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SUMMARY

Purpose: Pilocarpine induces prolonged status epilepticus

(SE) in rodents that results in neurodegeneration and cog-

nitive deficits, both commonly observed to be associated

with human temporal lobe epilepsy. The multifunctional

neuronal modulator, cyclooxygenase-2 (PTGS2 or COX-2),

is rapidly induced after SE, mainly in principal neurons of

the hippocampal formation and cortex. We used mice in

which COX-2 is conditionally ablated in principal fore-

brain neurons to investigate the involvement of neuron-

derived COX-2 in delayed mortality and performance in

the Barnes maze.

Methods: Using the COX-2 conditional knockout mouse

(nCOX-2 cKO) and their littermate wild-type controls,

we compared motor behavior and performance in the

Barnes maze before and 3 weeks after the induction of SE

by pilocarpine. Mortality rate was also measured during

SE and in the week following SE.

Key Findings: nCOX-2 cKO mice showed less delayed

mortality than wild-type mice in the week after SE.

Although motor behavior and most cognitive measures

were not different in the nCOX-2 cKO, upon reexposure

to the maze 3 weeks after pilocarpine, the latency to find

the previously learned target hole was significantly

shorter in the nCOX-2 cKO than their wild-type litter-

mate controls. By this measure pilocarpine-treated

nCOX-2 cKO mice were identical to mice that had not

experienced SE.

Significance: Results point to a role for neuronal COX-2

in delayed mortality in mice during the week following SE

and suggest that neuronal COX-2 contributes to selected

cognitive deficits observed after SE. Taking into consider-

ation our previous findings that neurodegeneration and

neuroinflammation after SE are reduced in the nCOX-2

cKO, and opening of the blood–brain barrier after pilocar-

pine is prevented, we conclude that neuronal COX-2

induction is an early step in many of the deleterious conse-

quences of SE.

KEY WORDS: Seizure-induced neuronal COX-2, Pilocar-

pine, Retrograde memory, Anterograde memory, Barnes

maze.

Cognitive deficits are common in patients with epilepsy,
especially patients with temporal lobe epilepsy (TLE), in
which seizure foci are frequently located within the critical
memory structures of the medial temporal lobe (Bergin
et al., 2000; Preston & Gabrieli, 2002; Leritz et al., 2006).
Patients with TLE can present retrograde and anterograde
amnesia, which are respectively defined as the loss of mem-
ories formed prior to brain insult and the inability to form
new memories after the insult (Kapur et al., 1997; Milner
et al., 1998; Bergin et al., 2000; Lah et al., 2006, 2008).
Long-lasting yet subtle cognitive deficits are also produced
by overactivation of the cholinergic system, as occurred in

the Tokyo subway sarin attack (Miyaki et al., 2005). In
rodents, status epilepticus triggered by the cholinergic ago-
nist pilocarpine has been widely used to study TLE-related
pathologies, including behavior modifications related to
anxiety, depression, and learning and memory (Persinger
et al., 1993; Hort et al., 1999; Mohajeri et al., 2003, 2004;
Muller et al., 2009).

It is well known that during seizures COX-2 is rapidly
induced in principal forebrain neurons, including hippo-
campal pyramidal cells and dentate granule cells (Yama-
gata et al., 1993; Marcheselli & Bazan, 1996; Sandhya
et al., 1998; Ciceri et al., 2002; Takemiya et al., 2006;
Serrano et al., 2011). It is also well established that
COX-2 plays an important role in synaptic plasticity
(Murray & O’Connor, 2003; Chen & Bazan, 2005; Slanina
& Schweitzer, 2005; Yang & Chen, 2008). Moreover,
COX-2 inhibitors are reported to improve working memory
after traumatic brain injury (Gopez et al., 2005) and in
transgenic models of Alzheimer’s Disease (Melnikova
et al., 2006; Echeverria et al., 2009), but in none of these
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studies was the relevant source of COX-2 (neurons, glia,
and so on) identified. In this study we used a mouse in
which COX-2 had been conditionally ablated in a subset
of forebrain neurons (Serrano et al., 2011) to investigate
the role of neuronal COX-2 induction in spatial learning
and memory deficits following SE. These mice were cre-
ated by crossing a floxed COX-2 mouse line with a line
expressing cre recombinase under the control of a synap-
sin I promoter to create the nCOX-2 cKO line. The
nCOX-2 cKO mice lack immunoreactivity for COX-2 in
hippocampal pyramidal cells, dentate granule cells, and
some neocortical neurons. To test spatial learning and
memory we used the well-established Barnes maze, which
is similar to the Morris water maze but with less stress
created by cold-water swimming (Barnes, 1979; Morris,
1984; Harrison et al., 2009). We observed retrograde
memory impairment in mice treated with pilocarpine, con-
sistent with previous reports (Persinger et al., 1993; Hort
et al., 1999; Mohajeri et al., 2003, 2004; Muller et al.,
2009). However, neuronal COX-2 deletion improved
some aspects of performance in a retrograde amnesia task,
and delayed mortality in mice during the week following
SE was nearly abolished in the nCOX-2 cKO mice. Relief
from SE-associated delayed mortality and memory defi-
cits complements the neuroprotection observed in the
nCOX-2 cKO months following SE, demonstrating a
broad detrimental role of neuronal COX-2 induction after
the intense seizures of SE.

