account for
both hemispheres. Granule cell density estimates were generated by dividing the optical
fractionator estimate of the total number of NeuN+ neurons in the GCL by the volume
estimate of the GCL.

Phenotypic Analysis of BrdU+ Cells Using Confocal Microscopy
Procedures used to phenotype and quantify BrdU+ cells co-labeled with NeuN were adapted
from previous reports (Mirescu et al., 2006; Hattiangady and Shetty, 2008a; Segi-Nishida et
al., 2008). For dual immunofluorescence analyses, 25–50 BrdU+ cells in the SGZ-GCL of
saline- and KA-treated rats (n = 4 per group) and all BrdU+ cells that met our selection
criteria (see below) in the hilus of KA-treated rat (n = 4 per group) were analyzed for co-
labeling of NeuN using a Zeiss Axio Observer inverted confocal laser-scanning microscope
equipped with LSM 510 software. Rat brains selected for confocal analysis (n = 4 per group)
yielded treatment group means of BrdU+ cell counts that were comparable to overall
treatment group mean BrdU+ cell counts. We did not analyze the hilus of saline-treated rats
due to a very small number of observed hilar BrdU+ cells. Due to the increased density of
BrdU immunofluorescence of varying intensities in the hilus of KA-treated rats, we selected
BrdU+ cells that exhibited strong immunofluroescence (i.e., that could be detected with a
pinhole ≤ 1 μm and a detector gain of ≤ 500) with a more pronounced nuclei for phenotypic
analyses.

Putative BrdU+ endothelial cells that were dispersed throughout the entire hilar region and
had a nuclear morphology and placement consistent with endothelial cells were excluded
(Scott et al., 2000; Hellsten et al., 2004). These cells had very weak immunofluorescence,
were smaller and had more elongated nuclei, and did not express NeuN. BrdU+ cells were
individually examined for the coexpression of NeuN using z-sectioning at 1 μm intervals at
a 40x objective. Percentages of BrdU+ cells that coexpressed NeuN were individually
calculated for each rat analyzed (n = 4 per group) and then multiplied by the total number
BrdU+ cells for each rat to yield an estimated number of new neurons.

Statistical Analyses
Data were analyzed using ANOVAs, post-hoc tests, and a priori comparisons to evaluate
differences between specific group means where appropriate. A significance level of .05 was
set for all statistical tests. Values are reported in the text as means ± standard error of the
mean (SEM). Analyses of water maze performance are presented first for pre-SE spatial
learning performance, followed by post-SE spatial learning performance, and then post-SE
spatial memory retention performance. Our analyses of all brain measures were organized to
adequately address three main points of focus: 1) the long-term effects of KA-induced SE,
2) how prenatal choline supplementation modulates these effects, and 3) how the experience
of additional water maze training following SE modulates the effects of SE and/or interacts
with prenatal choline availability. Thus, for brain measures, our 2 (prenatal diet) × 2
(seizure) × 2 (experience) design was decomposed into separate 2 (seizure) × 2 (experience)
ANOVAs for CON vs. SUP rats such that the effects of SE and water maze experience were
evaluated with respect to each within-diet’s (CON or SUP) own baseline (i.e., saline-treated
home cage) condition. Results are first presented for CON rats, followed by SUP rats.
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Specific planned comparisons between CON and SUP rats are highlighted where
appropriate. Note that subjects in each experimental condition were randomly selected from
different litters (n of 1/litter). Thus, we have taken the necessary precautions to be sure that
our findings are not contaminated by a lack of within litter variability.

Results
Induction of Status Epilepticus

All rats treated with KA reached SE and exhibited continuous Class III–V seizures for over
3 hours. Careful observation and analyses of behavioral activity of rats receiving KA
revealed that the pattern of seizure activity (i.e., progression, number, and severity of
seizures) was similar for both CON and SUP rats. There were no significant differences
between CON and SUP rats in the number of Class III (CON = 0.82 ± 0.44; SUP = 0.86 ±
0.27), Class IV (CON = 5.64 ± 1.19; SUP = 4.14 ± 0.88), Class V (CON = 4.55 ± 1.61; SUP
= 4.77 ± 1.02), or total number of motor seizures (CON = 11.00 ± 2.58; SUP = 9.43 ± 2.01)
observed within the first 1-hour period of observable seizure activity (all ps > 0.05). After
exhibiting their first motor seizure, the majority of both CON and SUP rats either entered a
continuous Class III–V seizure state or exhibited ≥ 10 Class IV/V seizures in the second 1–
hr period, and by the third hour all rats entered a continuous Class III–V seizure state. No
differences in seizure severity or duration occurred beyond the 3-hr time window used to
define SE. All rats gradually dropped out of SE within 2–3 hours of the last KA injection.
During this time window, continuous seizures subsided, followed by the emergence of 1–3
discrete Class III/IV/V seizures, and all seizure activity abated by 5 hours after the last
injection. There were no significant differences between CON and SUP rats in the total
amount of KA needed to induce SE (CON = 13.77 ± 1.44 mg/kg; SUP = 13.13 ± 0.64 mg/
kg) or in the latency to the first motor seizure (CON = 270.4 ± 29.5 min; SUP = 252.3 ±
12.1 min). The variability in dose and latency to the first motor seizure in our KA-treated
rats is consistent with our previous report (Wong-Goodrich et al., 2008b) and other reports
showing that the Sprague Dawley rats show a more variable convulsant response to KA than
other rat strains (Golden et al., 1991; Golden et al., 1995). Thus, while the dose of KA
needed to induce SE varied across rats, the SE produced was comparable between our CON
and SUP rats. All KA-treated rats were then pseudo-randomly assigned to either a home
cage or water maze post-SE condition to ensure there were no significant differences in any
of the above seizure measures between CON and SUP rats in either home cage or water
maze post-SE condition (all ps > 0.05; data not shown).

Water Maze Performance
Prior to saline or KA injections, all rats were trained in the water maze for four days. During
pre-SE training, all CON and SUP rats learned the platform location, as revealed by a
decreased latency to locate the hidden platform over four days of training (Fig. 2A). A two-
way repeated measures ANOVA revealed a main effect of day (F(3,162) = 76.54, p < 0.001)
with significant differences between all days except days 3 and 4 (ps < 0.001), but no effect
of prenatal diet (F < 1). Analyses of pathlength data revealed the same pattern of findings
(data not presented) and there were no significant group differences in overall swim speed
(CON = 0.23 ± 0.01 m/s; SUP = 0.24 ± 0.01 m/s; p = 0.51), confirming that both diet groups
did, in fact, learn the platform location with the same proficiency.

To assess the loss of spatial learning ability following SE and recovery over the next 10
weeks, we trained rats to learn a novel platform location in the water maze over three
separate 4-day sessions at 3, 6.5, and 10 weeks after SE. KA-treated rats had significantly
higher escape latencies than saline-treated rats at all post-SE sessions (ps < 0.01),
confirming that KA-induced SE elicited significant deficits in spatial learning (Fig. 2B). To
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examine the extent of recovery in KA-treated CON vs, SUP rats, separate 2 (prenatal diet) ×
4 (day of training) ANOVAs were performed for saline- and KA-treated rats for each
session and these data are also presented in Figure 2B. Consistent with our predictions,
prenatal choline supplementation did not affect spatial learning in saline-treated rats (Fig.
2B). Spatial learning on this reference memory water maze task is not difficult for an intact
rat, likely because it does not impose many cognitive demands, which is when prenatal
choline supplementation memory enhancing effects are observed (Meck and Williams,
1999;Meck and Williams, 2003;Wong-Goodrich et al., 2008a). Analyses of KA-treated rats
revealed a significant main effect of day for all three sessions (all ps < 0.05), indicating that
both KA-treated CON and KA-treated SUP rats learned the new platform location across
four days of training and suggesting some cognitive recovery of spatial learning. However,
analyses also revealed a significant main effect of prenatal diet at 10 weeks post-SE where
KA-treated SUP rats had lower latencies than KA-treated CON rats, F(1,13) = 4.61, p = 0.05
(Fig. 2B). There was a similar trend at 3 weeks post-SE, F(1,14) = 2.74, p = 0.12, and at 6.5
weeks post-SE, F(1,14) = 3.64, p = 0.07. These data revealed that SUP rats showed an
attenuated spatial learning deficit following KA-induced SE; KA-treated SUP rats appeared
to locate the platform with more efficiency than the KA-treated CON rats.

