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Abstract

In this study, we investigated the effects of intrahippocampal infusion of indomethacin as a non-selective cyclooxygenase inhibitor and
celecoxib as a selective cyclooxygenase-2 inhibitor on spatial memory in the Morris water maze. Rats were trained for 3 days; each day
included two blocks, and each block contained 4 trials. Tests were performed 48 h after surgery. Bilateral intrahippocampal infusion of
indomethacin (0.01, 0.1, or 1 M) did not show any significant effect on spatial memory retention at these concentrations in rats. We also
examined effects of infusion of celecoxib (0.02, 0.06, or 0.1 M) on memory retention. Bilateral infusion of 0.1 M celecoxib significantly
altered escape latency and traveled distance in rats. These results strongly suggest that cyclooxygenase-2 is involved in spatial memory

retention.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Stereotaxic surgery; Cyclooxygenase; Hippocampus; Morris water maze

1. Introduction

Cyclooxygenase is the first enzyme in the prostaglandin/
prostacyclin/thromboxane pathway. It converts arachidonic
acid to prostaglandins and thromboxanes, which are
collectively known as prostanoid metabolites (Needleman
et al., 1986; Teather et al., 2002; Turini and Dubois, 2002).
These metabolites have important roles in various physio-
logic and pathologic conditions (Turini and Dubois, 2002).
Cyclooxygenase enzymes catalyze both the biooxygenation
of arachidonic acid to form prostaglandin G, and the
peroxidative reduction of prostaglandin G, to form prosta-
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glandin H, in the biosynthesis of prostanoids (Vane et al.,
1998). Three cyclooxygenase isoforms, cyclooxygenase-1
(COX-1), cyclooxygenase-2 (COX-2), and cyclooxygenase-
3 (COX-3), have been identified (Kujubu et al., 1991,
Shaftel et al.,, 2003; Xie et al., 1991). COX-1 is the
constitutive form of cyclooxygenase and performs a house-
keeping function to synthesize prostaglandins, which are
involved in regulating normal cellular activities (Hersch-
man, 1996; Smith et al., 1991). In contrast, COX-2 is the
inducible form of cyclooxygenase, as its expression can be
induced by inflammatory stimuli or mitogens (Dubois et al.,
1998), tumor necrosis factor-alpha (Chen et al., 2000,
2001), and the transcription factor CCAAT enhancer bind-
ing protein (c/EBP) beta (Gorgoni et al., 2001). The brain
possesses both COX-1 and COX-2 isoforms (Breder et al.,
1992; Teather, 1998). COX-2 appears to be expressed in
dendrites and cell bodies of neurons in several areas of the
brain, such as the temporal cortex, amygdala, dentate gyrus,
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and CALl of hippocampus (Yamagata et al., 1993; Breder et
al., 1995; Kaufmann et al., 1996; Teather, 1998; Murray and
O’Connor, 2003; Hoozemans et al., 2004). Moreover, the
neuronal expression of COX-2 is dynamically regulated by
physiological synaptic activity (Yamagata et al., 1993).
These observations suggest a role for COX-2 in activity-
dependent neuronal plasticity, indicating an important
function for COX-2 in cell signaling and neurotransmission
(Kaufmann et al., 1996).

Memory formation is a complex process that requires the
occurrence of different pre- and post-synaptic events.
Numerous studies have been conducted to identify molec-
ular mechanisms underlying activity-dependant synaptic
changes during memory formation, and many proteins,
including transcription factors, that play a role in different
aspects of memory formation have been identified (Dou et
al., 2003; Hebert and Dash, 2002; Li et al., 2003; Runyan et
al., 2004; Woolf et al., 2001).