Methods

Subjects
All animals were housed in a temperature-controlled

environment with a 12-h light/dark schedule and had
access to food and water ad libitum. Both nCOX-2 cKO
mice and their wild-type littermates were generated in the
C57Bl/6 (CR) strain and genotyped according to Serrano
et al. (2011). Briefly, mice with a loxP element inserted
into introns 5 and 8 of the COX-2 gene (Wang et al.,
2009) were bred with female mice expressing cre recom-
binase under the control of a synapsin 1 promoter to
generate females expressing cre and heterozygous for
floxed COX-2. These female mice were further bred with
heterozygous floxed COX-2 male mice to generate wild-
type and nCOX-2 cKO offspring. Both transgenic mouse
lines were bred for six to eight generations from the
C57Bl/6 (Jackson, Bar Harbor, ME, U.S.A.) strain into the
C57BL/6 (Charles River Wilmington, MA, U.S.A.) strain.
In nCOX-2 cKO mice the PTGS2 gene is ablated in hippo-
campal pyramidal cells, dentate granule cells, and some
cortical neurons as judged by the lack of constitutive and
seizure-induced COX-2 immunohistochemistry (Serrano
et al., 2011). The postnatal conditional ablation of neuro-
nal COX-2 avoids the known developmental defects asso-
ciated with the global COX-2 knockout (see Serrano et al.,

2011), but homeostatic adjustments of gene expression
cannot be entirely ruled out. Testing began at 8 € 2 weeks
of age. On day 7 of testing mice were treated with either
saline or pilocarpine, resulting in four groups: WT Saline,
nCOX-2 cKO Saline, WT Pilocarpine, nCOX-2 cKO Pilo-
carpine, and these groups were then subjected to further
testing 21 days posttreatment. All mice were on a C57BL/
6CR background. All experiments were approved by the
Emory University Institutional Animal Care and Use
Committee of and conducted in accordance with its guide-
lines. Every effort was made to minimize animal suffer-
ing.

Pilocarpine treatment
Pilocarpine injections were performed in nCOX-2 cKO

and WT littermates as described previously for C57Bl/6
mice (Borges et al., 2003, 2004; Serrano et al., 2011).
Mice were injected with methylscopolamine and terbuta-
line (3 mg/kg each i.p. in 0.9% NaCl) 15–30 min prior to
pilocarpine (275–310 mg/kg, i.p.) to minimize peripheral
side effects. Every mouse injected with pilocarpine
experienced behavioral SE as defined by continuous
behavioral seizure activity consisting mainly of whole
body clonic seizures (see Borges et al., 2003 for a more
detailed description of seizure behavior including a modi-
fied Racine scale). Seizure intensity was evaluated behav-
iorally rather than by electroencephalography (EEG). One
hour after continuous SE, a mixture of pentobarbital
(30 mg/kg, i.p.) and diazepam (10 mg/kg, i.p.) was
administered to interrupt SE. Mice showing behavioral
seizure activity for <1 h were not included in our analysis.
Two to 4 h after terminating SE, mice were injected with
0.5-ml lactated dextrose Ringers to improve hydration.
Control mice received terbutaline, methylscopolamine,
pentobarbital, and lactated dextrose Ringers, but no pilo-
carpine.