To examine recovery of long-term memory retention, rats were tested at 3, 6.5 and 10 weeks
post SE for their memory of a platform location learned 3 weeks prior to the test. Latency to
locate the platform was recorded across each session and analyzed using separate repeated
measures ANOVA for each treatment group to assess performance over time post-KA or -
saline treatment. There was a significant effect of session for both saline-treated CON rats,
F(2,18) = 8.41, p < 0.01, and saline-treated SUP rats, F(2,16) = 15.73, p < 0.001. Both
groups demonstrated a significant decrease in latency from the 3-week to 6.5-week and 10
week post-SE sessions, indicating an improvement in spatial memory retention by the
second session in saline-treated rats (ps < 0.05; Fig. 2C). Analyses did not reveal an effect of
session for KA-treated CON rats, indicating a lack of improvement of memory retention
across post-SE sessions. Planned comparisons also revealed that KA-treated CON rats had
significantly higher escape latencies than saline-treated CON and SUP rats at all three post-
SE sessions (ps < 0.05), confirming a persistent spatial memory deficit in KA-treated CON
rats. Similar to saline-treated rats, there was also a significant effect of session for KA-
treated SUP rats, F(2,14) = 9.68, p < 0.01, where KA-treated SUP rats exhibited a
progressive decrease in escape latency with each post-SE water maze session (Fig. 2C).
While KA-treated SUP rats had significantly higher latencies than saline-treated CON and
SUP rats at 3 and 6.5 weeks post-SE (p < 0.05), KA-treated SUP rats’ memory retention was
remarkably comparable to that of saline-treated CON and SUP rats by 10 weeks post-SE
(Fig. 2C), suggesting complete recovery of spatial memory retention.

Analyses of pathlength data revealed a similar pattern of findings for spatial learning and
memory retention testing (data not presented). In addition, group differences in latency to
find the platform during spatial learning and memory retention tests were not due to
differences in mean swim speeds (saline-treated CON = 0.26 ± 0.01 m/s; saline-treated SUP
= 0.25 ± 0.02 m/s; KA-treated CON = 0.26 m/s; KA-treated SUP = 0.26 ± 0.02 m/s; ps =
n.s.).

Hippocampal Lesion
We observed varying degrees of histopathology throughout the rostral-caudal extent of the
hippocampi in all KA-treated rats. KA-induced SE led to moderate to considerable cell loss
and disruption of cellular architecture in CA1, CA3, and the hilus of both CON and SUP
rats, which can be seen in Figure 3. In contrast, there was mild to no cell loss in the GCL of
the dentate gyrus, which is consistent with previous reports using the KA model of SE
(Covolan et al., 2000). We used total hippocampal volume estimates to quantify
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hippocampal cell loss. Separate analyses of total hippocampal volume estimates for CON
rats (saline-treated home cage = 69.59 mm3 ± 5.03; KA-treated home cage = 54.38 mm3 ±
16.73; saline-treated water maze = 79.15 mm3 ± 12.91; KA-treated water maze = 48.29 mm3

± 41.54) and SUP rats (saline-treated home cage = 66.79 mm3 ± 5.03; KA-treated home
cage = 52.02 mm3 ± 13.52; saline-treated water maze = 74.21 mm3 ± 11.19; KA-treated
water maze = 55.91 mm3 ± 7.13) revealed a significant main effect of seizure for CON rats,
F(1,15) = 6.68, p < 0.05, and a strong trend for a main effect of seizure for SUP rats, F(1,18)
= 3.97, p = 0.06. KA-treated CON rats had a 31% overall decrease in hippocampal volume
compared to saline-treated CON rats, while KA-treated SUP rats had a 23% overall
decrease. While SE reduced total hippocampal volume in all rats, there were no significant
differences in hippocampal volume between any group of KA-treated rats (all ps > 0.05),
suggesting that our KA treatment produced similar levels of hippocampal cell loss across all
treatment groups.

Hippocampal GAD65 and 67 mRNA and Protein
Disruption of hippocampal GABAergic function is a robust consequence of seizures
(Obenaus et al., 1993; Morimoto et al., 2004; Brooks-Kayal et al., 2009). In our previous
study, we reported that prenatal choline supplementation prevented the decrease in
hippocampal GAD65 mRNA and protein expression observed 16 days after SE (Wong-
Goodrich et al., 2008b). To investigate whether this protection against the loss of
GABAergic function in the hippocampus persists for 11 weeks after SE, we measured
mRNA and protein levels of GAD65 and 67, enzymes important for local GABA synthesis
at synaptic (GAD65) and cytoplasmic (GAD67) sites (Erlander and Tobin, 1991; Esclapez et
al., 1994) and for the packaging and release of GABA (Namchuk et al., 1997; Tian et al.,
1999).

GAD65 and 67 mRNA and protein levels were expressed as percent of control values and
were subjected to separate 2-way ANOVAs for CON and SUP rats with seizure (saline vs.
KA) and experience (home cage vs. water maze) as between-subjects factors. We generally
observed higher within-group variability for KA-treated groups, which we have also
previously observed at 16 days after SE (Wong-Goodrich et al., 2008b). Analyses revealed
that CON rats were significantly affected by KA treatment and/or post-SE experience on all
GAD measures quantified. Interestingly, two distinct patterns emerged for mRNA versus
protein for both GAD65 and 67 in CON rats (see Fig. 4). For GAD 65 mRNA, there was a
reduction (~30%) in GAD65 mRNA in home cage CON rats following SE, with a trend
toward recovery from the SE-induced loss of GAD65 mRNA in water maze trained rats (p =
0.10). As such, analyses revealed a significant main effect of experience, F(1,23) = 7.95, p =
0.01, where water maze trained rats showed elevated levels of GAD65 mRNA compared to
home cage rats. There was no significant main effect of seizure or seizure × experience
interaction (Fig. 4A). For GAD67 mRNA, there were no main effects of seizure or
experience. However, a significant seizure × experience interaction, F(1,23) = 5.57, p <
0.05, confirmed that similar to the pattern of GAD65 mRNA in CON rats, KA-induced SE
led to a significant 43% decrease in GAD67 mRNA levels in home cage CON rats (p <
0.05), but did not affect GAD67 mRNA levels in water maze CON rats (Fig. 4B). Together
these analyses revealed that exposure to water maze training following KA-induced SE
appears to rescue the decline in GAD mRNA in CON rats. Analyses of both GAD65 and 67
protein levels in CON rats revealed a significant main effect of seizure (GAD65: F(1,21) =
5.39, p < 0.05; GAD67: F(1,21) = 8.36, p < 0.01), but no main effect of experience or any
seizure × experience interaction. In contrast to mRNA levels, KA-induced SE appeared to
decrease GAD65 and 67 protein levels in CON rats regardless of post-SE experience (Fig.
4C, 4D).
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In contrast to CON rats, there was little effect of SE on hippocampal GAD levels in SUP
rats. GAD65 and 67 mRNA levels and GAD65 protein levels in SUP rats were not affected
by KA-induced SE in either home cage or water maze rats (Fig. 4). Compared saline-treated
home cage SUP rats, there was a 20% reduction in GAD67 protein levels in KA-treated
home cage SUP rats (p < 0.05), but this reduction was not evident in KA-treated water maze
SUP rats (Fig. 4D). However, KA-treated home cage SUP rats and KA-treated water maze
SUP rats were not significantly different.