Previous studies showed a high level of expression of
COX-2 in the hippocampal CA1 region where COX-2 has
an important role in spatial memory processing (Kaufmann
et al., 1996; Kunz and Oliw, 2001; Geinisman et al., 2004).
A body of evidence indicates that COX-2 is probably
involved in the physiological mechanisms underlying
memory formation. First, intrahippocampal infusion of a
COX-2 inhibitor attenuated memory acquisition in rats (Rall
et al., 2003). Second, intraperitoneal administration of a
COX-2 inhibitor immediately post-training impaired mem-
ory consolidation when tested 24 h after training. In the
latter study, the retention test escape latencies of rats that
received injections of selective and non-selective cyclo-
oxygenase inhibitors 2 h post-training were not significantly
different from those of vehicle-treated rats (Teather et al.,
2002). The involvement of COX-2 and its metabolites in
passive avoidance memory in chicks has also been reported
previously by other investigators (Holscher, 1995).

Acquisition of the hidden platform in the water maze task
is mediated by the hippocampus (Mishkin and Petri, 1984;
Packard and McGaugh, 1992; Packard, 2001; Teather et al.,
2002). In the present study, to examine the role and the
significance of COX-1 and COX-2 in spatial memory
retention, we infused either indomethacin or celecoxib into
the CAl region of the hippocampus after the rats were
trained in the hidden platform Morris water maze. In these
studies, celecoxib was used as a selective COX-2 inhibitor
and indomethacin as a non-selective COX (i.e., COX-1 and
COX-2) inhibitor. Spatial memory retention was tested and
measured 48 h later.

2. Materials and methods
2.1. Drugs

Indomethacin, celecoxib, ketamine, and xylazine were
purchased from Sigma (St. Louis, MO, USA). Indomethacin

and celecoxib were dissolved in dimethyl sulfoxide (DMSO),
and ketamine and xylazine were dissolved in distilled water.

2.2. Animals

Seventy-two male albino Wistar rats (200-250 g) were
subjects in the present study. The animals were purchased
from Pasteur Institute of Iran and housed in groups of five in
stainless steel cages, handled daily, and provided food and
water ad libitum. A 12-h light/12-h dark cycle was
maintained, and the animals were trained and tested during
the light cycle. These animal experiments were carried out
in accordance with recommendations from the declaration
of Helsinki and the internationally accepted principles in the
use of experimental animals.

2.3. Behavioral training and testing

We performed two sets of experiments in this study. In the
first series of the experiments, we randomly assigned rats
(n=24) to three groups. One group received saline (n=8), the
second received DMSO (n=8) and the third, called the intact
group (n=8), did not receive any drugs. In the second series of
experiments, the animals (n=48) were randomly assigned to
receive indomethacin (0.01, 0.1, or 1 M) and celecoxib (0.02,
0.06, or 0.1 M). Concentrated DMSO (100%) was used as
vehicle or control as well as a solvent for indomethacin and
celecoxib. All animals were subjected to surgical bilateral
infusions of either control (saline or DMSO) or a COX
inhibitor into the CA1 region of the hippocampus immedi-
ately after training. The volume of injection in all groups was
0.5 pl, each injected during a 1-min period.

Training consisted of placing the animals in the Morris
water maze, which included a circular, black-painted pool
(136 cm in diameter, 60 cm in height) filled to a depth of 25
cm with water 22+1 °C. The pool was divided into four
quadrants with four starting locations called north (N), east
(E), south (S), and west (W) at equal distances on the rim. An
invisible platform (10 cm diameter) made of Plexiglas was
submerged 1 cm below the water and placed in the center of
northern quadrant. The animals were trained for 3 days at
approximately the same time (9—11 a.m.) each day. Each
training day included two blocks, and each block consisted of
four trials. Each trial was initiated by placing the animals in
one of the four quadrants randomly. Animals were allowed to
find the hidden platform during a period of 90 s. The rats
rested 5 min between two consecutive blocks, and the inter-
trial interval time was 30 s in each block. A video camera was
mounted directly above the water maze pool. This camera
was linked to a computer and used to record the rats’ swim
paths. More specifically, the escape latency (the time to reach
the hidden platform), the traveled distance (the length of
swim path), and swimming speed for each rat were all
recorded automatically by a video tracking system. The data
were used to prepare the graphs shown in Figs. 2—5. Spatial
memory retention tests were performed 48 h after surgery,
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similar to other studies, which assessed retention with a
different kind of task in this type of time-frame (Woolf et al.,
2001). All the experimental groups were tested at approx-
imately the same time of the day in a given morning.