Light dark exploration
Animals were habituated to the investigator and experi-

mental room 1 week prior to behavioral testing. Light dark
preference and locomotor ability were examined in the same
cohorts of mice 7 days before SE and 21 days after SE using
a 42 · 42 cm2 Plexiglas box divided evenly into a light side
with clear walls and a dark side with black walls as repre-
sented schematically in Fig. 1A. Each animal was placed in
the light side of the box and allowed to explore the entire
apparatus for 10 min. Movements of the mice were
recorded by VersaMax Animal Activity Monitors (Accu-
Scan Instruments, Inc., Columbus, OH, U.S.A.). Data were
collected in 1-min intervals using VERSAMAX version 1.3
software (AccuScan Instruments, Inc). Percent time in dark
was used as a measure of anxiety and preference for the
dark. Number of transitions, total distance traveled, percent
time spent in motion and speed were used to assess loco-
motor activity.
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Barnes maze
Spatial memory was assessed with the Barnes maze

6 days before SE and 22 days after SE using the same
cohorts of mice so both anterograde and retrograde memory
could be assessed (Fig. 1A) (Barnes, 1979). The Barnes
maze protocol and apparatus were modified from McLay
et al. (1998) and Sunyer et al. (2007). Four days of training
were followed by a retention test on day 5. The maze was
located in a bright room with visual cues and the apparatus

was isolated from the experimenter during testing. Mice
were trained individually in the apparatus, which consisted
of a white, circular platform 92 cm in diameter with 20
equally spaced holes (5 cm diameter) located 2.5 cm from
the edge. The platform was elevated 76 cm above the
ground and was able to rotate 360 degrees. During training,
19 holes were closed and one hole led to the dark escape box
(20 · 9 · 7.5 cm) beneath the platform. From the surface
of the maze, the open escape hole looked identical to the

Figure 1.

Barnes maze performance pretreatment. Behavioral analysis was conducted before and after the induction of status epilepticus

according to the timeline shown (A). On day 0, dark preference and motor behavior was measured. This was followed by Barnes

maze training on days 1–4 followed by a retention test on day 5. The same timeline was repeated 3 weeks after induction of status epi-

lepticus. For each of the first 4 days of training, mice (28 WT and 25 nCOX-2 cKO) were subjected to four 3-min trials in the maze,

and the data for all four trials were averaged for each mouse. On day 5 the target hole was covered and the mice were subjected to

two 90-s trials to assess retention of spatial memory. The number of error holes explored before reaching the target hole (B), the

latency to first reach the target hole (C), the total number of errors made before escaping into the target hole (D), and the time

required to escape into the target hole (E) were measured. Data represent mean ± standard error of the mean (SEM). The two geno-

types did not differ in any measure by two-way ANOVA with repeated measures (D1–D4): genotype · day interaction (B) F = 2.101,

p = 0.102; (C) F = 2.651, p = 0.051; (D) F = 0.323, p = 0.089; (E) F = 0.042, p = 0.988. There was a substantial main effect of train-

ing for all measures: panel B, F = 7.22, p = 0.0001; panel C, F = 30.27, p < 0.0001; panel D, F = 24.95, p < 0.0001; panel E, F = 62.2,

p < 0.0001. Comparison of the two genotypes on the test day (D5) was made by t-tests: (B, D) p = 0.359; (C, E) p = 0.132.
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closed holes; therefore, the mice could not visually identify
the escape hole location until it was approached closely.
The escape hole’s location was fixed in relation to the visual
cues in the room but the table was rotated in between ani-
mals to eliminate possible odor cues. On each training day,
mice were given four trials with an intertrial interval of
15 min. Each trial began by placing the animal under a
black start box (13 cm diameter, 7.5 cm height) in the mid-
dle of the platform for 10 s. After 10 s, the start box was
lifted and mice were allowed to freely explore the apparatus.
Mice that failed to find the escape hole within 3 min were
gently guided there. All animals were allowed to remain in
the escape box for 60 s after entering and were prevented
from emerging prematurely. Primary latency, latency to
escape, primary errors, and total errors were recorded.
Primary latency was defined as the time it took each animal
to make initial contact (nose or forepaws) with the escape
hole regardless of whether they entered, and latency to
escape was defined as the time it took for the animal to enter
the escape hole (defined by all 4 paws leaving the surface of
the table). Errors were defined by a nose poke into or fore-
paw contact with a false hole. Primary errors were the num-
ber of errors that occurred prior to the initial contact with
the escape hole and total errors were the number of errors
the mouse made before entering the escape hole. After four
training days, on day 5 two retention trials were performed
with an intertrial interval of 15 min in which all 20 holes
were closed, including the escape hole. After 10 s in the
start box, mice were allowed 90 s to explore the maze.
Latency to the target hole location (previously location of
the escape box) and errors made before reaching the target
hole location were recorded. All trials were recorded with a
Sony Handycam, and the videos were later analyzed by an
observer unaware of treatment and genotype.