Hippocampal GFAP mRNA and Protein
Reactive astrogliosis (proliferative and hypertrophic astrocytes) in the hippocampus, as
measured by increased levels of GFAP, is also a robust consequence of SE that has been
shown to persist for weeks to months following excitotoxic injury (Jorgensen et al., 1993;
Niquet et al., 1994a; Aronica et al., 2000; Shapiro et al., 2008). We have previously shown
that prenatal choline supplementation attenuates this seizure-induced increase in
hippocampal mRNA and protein levels at 16 days following KA-induced SE (Wong-
Goodrich et al., 2008b). To examine whether this attenuation persists beyond 16 days after
seizures, we quantified mRNA and protein levels of hippocampal GFAP at 11 weeks post-
SE. GFAP mRNA and protein levels were expressed as percent of control levels and were
subjected to separate 2-way ANOVAs for CON and SUP rats with seizure and experience as
between-subjects factors. For CON rats, analyses revealed a main effect of seizure for GFAP
mRNA, F(1,23) = 21.52, p < 0.001, and protein, F(1,21) = 183.88, p < 0.001. There was
also a main effect of experience, F(1,21) = 19.69, p < 0.001, and a seizure × experience
interaction, F(1,21) = 20.78, p < 0.001, for GFAP protein in CON rats. While KA-induced
SE led to a similar increase in hippocampal GFAP mRNA in KA-treated CON home cage
rats and water maze rats, the SE-induced increase in hippocampal GFAP protein levels was
significantly reduced in KA-treated CON rats that received additional water maze training
after SE (p < 0.01; Fig. 5). These data revealed that elevated levels of hippocampal GFAP
mRNA and protein persist for at least 11 weeks after KA-induced SE, but that elevated
levels of GFAP protein are attenuated with water maze training.

For SUP rats, analyses revealed a main effect of seizure for both GFAP mRNA, F(1,24) =
25.62, p < 0.001, and protein levels, F(1,24) = 37.87, p < 0.001. There was also a significant
effect of experience, F(1,24) = 13.98, p < 0.01, and seizure × experience interaction, F(1,24)
= 5.36, p < 0.05, for GFAP mRNA. Unexpectedly, the increase in hippocampal GFAP
mRNA levels was significantly higher for KA-treated SUP rats that received additional
water maze training (p < 0.01; Fig. 5A). Hippocampal GFAP protein levels, however, were
increased similarly for KA-treated home cage and water maze SUP rats (Fig. 5B). Planned
comparisons revealed that the seizure-induced increase in hippocampal GFAP mRNA and
protein levels for KA-treated SUP rats was attenuated in comparison to KA-treated CON
rats: home cage CON rats showed a 125% and 153% increase in GFAP mRNA and protein,
respectively, whereas home cage SUP rats showed only a 46% and 56% increase (ps < 0.05;
Fig. 5). These findings reveal that prenatal choline supplementation leads to a remarkable
long-term attenuation in SE-induced increases in GFAP mRNA and protein levels that
persists for 11 weeks following KA-induced SE.

Long-term Survival of Dentate Cells Born Shortly After Seizures
To examine the long-term (9–10.5 weeks) survival and migration of dentate cells born 5 to
15 days after KA-induced SE, we visualized and quantified the number of BrdU+ cells in
the SGZ-GCL and hilus of all rats. Figure 6 shows photomicrographs of BrdU labeling in
the hippocampus of representative sections from CON and SUP saline- and KA-treated rats
(home cage and water maze). BrdU+ cells were expressed throughout the rostral-caudal
extent of the dentate gyrus and in both the suprapyramidal and infrapyramidal blades. As
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can be seen in Figure 6, most BrdU+ cells that were found in the SGZ-GCL had a large and
rounded BrdU-immunostained nuclei characteristic of mature granule cells. However, a
considerable number of BrdU+ cells were much smaller in size with many cells exhibiting a
more elongated oval-shaped nuclei than those found in the granule cell layer, suggesting that
many of these hilar BrdU+ cells were putative glial or endothelial cells (Scott et al.,
2000;Hellsten et al., 2004). Moreover, a vast majority of BrdU+ cells displayed
morphological characteristics of normal non-pyknotic cells (e.g., round or oval nuclei that
did not appear highly condensed). Only non-pyknotic cells were counted when quantifying
numbers of BrdU+ cells. In KA-treated rats, more BrdU+ cells were present in the hilus in
comparison to saline-treated rats (Fig. 6A–F).

SE significantly reduced the overall size of hippocampus in both KA-treated CON and SUP
rats (as previously stated), but did not appear to significantly alter the volume of the dentate
GCL per se in either CON rats (saline-treated home cage = 0.67 ± 0.05 mm3; KA-treated
home cage = 0.72 ± 0.07 mm3; saline-treated water maze = 0.70 ± 0.02 mm3; KA-treated
water maze = 0.78 ± 0.06 mm3) or SUP rats (saline-treated home cage = 0.74 ± 0.04 mm3;
KA-treated home cage = 0.86 ± 0.07 mm3; saline-treated water maze = 0.74 ± 0.01 mm3;
KA-treated water maze = 0.77 ± 0.05 mm3). To investigate whether SE altered the overall
density of granule cells within the dentate gyrus, we generated a granule cell density
measure by estimating the total number of NeuN+ cells in the GCL using the optical
fractionator and dividing this estimate by the total GCL volume estimate (number of NeuN+
cells/unit of volume). Importantly, there were no significant differences in granule cell
density across treatment groups for CON rats (saline-treated home cage = 231,994 ± 7,928
cells/mm3; KA-treated home cage = 248,287 ± 27,946 cells/mm3; saline-treated water maze
= 253,180 ± 9,648 cells/mm3; KA-treated water maze = 239,893 ± 12,450 cells/mm3) or
SUP rats (saline-treated home cage = 234,181 ± 18,027 cells/mm3; KA-treated home cage =
224,488 ± 8,015 cells/mm3; saline-treated water maze = 259,980 ± 6.223 cells/mm3; KA-
treated water maze = 245,031 ± 6,290 cells/mm3). Thus, we can conclude that differences in
BrdU+ counts (and DCX+ counts; see next section) across treatment groups within each diet
condition are due to differences in the proportion of all granule cells that are BrdU+ and
DCX+. Taken together, these data are also consistent with our observation that the dentate
GCL remained relatively intact compared to other cellular subfields in the hippocampus of
KA-treated rats (Fig. 3), and in line with previous reports showing that dentate granule cells
appear to be more resistant than other hippocampal neurons to KA-induced SE (Covolan et
al., 2000;Hattiangady et al., 2004).

Interestingly, KA-treated home cage SUP rats had significantly more BrdU+ cells in the
SGZ-GCL than KA-treated CON rats in either post-SE experience condition (ps < 0 .05;
Fig. 6G). However, because CON and SUP rats show different rates of SGZ-GCL and hilar
cell proliferation shortly after seizures (Wong-Goodrich et al., 2008b), we can not draw
conclusions about the effects of prenatal choline supplementation on the long-term survival
of granule cells born shortly after seizures by directly comparing numbers of BrdU+ cells
(labeled 6 to 14 days after SE) between KA-treated CON and KA-treated SUP rats. We,
therefore, analyzed stereological estimates of the number of surviving BrdU+ cells in the
SGZ-GCL and hilus separately for CON and SUP rats, using separate 2 (seizure) × 2
(experience) ANOVAs. For CON rats, analyses of the number of BrdU+ cells in the SGZ-
GCL revealed a significant main effect of experience, F (1,23) = 7.84, p = 0.01, and a
significant treatment × experience interaction, F(1,23) = 4.57, p < 0.05). Post-hoc analyses
revealed that KA-treated CON rats that remained in their home cage after seizures had
significantly fewer BrdU+ cells (about a 34% reduction) in the SGZ-GCL than all other
CON groups (ps < 0.05; Fig. 5G). There was no difference between KA-treated CON rats
who received post-SE water maze experience and both saline-treated CON rat groups,
indicating that post-SE water maze experience rescued the decrease in SGZ-GCL cell
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survival (Fig. 6G). In contrast, KA-treated SUP rats had significantly more BrdU+ cells in
the SGZ-GCL than saline-treated SUP rats regardless of post-SE experience, which was
confirmed by a main effect of seizure, F(1,24) = 8.40, p < 0.01; (Fig. 6G). There were no
effects of experience or prenatal diet on the number of BrdU+ cells in the SGZ-GCL of
saline-treated rats. Confocal analysis of BrdU+ cells revealed that the majority of BrdU+
cells (~72–90%) found in the SGZ-GCL of all treatment groups were also immunopositive
for the mature neuronal marker, NeuN (Fig. 7;Table 1). For CON rats, a 2-way ANOVA
revealed a main effect of experience for the percentage of BrdU+/NeuN+ neurons in the
dentate gyrus, F(1,12) = 5.38, p < 0.05, where water maze experience decreased the
proportion of surviving BrdU+ cells that differentiated into neurons in both saline- and KA-
treated CON rats. Others have also reported decreases in granule cell survival by water maze
training, particularly for cells that are in more advanced stages of neuronal development
(Ambrogini et al., 2004;Ehninger and Kempermann, 2006;Mohapel et al., 2006). There was
no effect of seizure or seizure × experience interaction for CON rats, and no main effects or
interaction for SUP rats. Estimated numbers of new neurons in the SGZ-GCL revealed a
similar pattern as that of total BrdU+ cells in the SGZ-GCL (Table 1).

The pattern of BrdU labeling in the hilus showed that both CON and SUP KA-treated rats
had more BrdU+ cells in the hilus than that of CON and SUP saline-treated rats (Fig. 6H).
Separate analyses of the total number of BrdU+ cells in the hilus for CON and SUP rats
revealed a main effect of seizure for both CON rats, F(1,23) = 22.22, p < 0.001, and SUP
rats, F(1,24) = 20.19, p < 0.001, but no significant effect of experience or seizure ×
experience interaction for either prenatal diet group. KA-induced SE led to a significant
increase in the number of BrdU+ cells that were observed in the hilus for all treatment
groups, with no significant differences between any KA-treated groups (Fig. 6H). In contrast
to the pattern of BrdU labeling in the SGZ-GCL, these data reveal that neither prenatal
choline supplementation nor water maze training affected the long-term survival of BrdU+
cells born 5–16 days after SE that were observed in the hilus. We also assessed relative
levels of hilar migration of newborn neurons in KA-treated rats and these data are also
presented in Table 1. Saline-treated rats had very few BrdU+ cells in the hilus and were not
included in the analysis. A 2 (prenatal diet) × 2 (experience) ANOVA did not reveal any
effect of prenatal diet or experience on the percentage of BrdU+/NeuN+ neurons in the
hilus. More than half of the hilar BrdU+ cells we analyzed in KA-treated CON and KA-
treated SUP rats coexpressed NeuN (Table 1). Water maze experience did not significantly
alter the estimated number of new neurons in the hilus of KA-treated CON rats, and only a
trend toward a reduction in the estimated number of new neurons in the hilus was observed
for water maze KA-treated SUP rats (p = 0.07; Table 1). We did, however, observe much
greater within-group variability in percentage of Brdu+/NeuN+ neurons and estimated new
neurons in the hilus vs. the SGZ-GCL.

Neurogenesis 11 Weeks After KA-induced SE
To examine the neurogenic capacity of the injured hippocampus at 11 weeks following SE,
we immunostained adjacent tissue sections to visualize cells immunopositive for the
microtubule-associated phosphoprotein, doublecortin (DCX), that is transiently expressed in
newly-born neurons that are still in the process of migrating and differentiating (Brown et
al., 2003; Rao and Shetty, 2004). Others have confirmed that DCX expression is a reliable
indicator of ongoing neurogenesis in the adult brain (Couillard-Despres et al., 2005). DCX+
cells with processes in various stages of development were evident along the SGZ and GCL
in all rats (Fig. 8). In all KA-treated rats, DCX+ cells were also present in the hilus, which is
consistent with a previous study demonstrating persistent hilar migration of DCX+ neurons
months following KA-induced SE (Hattiangady et al., 2004). In comparison to saline-treated
rats, many of the DCX+ neurons in KA-treated rats also appeared displaced and exhibited
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abnormal morphological features, such as horizontally oriented cell bodies and processes
(Fig. 8C–F). SUP rats tended to display overall more DCX-labeling than CON rats.

Stereological estimates of the number of DCX+ neurons in the SGZ-GCL were generated
for each rat and are shown in Figure 8. Separate 2-way ANOVAs were performed for CON
and SUP rats. For CON rats, analyses revealed a significant main effect of seizure, F(1,23) =
4.12, p < 0.04, experience, F(1,23) = 4.16, p < 0.05, and a significant seizure × experience
interaction, F(1,23) = 5.00, p < 0.05. KA-treated CON rats that remained in their home cage
after seizures had significantly fewer DCX+ neurons in the SGZ-GCL than saline-treated
CON rats (p = 0.01; Fig. 8G), which is consistent with a previous report showing decreased
DCX+ neurons at 5 months following KA-induced SE (Hattiangady et al., 2004). As can be
seen in Figure 8G, 11 weeks after KA-induced seizures, SUP rats showed no difference in
the number of DCX+ neurons in the SGZ-GCL compared to saline-treated rats (no
significant main effects or seizure × experience interaction for SUP rats, Fs < 1). Consistent
with our previous report (Glenn et al., 2007), saline-treated SUP rats also exhibited overall
higher numbers of DCX+ neurons than saline-treated CON rats, F(1,26) = 4.80, p < 0.05.

To assess relative levels of hilar migration of DCX+ neurons in KA-treated rats, the number
of DCX+ neurons in the hilus was expressed as a percentage of the total number of DCX+
cells (in both the dentate gyrus and hilus), and this measure was subjected to a 2-way
ANOVA with prenatal diet and experience as between-subjects factors. Analyses did not
reveal a significant effect of experience or prenatal diet × experience interaction, though
there was a trend for KA-treated SUP rats to show a lower percentage of DCX+ neurons in
the hilus than KA-treated CON rats, F(1,21) = 3.55, p = 0.07. Planned comparisons revealed
that KA-treated SUP rats that received post-SE water maze experience had a lower
percentage of DCX+ in the hilus than both KA-treated home cage CON rats and KA-treated
water maze CON rats (p < 0.05; Fig. 8H). There was no difference between KA-treated
CON and SUP rats that remained in their home cage. Similar to the estimates of BrdU+
neurons that migrated to the hilus (Table 1), there was a trend for KA-treated water maze
SUP rats to show a lower percentage of hilar migration of DCX+ neurons when compared to
KA-treated home cage SUP rats (p = 0.07).

Sustained SE-Induced Increase in Hippocampal BDNF Protein
Prolonged seizures produce dramatic changes in the hippocampal microenvironment,
including altered levels of various neurotrophic/growth factors (Gall, 1993; Rocamora et al.,
1994; Marcinkiewicz et al., 1997; Shetty et al., 2003). We analyzed protein expression
levels of BDNF in the hippocampus of each rat and the data are presented in Figure 9.
Analyses revealed a main effect of seizure for both CON rats, F(1,23) = 15.30, p < 0.01, and
SUP rats, F(1,23) = 25.79, p < 0.001, where KA-treated rats showed elevated levels of
BDNF protein compared to saline-treated rats. There was no effect of experience or seizure
× experience interaction for either CON or SUP rats, but there was a trend for SE to induce a
greater increase in BDNF in home cage SUP rats than home cage CON rats (p = 0.09; Fig.
9). Consistent with our previous report (Glenn et al., 2007; Wong-Goodrich et al., 2008b),
analysis of saline-treated rats revealed that SUP rats exhibited overall higher levels of BDNF
protein (about 30% more) than CON rats, F(1,26) = 5.06, p < 0.05.

Discussion
The present study revealed that prenatal choline supplemented rats that had undergone
kainic acid-induced status epilepticus in young adulthood had attenuated spatial learning
deficits and a complete recovery of spatial memory retention by 10 weeks after SE. This
prophylactic dietary manipulation also prevented or mitigated long-term alterations in
GABAergic function, reactive astrogliosis, and hippocampal neurogenesis that were present
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nearly 3 months after SE and that are hypothesized to contribute to the development of
chronic epilepsy and ensuing learning and memory impairments. These data add to the
growing literature that point to the important role of perinatal choline intake in neural
protection (Guo-Ross et al., 2002; Holmes et al., 2002; Guo-Ross et al., 2003; Thomas et al.,
2004; Nag and Berger-Sweeney, 2007; Thomas et al., 2007; Glenn et al., 2008; Meck et al.,
2008; Thomas et al., 2009). We also report, for the first time, that repeatedly engaging in a
hippocampally-mediated water-maze task following SE is beneficial for long-term
hippocampal recovery. For example, repeated post-SE water maze training rescued SE-
induced declines in GAD mRNA and dentate neurogenesis, and attenuated elevated GFAP
protein levels. Consistent with previous reports (Glenn et al., 2007; Wong-Goodrich et al.,
2008b), prenatal choline supplemented rats had a larger baseline pool of hippocampal BDNF
and increased hippocampal neurogenesis. Enhanced adult hippocampal plasticity and trophic
support may have provided a more permissive hippocampal microenvironment that enabled
the prenatal choline supplemented adult hippocampus to better withstand the long-term
consequences of SE, and possibly respond more effectively to the rehabilitative effects of
post-SE water maze training. We discuss the long-term consequences of KA-induced SE on
hippocampal and cognitive function, how our rehabilitative (water maze training) and
prophylactic (prenatal choline supplementation) treatments altered the long-term effects of
SE, and the potential implications of these altered outcomes for cognitive and neural
recovery.