Statistical outliers
On the retention test (day 5) before or after pilocarpine

treatment, mice that scored a number of errors or latency to
reach the target hole location that were far from the mean
values of their respective groups were identified as a statisti-
cal outlier (p < 0.05), as determined by the Grubb’s Test
performed by GRAPHPAD QUICKCALCS (GraphPad
Software, Inc., La Jolla, CA, U.S.A.) with significance set
to a = 0.05. By this means we identified one WT mouse that
did not survive pilocarpine treatment, one WT Saline
mouse, and one cKO Pilocarpine mouse as significant out-
liers. These three animals were excluded from all analyses.

Statistical analysis
For parametric values we calculated mean and standard

error of the mean (SEM). Comparisons were made by Fish-
er’s exact test (Fig. 2), two-way ANOVA followed by post
hoc Bonferroni testing (Figs 3 and 4 and to assess individual
days for Figs 1 and 5), or two-way ANOVA with repeated
measures followed by post hoc Bonferroni testing (Figs. 1

and 5). GraphPad Instat was employed for all statistical
comparisons.

Results

Behavioral baseline before SE

Light dark exploration
Behavioral analysis was conducted before and after

the induction of status epilepticus according to Fig. 1A.
Baseline anxiety and locomotor behavior was examined
prior to treatment with pilocarpine or saline. nCOX-2
cKO mice did not differ significantly from their WT
littermates in their preference for the dark (data not
shown). The two groups did not differ in the number
of transitions made, total distance traveled, percent time
spent in motion or average speed in the activity box.

A

B

Figure 2.

Survival rate of WT and nCOX-2 cKO mice during and after

SE. (A) Mortality during SE was defined as deaths that occurred

between the times of pilocarpine and pentobarbital/diazepam

injections. Of 62 WT mice, 25 died during SE, whereas a similar

proportion (18 of 56) nCOX-2 cKO mice died during SE

(Fisher’s exact test p = 0.45). (B) Mortality after SE, defined as

deaths that occurred during the 7 days after termination of SE,

was significantly different between the two genotypes (Fisher’s

exact test p = 0.0125).
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These results demonstrate that neuronal COX-2 deletion
does not affect general locomotor ability or preference
for the dark, suggesting similar baseline anxiety and
activity levels in the two genotypes.

Memory testing
We used the Barnes maze paradigm to assess spatial

memory (Barnes, 1979). Animals were allowed to explore
the apparatus for a maximum of 3 min on days 1–4, and for
90 s when the target hole was covered on day 5. Prior to
pilocarpine treatment, nCOX-2 cKO mice did not differ
from WT mice in the number of primary or total errors made
during training or test trials (Fig. 1B,D). There was also no
difference between nCOX-2 cKO and WT in the time to
make initial contact with the escape hole (primary latency)
or in the latency to escape during training or retention trials
(Fig. 1C,E). These results suggest that at baseline, constitu-
tive neuronal COX-2 is not prominently involved in these
measures of spatial learning and memory.

Pilocarpine treatment

Mortality during and after SE
Once baseline behavior of both genotypes had been

established we explored the effects of SE using the
pilocarpine model in the same mice tested in Fig. 1. Four
groups of mice were studied: WT and nCOX-2 cKO mice
treated with either pilocarpine or saline. The mortality rate
observed during SE did not differ significantly between
nCOX-2 cKO animals and WT animals (Fig. 2A; Fisher’s
exact test p = 0.45). Moreover, in a previous study the
latency to the first behavioral or electrographic seizure and
the temporal evolution of behavioral seizures into SE fol-
lowing pilocarpine injection also did not differ between
genotypes. The intensity of electrographic seizures during
SE (evaluated by the EEG coastline index, modified from
Korn et al., 1987) was also not significantly different
between the two genotypes (Serrano et al., 2011). From
these observations we conclude that the postnatal ablation

Figure 3.