Long-Term Effects of KA-Induced SE in the Adult Hippocampus
Although widespread neurodegeneration and altered plasticity of the hippocampus is
observed months following excitotoxic injury-induced SE, GABAergic neurons in the
hippocampus are especially vulnerable. SE can lead to a loss of some types of inhibitory
neurons, changes in GAD content, and altered GABA receptor expression, all of which are
thought contribute to epileptogenesis (Sloviter, 1987; Davenport et al., 1990; Kash et al.,
1997; Esclapez and Houser, 1999; Morimoto et al., 2004; Sperk et al., 2004; Brooks-Kayal
et al., 2009). Our finding that hippocampal GAD65/67 mRNA and protein levels were
decreased at nearly 3 months after KA-induced SE is consistent with previous reports that
have shown a significant reduction in GAD65- and GAD67-containing neurons (cell bodies
and terminals) in all cellular subfields of the hippocampus at 1 to 6 months after excitotoxic
injury/seizures (Houser and Esclapez, 1996; Esclapez and Houser, 1999; Shetty and Turner,
2001; Dinocourt et al., 2003; Shetty et al., 2009). Using in situ hybridization and
immunohistochemical techniques, it has also been demonstrated that the remaining GAD-
containing neurons in the hippocampus, including interneurons and dentate granule cells,
show continued upregulation of GAD65 and 67 mRNA and immunoreactivity months after
injury (Feldblum et al., 1990; Houser and Esclapez, 1996; Sloviter et al., 1996; Esclapez and
Houser, 1999; Knopp et al., 2008). The present study quantified total hippocampal GAD65
and 67 mRNA and protein content, but our techniques did not allow us to localize the
distribution of GAD mRNA and protein. Thus, it is possible that the decrease in total GAD
content that we observed in KA-treated CON rats masked a selective upregulation of GAD
in the remaining GABAergic neurons that were preserved months after SE.

Increased hippocampal levels of GFAP may also play a role in hyperexcitability and
structural reorganization of the hippocampus after SE that may underlie development of
epilepsy. In addition to altered membrane channel, receptor, and transporter properties of
astrocytes following SE that might add to neuronal hyperexcitability (Jabs et al., 2008),
GFAP-expressing reactive astrocytes express neurite growth-promoting genes thought to
support aberrant mossy fiber excitatory innervation of the dentate gyrus (Represa et al.,
1993; Niquet et al., 1994a; Niquet et al., 1994b; Khrestchatisky et al., 1995; Stringer, 1996),
which occurs prior to the onset of spontaneous motor seizures and may generate recurrent
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excitation underlying the development of seizures (Koyama and Ikegaya, 2004; Sharma et
al., 2008). In the present study, we report that elevated hippocampal GFAP mRNA and
protein persist for almost 3 months after KA-induced SE, which is consistent with elevated
hippocampal GFAP immunoreactivity at 1 to 3 months after experimental SE (Aronica et
al., 2000; Bendotti et al., 2000; Borges et al., 2006) and elevated GFAP in association with
mossy fiber sprouting in the human epileptic hippocampus (Proper et al., 2000).

It is well established that seizures stimulate a vast proliferation of adult neural progenitors in
the dentate gyrus within 1–3 days of SE (Bengzon et al., 1997; Parent et al., 1997; Gray and
Sundstrom, 1998; Parent et al., 1999; Jessberger et al., 2005; Steiner et al., 2008), many of
which become mature neurons and survive for weeks to months after SE (Parent et al., 1997;
Madsen et al., 2000; Bonde et al., 2006); a profound number undergo apoptotic cell death by
at least 4 weeks after cell division (Ekdahl et al., 2001; Ekdahl et al., 2002). Beyond 4
weeks, little is known about the survival rate of seizure-induced dentate granule cells born
just 1–2 weeks after experimental SE. In the current study, we report a decrease in the ~2.5
month survival of BrdU+ cells in the SGZ-GCL that were labeled 6 to 14 days after SE,
compared to the survival of SGZ-GCL BrdU+ cells from saline-treated rats, with a majority
of these cells expressing a mature neuronal phenotype. In contrast, we observed that SE
increased BrdU labeling in the dentate hilus, which suggests that the survival rates of
newborn dentate cells born shortly after SE that migrate to the hilus versus GCL may
operate via different mechanisms. Indeed, prior work has demonstrated that a loss in reelin
following SE (via death of reelin-producing hilar interneurons) leads to aberrant hilar
migration of dentate granule cell precursors (Gong et al., 2007). Moreover, blocking
caspase-mediated cell death 7 days after SE selectively increases the survival of newborn
dentate cells born shortly after seizures that migrate to the SGZ-GCL, but not to the hilus
(Ekdahl et al., 2002), perhaps due to a savings in hilar reelin levels (Gong et al., 2007). Our
findings are also consistent with a previous study showing that SE reduced the number of
BrdU+/NeuN+ granule cells that were born 1 week after SE and observed in the SGZ-GCL
4 weeks later, despite an increase in the number of BrdU+ cells present in the hilus (Yang et
al., 2008). However, others have also reported an increase in the survival of SGZ-GCL
BrdU+/NeuN+ neurons born shortly after experimental SE (Ekdahl et al., 2003; Mohapel et
al., 2004; Bonde et al., 2006; Jessberger et al., 2007a). Our findings suggest that there may
be continued cell death of seizure-induced dentate granule cells in the GCL-SGZ beyond 4
weeks in this injury model. Notably, more severe, fully convulsive SE (as produced in our
present study) has been shown to reduce the long-term survival of dentate granule cells born
1 week after SE in comparison to granule cells born in response to more mild seizures
(Mohapel et al., 2004; Yang et al., 2008). Thus, differences in models of SE may account for
the disparate findings reported in the present study.

Similar to the pattern of BrdU labeling found in the present study, we also found that at
nearly 3 months after SE, there was a decrease in the number of DCX+ neurons in the SGZ-
GCL with a concomitant appearance of DCX+ neurons in the hilus. Long-term declines in
dentate neurogenesis in models of temporal lobe epilepsy have been previously reported
(Hattiangady et al., 2004; Kralic et al., 2005; Heinrich et al., 2006; Hattiangady and Shetty,
2009), though others have also reported no decline (Jessberger et al., 2007b). Our findings
are also supported by similar declines found in hippocampus tissue ressected from temporal
lobe epilepsy patients (Mathern et al., 2002; Parent et al., 2006; Fahrner et al., 2007).
Despite the reduction in dentate neurogenesis at nearly 3 months post-SE, we observed a
sustained increase in hippocampal BDNF protein levels, which others have reported weeks
to months after experimental SE (Vezzani et al., 1999; Revuelta et al., 2001; Scharfman et
al., 2002; Sartori et al., 2009) as well as in the human epileptic hippocampus (Mathern et al.,
1997; Takahashi et al., 1999; Murray et al., 2000). Future studies are needed to clarify
whether or not elevated hippocampal BDNF following SE and in the epileptic brain is
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neuroprotective or detrimental to functional recovery, as accumulating evidence has
provided support for both theories (Binder et al., 2001; Koyama and Ikegaya, 2005;
Hattiangady and Shetty, 2008b).

Repeated Water Maze Testing and Prenatal Choline Supplementation Aid Recovery from
SE

We report that despite no significant differences in seizure severity and progression during
SE induction across KA-treated groups and similar putative levels of hippocampal damage,
repeated water maze testing and prenatal choline supplementation differentially promoted
the long-term hippocampal recovery from KA-induced SE. While many others have
assessed cognitive function during a specific time point after experimental SE and have
found that cognition is compromised weeks to months following SE (Stafstrom et al., 1993;
Liu et al., 1994; Sarkisian et al., 1997; Hort et al., 1999; Mikati et al., 2001; Kemppainen
and Pitkanen, 2004; McKay and Persinger, 2004; Detour et al., 2005; Lin et al., 2009;
Sartori et al., 2009), the present study is the first to examine whether repeatedly engaging
the hippocampus in a cognitive task would promote the long-term recovery from SE. Spatial
learning in the water maze offers an experience that engages the hippocampus (Jenkins et
al., 2004; Kee et al., 2007) and provides animals with a learning, enrichment, and exercise
component all of which have been shown to enhance hippocampal plasticity and cognitive
function in the intact and/or injured brain (Gould et al., 1999; van Praag et al., 2000; Gobbo
and O’Mara, 2004; Gobbo and O’Mara, 2005; Cotman et al., 2007; Sartori et al., 2009),
suggesting that this experience may be a good candidate for facilitating some aspects of
recovery from SE. It is important to note that after SE, our water maze trained CON rats still
showed poor spatial learning and no evidence of memory retention recovery over 3 weeks.
However, water maze-trained rats in the current study only received a total of 15 days of
intermittent testing in a span of 11 weeks after SE. Perhaps more prolonged and
uninterrupted exposure to cognitive testing after SE would have facilitated a better cognitive
recovery. It is also possible that we rehabilitated spatial learning and memory retention to
some degree with repeated water maze testing in KA-treated CON rats, as post-excitotoxic
injury enrichment and exercise has been shown to only attenuate, not completely abolish,
cognitive deficits (Gobbo and O’Mara, 2004; Gobbo and O’Mara, 2005; Sartori et al.,
2009). As such, the cognitive deficits observed at 10 weeks post-SE might have been further
exacerbated in KA-treated CON rats that remained in their home cage (though we did not
test home cage rats because we wanted to preserve a true post-SE home cage condition for
comparison of brain measures).

Despite poor cognitive performance, the experience of water maze training in KA-treated
CON rats prevented declines in hippocampal GAD mRNA, attenuated the SE-induced
increase in GFAP protein, and preserved levels of dentate neurogenesis. A lack of obvious
behavioral benefit from repeated water maze experience despite restorative effects on the
hippocampus may also suggest that these specific neural outcomes may not be sufficient for
restoring spatial learning and memory function following SE. For example, there is evidence
that hippocampal neurogenesis appears to be important for some, but not all types of spatial
learning and memory function (Shors et al., 2002; Madsen et al., 2003; Snyder et al., 2005;
Saxe et al., 2006; Deng et al., 2009), and that neurogenesis in the epileptic brain may
actually be detrimental (Scharfman and Gray, 2007). Future studies using SE models are
needed to determine whether the recovery of newborn granule cells in an epileptic brain
directly contribute to recovery of cognitive function. Alternately, other extrahippocampal
areas that have been implicated in aspects of learning and memory are also severely
damaged following KA-induced SE, such as the pyriform cortex, entorhinal cortex, septum,
and amygdala (Schwob et al., 1980; Heggli et al., 1981; Sperk et al., 1983). We did not
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examine these areas in the current study, but we cannot exclude the possibility that SE-
induced changes in these extrahippocampal areas may contribute to cognitive outcomes.

The present study is also the first to investigate whether the protective effects of prenatal
choline supplementation against the sequelae of seizures are long-lasting. We found that
prenatal choline supplementation alone mitigated the long-term consequences of SE to an
even greater extent than that of water maze experience: SUP rats that remained in their home
cage after SE were protected against losses in GAD mRNA and GAD65 protein, showed
attenuated seizure-induced elevations in both GFAP mRNA and protein, and did not show
deficits in dentate neurogenesis. That we found preserved levels of GAD and attenuated
GFAP expression in our KA-treated SUP rats at nearly 3 months after SE extends our initial
findings from our first report that revealed a similar pattern of protection in KA-treated SUP
rats at just 16 days after SE (Wong-Goodrich et al., 2008b), indicating that prenatal choline
supplementation’s protective effects on these measures are remarkably long-lasting. In the
present study, we also discovered that our KA-treated SUP rats showed an increase in the
number of BrdU+ granule cells in the SGZ-GCL compared to saline-treated SUP rats, which
was surprising given that there was no such increase in water maze KA-treated CON rats
and that our previous study demonstrated an attenuation of BrdU+ cells in the SGZ-GCL at
just 16 days after SE in KA-treated SUP rats (Wong-Goodrich et al., 2008b). It is difficult to
directly compare numbers of BrdU+ cells between these two studies, given the differences
in BrdU regimens. However, taken together, our previous and current findings suggest that
1) many of these newly generated cells labeled 6 to 14 days after SE likely undergo cell
death 2.5 months later, and 2) in addition to attenuated dentate cell proliferation shortly after
seizures (Wong-Goodrich et al., 2008b), prenatal choline supplementation may also lessen
the magnitude of cell death occurring weeks to months after KA-induced SE. Prenatal
choline supplementation has been found to reduce levels of apoptotic cell death in the fetal
hippocampus (Albright et al., 1999; Craciunescu et al., 2003), and we have recently
discovered that levels of apoptotic cell death in the adult hippocampus are reduced in aged
prenatal choline supplemented rats (unpublished observations, M.J., Glenn, M.D. Niculescu,
C.L. Williams, and S.H. Zeisel). It is therefore possible that prenatal choline
supplementation also reduced the amount of dentate granule cell death following seizures,
although this remains to be determined.

Protection (or recovery) from post-SE disruptions in hippocampal GAD, GFAP, and granule
cell survival may have implications for ameliorating the epileptogenic outcome of SE.
Preventing losses in GAD (via protecting against the death of GABAergic neurons and/or
increasing expression of GAD in remaining GABAergic neurons) may restore GABAergic
function in the injured hippocampus (Houser and Esclapez, 1996; Esclapez and Houser,
1999; Shetty and Turner, 2001; Dinocourt et al., 2003; Shetty et al., 2009). Attenuated
hippocampal GFAP expression following SE may also help reduce hyperexcitability.
Indeed, the magnitude of reactive gliosis may be a reliable predictor of epileptic seizure
severity after experimental SE (Somera-Molina et al., 2007) and in human epilepsy patients
(Guerreiro et al., 2003). Interestingly, the protective effects of repeated water maze
experience and prenatal choline supplementation on the survival of granule cells born
shortly after SE appear to be specific to dentate granule cells that migrate to the GCL. This
finding is compelling because dentate granule cells born 1 week after SE that migrate
properly to the GCL show reduced excitability compared to mature granule cells, and may
therefore serve a restorative function in counteracting the hyperexcitability that underlies
epilepsy (Jakubs et al., 2006). Thus, enhanced granule cell survival in the GCL in particular
may be especially beneficial to recovery from SE. The number of spontaneous motor
seizures that are observed following SE using the model employed in the current study are
apparent as early as one month after SE induction, and become increasingly more apparent
during the third through sixth month after SE (Hellier et al., 1998; Hattiangady et al., 2004;
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Williams et al., 2009). We observed spontaneous motor seizure activity in very few of our
KA-treated rats in the present study that were euthanized shortly before 3 months post-SE,
but we did not perform extensive observations of spontaneous seizure activity, or monitor
EEG activity. It is possible that we underestimated the number of rats having spontaneous
seizures, or that epileptic seizures would have manifested at a later time point, which may
also make interpreting some of these findings difficult. For example, spontaneous epileptic
seizures has been shown to enhance BDNF immunoreactivity in the hippocampus (Vezzani
et al., 1999), and a higher frequency of spontaneous seizures has been linked with a more
pronounced decline in neurogenesis months after SE (Hattiangady et al., 2004). Whether the
protective effects of water maze testing and prenatal choline supplementation on brain and
behavior pertain to the development of epileptic seizures, however, remains to be
determined.