Anxiety and locomotor activity 21 days after SE. Light-dark preference (A), the number of transitions between the light and dark sides

of the box in the 10-min trial period (B), the total distance traveled (C), and average speed (D) were compared among the four

groups of mice. All groups had similar preference for the dark (A). Both saline-treated control groups (WT and nCOX-2 cKO) were

significantly less active than their respective pilocarpine-treated groups, but for both treatments the two genotypes behaved similarly

(B, C). There was no interaction between genotype and treatment (in panel B, F = 0.002, p = 0.96; in panel C, F = 0.44, p = 0.51; in

panel D, F = 0.72, p = 0.40), but there was a strong main effect of treatment (p < 0.0001 for both panels B, C; p = 0.0004 in panel

D). The data were analyzed by two-way ANOVA with Bonferroni posttest; the post hoc p-values are shown. WT Saline n = 8,

nCOX-2 cKO Saline n = 9, WT Pilocarpine n = 7, and nCOX-2 cKO Pilocarpine n = 11.
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of COX-2 from a subset of forebrain neurons does not
modify the threshold or intensity of seizures triggered
acutely by pilocarpine injection. However, it is possible,
perhaps likely (see Discussion), that the antiinflammatory
consequences of the nCOX-2 cKO exert an anticonvulsant
effect in the days to weeks after pilocarpine administration.

In the week following SE, a striking finding was that
fewer nCOX-2 cKO mice died compared to WT (Fig. 2B;
WT = 27%, cKO = 5.3%, Fisher’s exact test p = 0.0125.
Recurrent seizures were not observed in either group during
the week after SE but could have occurred unnoticed at
night. These results indicate that neuron-derived COX-2
induction increases the likelihood of delayed mortality in
mice following SE. Mice surviving pilocarpine and saline
treatment were subjected to further behavioral testing
described below.

Behavioral measurements after SE

Light dark exploration
Twenty-one days after SE, all four groups (WT or nCOX-

2 cKO treated with saline or pilocarpine) had a similar pref-
erence for the dark (Fig. 3A; two-way analysis of variance
[ANOVA] F = 2.103, p = 0.157). This suggests that the
four groups did not differ after SE in their anxiety levels
based on treatment or genotype. Pilocarpine-treated animals
of both genotypes made significantly more transitions
between light and dark compartments (Fig. 3B) and traveled
a significantly larger distance over the 10-min period
allowed for exploration (Fig. 3C). Mice of both genotypes
also moved around the enclosure faster after pilocarpine
(Fig. 3D), spending 49% of their time in motion, whereas
saline-treated mice spent 24–26% time in motion. These

Figure 4.

Retrograde amnesia: comparing Barnes maze performance before and after SE. The differences in error and latency measures made

between day 1 of week 5 and day 4 of week 1 were calculated and plotted for each of the four groups. The data were analyzed by two-

way ANOVA with post hoc Bonferroni tests. The difference in number of errors was significantly higher for both WT and nCOX-2

cKO mice that received pilocarpine compared to their respective saline groups (A, C). However, the difference in time it took to

make initial contact with the hole (Primary Latency) was significantly higher only for the WT Pilocarpine group when compared to

their respective saline group and to the nCOX-2 cKO Pilocarpine group (B). The WT Pilocarpine group also had a significantly higher

difference in latency to enter the hole compared to the WT Saline, but no other significant differences between groups were detected

using this measure of memory (D). Main effect of treatment p < 0.0001 in both panels A and C, p = 0.022 in panel B, and p = 0.001 in

panel D; main effect of genotype p = 0.244 in panel A, p = 0.011 in panel B, p = 0.620 in panel C and p = 0.035 in panel D. The

interaction between treatment and genotype was nonsignificant for every measure except primary latency (panel A, F = 0.830,

p = 0.369; B, F = 7.105, p = 0.012; C, F = 0.042, p = 0.840; D, F = 0.940, p = 0.340). WT Saline n = 8, nCOX-2 cKO Saline n = 9,

WT Pilocarpine n = 7, and nCOX-2 cKO Pilocarpine n = 11.
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data demonstrate increased locomotor activity 3 weeks after
pilocarpine and show that neuronal COX-2 induction is not
involved in this effect.