The present study also showed that both repeated water maze experience and prenatal
choline supplementation also rescued the decline in the number of newborn neurons present
at nearly 3 months after KA-induced SE. While it is not clear whether aberrantly high levels
of dentate neurogenesis directly contribute to cognitive deficits observed shortly after SE, it
has been suggested that the subsequent downregulation of dentate neurogenesis weeks to
months after the initial injury may contribute to cognitive deficits associated with epilepsy
(Mikati et al., 2001; Elger et al., 2004; Hattiangady et al., 2004; Dhanushkodi and Shetty,
2008; Hattiangady and Shetty, 2008b). Remarkably, we discovered that prenatal choline
supplementation attenuated the spatial learning deficits elicited by SE and completely
restored spatial memory retention ability to that of saline-treated rats by 10 weeks after SE.
Our findings suggest that the protection of spatial learning and memory function conferred
by prenatal choline supplementation extends much further beyond 1–2 weeks after SE
(Yang et al., 2000; Holmes et al., 2002). Recovery of neurogenesis in SUP rats months after
seizures also appeared to be independent of post-SE water maze training, as home cage KA-
treated SUP rats also showed a preservation of DCX+ neurons. However, it has been
suggested that aberrant migration of newborn neurons to the hilus may contribute to
epileptogenesis and cognitive deficits after SE (Parent et al., 1997; Scharfman et al., 2000;
Scharfman and Gray, 2007; Scharfman and Hen, 2007). Although neither repeated water
maze testing nor prenatal choline supplementation significantly altered the number of
ectopic hilar granule cells born shortly after SE, there was a trend for SUP rats who received
additional water maze training after SE to show reduced BrdU+ neurons in the hilus
compared to SUP rats that remained in their home cage after SE. A similar trend was
observed on the percentage of DCX+ neurons that migrated to the hilus, but it is still not
definitive whether the effects of prenatal choline and water maze experience are additive.
When comparing KA-treated CON vs. SUP rats that received post-SE water maze
experience, hilar migration of newborn DCX+ neurons at 3 months post-SE was
significantly reduced in our SUP rats. Given that these two groups both showed a similar
recovery of the number of DCX+ neurons at 3 months after SE, perhaps it is the recovery in
migratory behavior of newborn dentate granule that may have contributed to the improved
spatial learning and memory retention ability observed in KA-treated SUP rats. Future
studies will further explore whether prenatal choline supplementation can enable the injured
adult hippocampus to more effectively respond to the rehabilitative effects of cognitive
enrichment.

Protective Effects of Prenatal Choline Supplementation
We report that increased availability of a single nutrient, choline, during early development
produced a lasting change in the adult brain that mitigated the long-term effects of KA-
induced SE on the adult hippocampus and spatial learning and memory retention. Prenatal
and early postnatal choline supplementation has also been shown to protect against
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impairments in performance on hippocampal-dependent tasks caused by aging (Meck et al.,
1988; Meck et al., 1989; Meck and Williams, 2003; McCann et al., 2006; Meck et al., 2008)
and neonatal alcohol exposure (Thomas et al., 2004; Wagner and Hunt, 2006; Thomas et al.,
2007), as well as protect against neurotoxicity-induced cortical neurodegeneration in the
adult rat (Guo-Ross et al., 2002; Guo-Ross et al., 2003).