Improved performance in the Barnes maze in the nCOX-2
cKO following pilocarpine treatment

To investigate the animals’ ability to remember their
initial training after treatment with pilocarpine or saline, we
subtracted the average value of the four trials for each
animal’s primary errors, primary latency, total errors, and
latency to escape on day 1 of training after SE (week 5) from
the average values during the last day of training before SE
(day 4, week 1). Because no training was received in the
intervening 3 weeks after pilocarpine or vehicle treatment,
the difference between the two is an indicator of retention of
an animal’s memory for events before SE, that is, retrograde
memory. Saline-treated nCOX-2 cKO and WT mice did not
differ in any measure (Fig. 4A–D; p > 0.05). Both geno-
types treated with pilocarpine made more primary and total
errors, in contrast to control saline-treated mice, which per-
formed equally as they had 3 weeks earlier (Fig. 4A,C).
WT pilocarpine-treated mice took longer to escape com-
pared to saline-treated controls (Fig. 4B,D), reflecting the
expected deficit in retrograde memory. However, a conspic-
uous observation was that the nCOX-2 cKO mice performed
as well as control mice after pilocarpine treatment, both
in measures of primary latency and latency to escape
(Fig. 4B,D).

Barnes maze acquisition after pilocarpine
We compared performance by genotype in the Barnes

maze during the training period, which occurred 22–25 days
after pilocarpine, in order to uncover potential differences
in learning capabilities. Animals were again allowed to
explore the apparatus for a maximum of 3 min. The two
genotypes (nCOX-2 cKO and WT) treated with saline did
not differ on any training day for any measure of learning in
the Barnes maze but for each measure there was a signifi-
cant effect of day (Fig. 5), indicating that both genotypes
were able to learn the maze over the 4 days. Likewise, pilo-
carpine-treated mice of both genotypes did not significantly
differ in any measure on any acquisition day but there was a
significant effect of day for most measures, again indicating
that both genotypes were able to learn after pilocarpine
treatment (Fig. 5A). In the retention test, which occurred
the day after four training days described, animals were
allowed to explore the apparatus for a maximum of 90 s
with all escape holes closed. WT pilocarpine-treated mice
made more errors and took longer to identify the previous
escape hole location than their WT saline-treated controls
(Fig. 5 retention tests). Although the performance measures
of the nCOX-2 cKO were similar for saline and pilocarpine
treatments, nonetheless there was no genotype · treatment
effect for any measure. Taken together with Fig. 4, these
data suggest that memory acquisition 3 weeks after pilocar-

pine treatment is not reliably influenced by neuronal
COX-2, but that one feature of retrograde memory—time to
locate a previously learned target—is improved in nCOX-2
cKO mice that experienced SE.

Discussion

The very low delayed mortality in the week after SE
observed in nCOX-2 cKO mice (Fig. 2) was an interesting
and unexpected finding. Patients with epilepsy who are
refractory to medication are at high risk for sudden unex-
plained death (Hirsch et al., 2011). The mechanisms under-
lying sudden unexplained death in epilepsy (SUDEP) are
unknown and probably multifactorial, but are strongly cor-
related with the frequency of uncontrolled seizures
(Shorvon & Tomson, 2011). To our knowledge neuronal
COX-2 signaling is the first pathway to be implicated in the
delayed mortality that follows SE that does not also notice-
ably attenuate SE itself. The cause of reduced delayed mor-
tality after SE in mice has not been explored but could
involve reduced inflammation and neurodegeneration expe-
rienced by the nCOX-2 cKO mice after SE (Serrano et al.,
2011), perhaps resulting in fewer recurrent seizures in the
days after SE. Whether the brain inflammation produced by
neuronal COX-2 induction is important for seizure recur-
rence in the days after SE is worthy of study.

It is well established that rodents treated with pilocarpine
experience difficulties in learning and memory, and many
studies correlate these cognitive impairments with the neu-
rodegeneration and neuronal plasticity observed following
SE (Persinger et al., 1993; Hort et al., 1999; Mohajeri et al.,
2003, 2004; Muller et al., 2009). Taking into consideration
the finding that COX-2 plays an important role in synaptic
plasticity (Murray & O’Connor, 2003; Chen & Bazan, 2005;
Slanina & Schweitzer, 2005; Yang & Chen, 2008), we
wanted to investigate the role of COX-2 induction in
principal forebrain neurons in the motor and cognitive
sequelae of SE.

Results from behavioral studies on untreated animals of
either genotype demonstrated that spatial learning and
memory (Fig. 1), as well as locomotion and anxiety, are
not noticeably modulated by neuronal COX-2. Three weeks
following SE the survivors of both genotypes were also
similar in most behavioral measures. However, in their first
training day nCOX-2 cKO mice were able to locate the tar-
get hole as quickly as control mice of either genotype trea-
ted with saline rather than pilocarpine, whereas WT mice
treated with pilocarpine took much longer to locate the tar-
get hole (Fig. 4B, p < 0.01). Although there was a visible
trend toward genotype differences in primary errors
(Fig. 4A) and latency to escape (Fig. 4D), neither reached
significance. The neuronal COX-2 dependent deficit in ret-
rograde memory caused by SE thus does not appear robust.
Whether the subtle improvement in performance of
nCOX-2 cKO mice in the retrograde memory test (quicker
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to the target hole but no fewer errors) involves better execu-
tive function in picking a search strategy, less impulsivity,
or simply improved retrograde memory after pilocarpine,
cannot be determined from the data at hand. However, the
results imply that some feature of seizure-induced memory
deficit is dependent upon neuronal COX-2 pathways. It is

well known that hippocampal damage, which is reduced in
the nCOX-2 cKO (Serrano et al., 2011), produces retro-
grade memory deficits (Squire et al., 2001), but in some
instances the measured deficits have been caused by perfor-
mance rather than recall problems (Clark et al., 2005). A
somewhat trivial explanation, namely that nCOX-2 cKO

A B

C D

Figure 5.

Barnes maze performance after SE. For each of 4 days of training performed 21 days after pilocarpine, mice were subjected to four

3-min trials in the maze as in Fig. 1, and the data for all four trials were averaged for each mouse. After 4 days of training, on day 5 the

target hole was covered to assess retention of spatial memory and mice were allowed to explore the maze during two 90-s trials. The

number of error holes explored before reaching the target hole (A), the latency to first reach the target hole (B), the total number of

errors made before escaping into the target hole (C), and the time required to escape into the target hole (D) were measured. Data

represent mean (±SEM) of four trials per day for D1–D4 and two trials on D5. Animals of both genotypes performed worse on all

measures when treated with pilocarpine compared with saline (main effect of treatment in panel A WT, F = 16.7, p = 0.0013; panel A

cKO F = 65.6, p < 0.0001; panel B WT F = 16.7, p = 0.0013; cKO F = 45.9, p < 0.0001; panel C WT, F = 13.6, p = 0.0027; cKO

F = 45.7, p < 0.0001; panel D WT F = 8.23, p = 0.0132; cKO F = 35.8, p < 0.0001). Both genotypes performed similarly under both

treatments (main effect of genotype Sal (A) F = 1.592, p = 0.2045; (B) F = 0.7261, p = 0.5417; (C) F = 1.326, p = 0.2777; (D)

F = 0.3587, p = 0.7831; for pilocarpine (A) F = 0.8554, p = 0.4707; (B) F = 2.064, p = 0.1174; (C) F = 0.4742, p = 0.7017; (D)

F = 1.053, p = 0.3777). A significant interaction between genotype and treatment was found on training day 3 for both primary errors

(panel A, F = 6.59, p = 0.0153) and total errors made (panel C, F = 5.36, p = 0.0274). However, for other training days there was no

interaction between treatment and genotype for any measure (panel A, F ranged from 0.00 to 0.02 and p ranged from 0.886 to 0.993;

panel B, F = 0.08–3.03 and p = 0.092–0.777; panel C, F = 0.02–0.53 and p = 0.474–0.887; panel D, F = 0.26–3.69 and p = 0.064–

0.616). There was a strong main effect of training day under all conditions (in panels A–D, F ranged from 3.08 to 11.0 and p ranged

from 0.0385 to <0.0001), except for panel A cKO mice treated with pilocarpine (F = 2.63, p = 0.0590), indicating that mice learned

the maze at a similar rate. On D5, the retention trial, the WT Pilocarpine group made significantly more errors and took longer to

locate the original escape hole location compared to their respective saline group (A/C, B/D). nCOX-2 cKO mice showed a trend to

poorer performance after pilocarpine compared to control mice, but this did not reach significance (panels A/C, B/D). There was no

interaction between treatment and genotype in the retention test: A, F = 0.873, p = 0.357; B, F = 3.380, p = 0.076. WT Saline n = 8,

nCOX-2 cKO Saline n = 9, WT Pilocarpine n = 7, and nCOX-2 cKO Pilocarpine n = 11.