Enhanced adult hippocampal plasticity and neurotrophic milieu prior to injury may underlie
prenatal choline supplementation’s cognitive enhancing effects and neuroprotection of the
adult hippocampus. That our KA-treated CON rats did not show recovery of spatial learning
and memory may further support the notion that factors that affect the hippocampal
microenvironment prior to injury may be extremely important predictors of cognitive
recovery. The present study found that prenatal choline supplementation increased the
number of dentate DCX+ neurons and hippocampal BDNF protein in saline-treated adult
rats, which we have previously demonstrated elsewhere (Glenn et al., 2007; Wong-Goodrich
et al., 2008b). BDNF may be especially relevant for the long-term neural recovery following
SE, including protection of GABAergic interneurons (Prince et al., 2009), reducing
hippocampal neuronal damage and spontaneous seizures, and rescuing dentate neurogenesis
(Paradiso et al., 2009). Prenatal choline supplementation also upregulates basal levels of
other neurotrophic/growth factors in the adult hippocampus with putative neuroprotective
properties in the context of brain injury, including nerve growth factor (NGF), insulin
growth-like factor-1 (IGF-1), and vascular endothelial growth factor (VEGF) (Saatman et
al., 1997; Sofroniew et al., 2001; Hennigan et al., 2007; Glenn et al., 2008; Nicoletti et al.,
2008; Vezzani, 2008; Wong-Goodrich et al., 2008a; Wong-Goodrich et al., 2008b). In
addition to dentate neurogenesis, prenatal choline supplementation also enhances other
features of adult hippocampal plasticity implicated in learning and memory process,
including LTP (Pyapali et al., 1998; Jones et al., 1999), MAPK and CREB activation
(Mellott et al., 2004), and increased dendritic spine density in the CA1 and dentate gyrus
(Meck et al., 2008). The mechanism by which prenatal choline availability early in
development produces long-lasting alterations in hippocampal plasticity and cognitive
function in the intact and injured brain is still not fully understood, but one mechanism
might be via choline’s conversion to betaine, which serves as a methyl donor that can
influence the regulation of gene expression, including specific genes relevant for
hippocampal plasticity (Blusztajn and Wurtman, 1983; Blusztajn, 1998). Indeed, evidence
supports the view that variations in the prenatal supply of choline causes multiple
modifications in the developmental patterns of expression of genes known to influence
learning and memory and provide molecular correlates for the cognitive changes evoked by
altered availability of choline in utero (Mellott et al., 2007). Lifelong enhanced hippocampal
plasticity and trophic support may render the hippocampus better able to withstand or
recover from a neural insult. Interventions that have been shown to enhance hippocampal
plasticity, such as cognitive enrichment and early choline availability, may provide helpful
insights into the development of treatments for the long-term consequences of SE and
epilepsy.
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Figure 1.
Timeline of experimental procedures. Adult rat offspring from dams that received either a
choline control (CON) or supplemented (SUP) diet during embryonic days 12–17 were all
trained in the water maze at postnatal day (P) 56 for 4 days. On P60, CON and SUP rats
were given injections of saline or kainic acid (KA) to induce status epilepticus (SE). All rats
were then given an injection of BrdU on days 6, 8, 10, 12, and 14 after SE. Saline- and KA-
treated CON and SUP rats then either remained in their home cage, or were given three
additional water maze testing sessions at 3, 6.5, and 10 weeks after SE, each session lasting
5 days. All rats were then sacrificed one day after the last water maze testing session at
approximately 11 weeks after SE.
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Figure 2.
Water maze performance. (A) During pre-SE training, all CON (grey) and SUP (black) rats
learned to locate the hidden platform with similar decreasing total latencies over 4 days of
training. (B) Compared to saline-treated rats (solid lines), KA-treated (dashed lines) rats had
significant impairments in spatial learning (higher total latencies) across 4 days during each
post-SE session, which was attenuated in KA-treated SUP rats. (C) SE also impaired spatial
memory over a 3-week retention interval, but KA-treated SUP rats showed a complete
recovery of spatial memory retention by 10 weeks post-SE. * significantly different from all
other groups at p < 0.05.
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Figure 3.
Histopathology of the hippocampus 11 weeks following KA-induced SE from representative
sections from the dorsal hippocampus of CON (B) and SUP (C) rats. Panel A depicts an
intact hippocampus from a saline-treated CON rat. Saline-treated SUP rats also did not show
any lesions (histology data not shown). Note significant cell loss in CA1, CA3, and hilus
regions (indicated by arrows) while the dentate gyrus granule cell layer remained relatively
intact. Patterns of lesion severity were similar across all KA-treated rats. Photomicrographs
in each set were taken with a 4x objective. Bars indicate 250 μm. DG, dentate gyrus. H,
hilus.
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Figure 4.
Mean (± SEM) percent of control levels for hippocampal GAD65 and 67 mRNA (A, B) and
protein (C, D) for CON and SUP rats that were treated with saline (solid bars) or KA
(hatched bars) and that remained in their home cage (grey) or received additional water
maze training (black) following treatment. CON rats showed significant SE-induced
reductions in GAD67 mRNA, GAD65 protein, and GAD67 protein. There was a trend for an
SE-induced decrease in GAD65 mRNA (p = 0.10). Repeated water maze training rescued
levels of GAD mRNA in KA-treated CON rats. There was little effect of SE on GAD levels
in SUP rats. * significantly different at p < 0.05; main effect of seizure (**) or experience
(#) revealed by a within diet 2-way ANOVA (seizure × experience), p < 0.05.
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Figure 5.
Mean (± SEM) percent of control levels for hippocampal GFAP mRNA (A) and protein (B)
for CON and SUP rats that were treated with saline (solid bars) or KA (hatched bars) and
that remained in their home cage (grey) or received additional water maze training (black)
following treatment. Both CON and SUP rats showed a significant overall SE-induced
increase in GFAP mRNA and protein expression, but this increase was attenuated in KA-
treated home cage SUP rats. Repeated water maze training attenuated elevated GFAP
protein levels in KA-treated CON rats, and further increased GFAP mRNA levels in KA-
treated SUP rats. * significantly different at p < 0.05; ** main effect of seizure revealed by a
within diet 2-way ANOVA (seizure × experience), p < 0.05; # KA-treated home cage SUP
rats are significantly different from KA-treated home cage CON rats (A, B) and KA-treated
water maze CON rats (A).
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Figure 6.
Long-term (9 to 10.5 weeks) survival of BrdU-immunopositive cells (i.e., newly generated
cells) born 6 to 14 days after saline or KA treatment. (A–F) Photomicrographs of BrdU+
cells in the SGZ-GCL and hilus in saline treated rats (A, CON; B, SUP) and KA-treated rats
who either remained in their home cage (C, CON; D, SUP) or received additional water
maze training (E, CON; F, SUP) after SE. Most BrdU+ cells that were found in the GCL
had large and rounded BrdU-immunostained nuclei characteristic of mature granule cells
(large arrows), but many BrdU+ cells in the SGZ-GCL and hilus had morphological features
characteristic of glial or endothelial cells (small arrows). KA-treated SUP rats exhibited
more BrdU labeling in the SGZ-GCL than KA-treated CON rats. KA-induced SE increased
the number of BrdU+ cells in the hilus of all KA-treated rats. (G, H) Bar graphs show mean
(± SEM) numbers of BrdU+ cells detected in the SGZ-GCL (G) and hilus (H) of CON and
SUP rats that were treated with saline (solid bars) or KA (hatched bars) and that remained in
their home cage (grey) or received additional water maze training (black) following
treatment. For the SGZ-GCL (G), CON rats showed a significant decrease in the number of
BrdU+ cells, which was rescued by repeated water maze training. SUP rats showed an
increase in the number of BrdU+ cells in the SGZ-GCL weeks after SE, regardless of post-
SE experience. For the hilus (H), both CON and SUP rats showed a significant overall
increase in the number of BrdU+ cells. Note that we did not directly compare numbers of
BrdU+ cells between KA-treated CON and SUP rats because we have previously found that
the amount of SGZ-GCL and hilar cell proliferation observed shortly after seizures is altered
by prenatal choline availability (see text). Bars in photomicrographs indicate 50 μm.
Photomicrographs in first and third columns were taken with a 10x objective and
photomicrographs in the second and fourth columns were taken with a 40x objective. GCL,
granule cell layer. SGZ, subgranular zone. H, hilus. * significantly different at p < 0.05; **
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main effect of seizure revealed by a within diet 2-way ANOVA (seizure × experience), p <
0.05.
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Figure 7.
Confocal images of BrdU+ cells co-labeled with the mature neuronal marker NeuN (arrow
heads). Bar indicates 25 μm. Images were taken with a 40x objective. GCL, granule cell
layer. H, hilus.
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Figure 8.
Hippocampal neurogenesis at 11 weeks after saline or KA treatment. (A–F)
Photomicrographs of DCX-immunopositive neurons (i.e., newly generated neurons) in the
SGZ-GCL and hilus in saline treated rats (A, CON; B, SUP) and KA-treated rats who either
remained in their home cage (C, CON; D, SUP) or received additional water maze training
(E, CON; F, SUP) after SE. In KA-treated rats of both prenatal diet groups (C–F), DCX+
neurons were aberrantly located in the hilus and exhibited abnormal morphological features,
such as horizontally oriented cell bodies and processes (arrows). SUP rats exhibited more
overall DCX labeling than CON rats. (G, H) Bar graphs show mean (± SEM) numbers of
DCX+ cells detected in the SGZ-GCL (G) and mean percentage of DCX+ found in the hilus
(H) of CON and SUP rats that were treated with saline (solid bars) or KA (hatched bars) and
that remained in their home cage (grey) or received additional water maze training (black)
following treatment. (G) CON rats showed a significant decrease in the number of DCX+
cells in the SGZ-GCL, which was rescued by repeated water maze training. KA-treated SUP
rats showed preserved levels of DCX+ cells in the SGZ-GCL, regardless of post-SE
experience. Saline-treated SUP rats also had a higher number of DCX+ neurons overall than
saline-treated CON rats. (H) Both KA-treated CON and SUP rats generated a proportion of
DCX+ cells that migrated to the hilus. KA-treated water maze SUP rats had a significantly
lower percentage of DCX+ neurons in the hilus than KA-treated home cage and water maze
rats (#, p < 0.05). A–F, Bars in photomicrographs indicate 50 μm. Photomicrographs in first
and third columns were taken with a 10x objective and photomicrographs in the second and
fourth columns were taken with a 40x objective. GCL, granule cell layer. SGZ, subgranular
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zone. H, hilus. * significantly different at p < 0.05; ** main effect of seizure revealed by a
within diet 2-way ANOVA (seizure × experience), p < 0.05; ## main effect of prenatal diet
revealed by a within diet 2-way ANOVA (diet × experience), p < 0.05.
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Figure 9.
Mean (± SEM) percent of control levels for hippocampal BDNF protein for CON and SUP
rats that were treated with saline (solid bars) or KA (hatched bars) and that remained in their
home cage (grey) or received additional water maze training (black) following treatment.
Both CON and SUP rats showed a significant overall SE-induced increase in BDNF protein.
Saline-treated SUP rats also had a higher levels of BDNF protein overall than saline-treated
CON rats. * significantly different at p < 0.05; ** main effect of seizure revealed by a within
diet 2-way ANOVA (seizure × experience), p < 0.05; # main effect of prenatal diet revealed
by a within diet 2-way ANOVA (diet × experience), p < 0.05.
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Table 1

Mean (± SEM) Percentage of BrdU+ Cells that Co-Expressed NeuN and Estimated Number of New Neurons
as a Function of Prenatal Diet, KA-Induced SE, and Repeated Water Maze Experience

% NeuN+/BrdU+ in
SGZ-GCL # New Neurons in SGZ-GCL

% NeuN+/BrdU+ in
Hilus # New Neurons in Hilus

CON

Saline - Home Cage 85.58 (2.28) 5305.52 (516.24) ** **

Saline - Water Maze 72.05 (2.86) 5143.62 (554.68) ** **

KA - Home Cage 85.09 (5.40) 3715.62 (883.20) 53.73 (18.05) 1670.18 (357.33)

KA - Water Maze 78.06 (3.04) 5547.80 (680.28) 46.05 (7.88) 2481.88 (880.87)

SUP

Saline - Home Cage 85.84 (6.57) 6048.74 (352.82) ** **

Saline - Water Maze 80.72 (5.75) 6135.98 (339.33) ** **

KA - Home Cage 90.47 (2.05) 11,311.40 (957.84) 69.27 (4.91) 3571.22 (528.88)

KA - Water Maze 86.58 (2.52) 11, 475.02 (2482.57) 51.55 (14.37) 1597.88 (739.64)

BrdU+ cells labeled 6 to 14 days following saline or KA treatment were allowed to survive for 9–10.5 weeks. A fraction of BrdU+ cells were
analyzed for co-expression of NeuN (n = 4 brains per group). Water maze experience decreased the percentage of BrdU+/NeuN+ neurons in the
dentate gyrus for saline- and KA-treated CON rats (main effect of seizure, F(1, 12) = 5.38, p < 0.05). All treatment groups of SUP rats showed
similar percentages of BrdU+/NeuN+ neurons in the dentate gyrus. Estimated number of new neurons in the SGZ-GCL revealed a similar pattern
of findings as total BrdU+ cells.

**
Saline-treated rats had very few BrdU+ cells in the hilus and were thus not included in the analysis. There were no significant differences

between KA-treated CON and KA-treated SUP rats in percentages of BrdU+/NeuN+ neurons in the hilus, and no significant effect of water maze
experience on estimated number of new neurons in the hilus for either KA-treated CON or SUP rats.
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