Epilepsia ILAE

1418

J. R. Levin et al.

Epilepsia, 53(8):1411–1420, 2012
doi: 10.1111/j.1528-1167.2012.03584.x



mice simply ran around the maze faster than WT mice, is
contradicted by direct comparison (Fig. 3C,D), and by the
observation that pilocarpine-treated mice of both genotypes
traveled faster than saline controls. It is also clear in our
studies that the retrograde memory deficit after pilocarpine
was not due to the inability to navigate, because after pilo-
carpine the mice could relearn the task at a similar rate as
before pilocarpine (cf Figs 1 and 5). Both saline-treated
genotypes showed improved learning compared with pilo-
carpine-treated animals as expected from retained memory
of training prior to treatment.

Although the effect of global inhibition of COX-2 on
neurodegeneration observed after SE depends on the
timing of drug administration (Baran et al., 1994; Baik
et al., 1999; Kunz & Oliw, 2001; Jung et al., 2006;
Takemiya et al., 2006; Kim et al., 2008; Toscano et al.,
2008; Zhang et al., 2008; Polascheck et al., 2010), we
have demonstrated that delayed apoptotic neuronal injury
in CA1 pyramidal cells 4 days to 4 months after SE, as
judged by FluoroJade, TUNEL, and Nissl staining, was
drastically reduced in the nCOX-2 cKO (Serrano et al.,
2011), and similar results have been observed using
COX-2 inhibitors (Jung et al., 2006; Polascheck et al.,
2010). The nCOX-2 cKO mice also showed less gliosis,
less proinflammatory cytokine formation, and an intact
blood–brain barrier after SE. Taken together we can infer
that numerous physiologic responses are improved in the
nCOX-2 cKO. By contrast, global pharmacologic inhibi-
tion of COX-2 before or after SE appears to worsen
mortality (Holtman et al., 2010; Polascheck et al., 2010),
suggesting that nonneuronal COX-2 may mediate protec-
tive effects that would argue against the use of COX-2
inhibitors after SE.

Evidence is mounting that brain inflammation is proepi-
leptogenic and promotes spontaneous seizures (Vezzani
et al., 2011, 2012). For example, the frequency of spontane-
ous seizures in the chronic phase of a kainate epilepsy model
is reduced by inhibitors of caspase I (which synthesizes
IL-1b) (Maroso et al., 2011) or inhibitors of toll-like recep-
tor 4 (Maroso et al., 2010), both of which exert antiinflam-
matory effects. It is possible that elements of the
inflammatory cascade triggered by neuronal COX-2 induc-
tion (Serrano et al., 2011) promote the appearance of recur-
rent seizures, which are the key events responsible for
delayed mortality and cognitive deficits. Alternatively, the
inflammatory pathways themselves downstream of COX-2
could be maladaptive and underlie the panoply of morbidity
and delayed mortality after SE. Selection between these
hypotheses would require quantitative EEG recordings in
the days and weeks following SE.

The COX-2 enzyme sits atop an extensive signaling cas-
cade that involves the cell-specific production of five differ-
ent prostanoids and activation of at least nine G-protein–
coupled receptors (Smyth et al., 2009). Rather than block-
ing the whole cascade with a COX-2 inhibitor, it will be

important to determine which prostaglandin receptors medi-
ate retrograde memory loss, delayed neurodegeneration,
and delayed mortality after SE. The prostanoid receptors, or
prostaglandin synthases, may offer more selective and
effective therapeutic targets. To this end, we have recently
shown that a novel selective antagonist of the EP2 receptor
for PGE2 is neuroprotective in the mouse pilocarpine model
(Jiang et al., 2012) and recapitulates most of the other
effects of the nCOX-2 cKO (Jiang J, Quan Y, Gounesh T,
Dingledine R, unpublished manuscript).
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