2.4. Infusion of COX inhibitors

The drug infusions were performed after the completion
of all training trials. Each rat was anesthetized separately by
injecting 75 mg/kg ketamine combined with 8.6 mg/kg
xylazine intraperitoneally. We then prepared rats for surgery
and placed them in the stereotaxic instrument. The CAl
region of the hippocampus was targeted. Stereotaxic
coordinates for the CA1 region were set at 5 mm posterior
and 3.0 mm lateral to bregma and 3.0 mm ventral to the
surface of the skull according to the atlas of Paxinos and
Watson (1997).

At each brain site, we infused indomethacin (0.01, 0.1,
or 1 M), using a 10-ul Hamilton syringe, immediately after
the last training trial. Celecoxib (0.02, 0.06, or 0.1 M) also
was infused at each brain site immediately after the last
training trial. No guide cannulae were implanted before the
training trials because each animal received only one
bilateral injection. For all the drug-infusions, as well as
vehicle infusions (i.e., DMSO only), undiluted or 100%,
DMSO was used. 48 h following drug infusion, the rats
were tested for spatial memory retention by measuring
escape latency, traveled distance and swimming speed.
Following the testing trials, each animal was decapitated,
and the brain was removed. Randomly selected brains
were cut on a cryostat as 50-pum-thick coronal sections,
mounted on glass slides, and stained with cresyl violet.
The sections were then examined under a light-microscope
to find the bilateral sites of infusion and to ascertain
whether the sites were in the dorsal hippocampus. For
those animals whose sites of infusion were shown not to
be in the dorsal hippocampus, any collected data were
discarded.

2.5. Statistics

We used a one-way analysis of variance (ANOVA) in
most cases and a two-way ANOVA when specified. A
Tukey—Kramer test was performed to assess differences in
behavioral scores. A P value of 0.05 or less was considered
statistically significant.

3. Results
3.1. Evaluation of escape latency, traveled distance, and
swimming speed during the training days in the Morris

water maze

After 3 days of training in the Morris water maze for
all of our experiments, intact animals, as well as all

treated groups (i.e., animals selected to receive bilateral
infusion of either saline, DMSO, indomethacin or
celecoxib), learned how to find the hidden platform as
indicated by decreasing escape latencies and traveled
distance (Fig. 1A and B). There was a significant
difference (*P<0.01) between the third and the first day
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Fig. 1. Spatial navigation in the Morris water maze for experiment 1. The
figure shows that all groups of the animals (intact or treated as well as those
infused with saline, DMSO, indomethacin, and celecoxib) learned how to
find the hidden platform. There was a significant difference (*P<0.01) in
escape latency (A) and traveled distance (B) between the first and third day of
training. No significant difference was observed for speed of swimming
among first, second, and third day of training. Error bars in panels A—C show
the S.E.M.
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Fig. 2. Effect of DMSO infusion on memory retention test. In all
experiments, the testing trials were performed 48 h after any infusion.
DMSO caused no significant alteration in escape latency (A), traveled
distance (B), and swimming speed (C) during testing compared with those
of intact and animals infused with saline. Each bar graph shows
Mean+S.E.M. for 8 animals.

of training in terms of escape latency and traveled
distance for finding the hidden platform. The swimming
speed was not significantly affected by training days in
any of the animal groups (Fig. 1C).

3.2. Effects of DMSO on time and distance of finding hidden
platform during the test trials

We dissolved indomethacin and celecoxib in DMSO, and
DMSO was used as a vehicle. Post-training bilateral
infusion of DMSO (0.5 ul per infusion site) into the CAl

region of the hippocampus did not cause any significant
behavioral differences (i.e., in escape latency, travel
distance, or swimming speed) in rats compared to intact
and saline-infused groups (Fig. 2A, B, C).

3.3. Effects of indomethacin and celecoxib on escape
latency, traveled distance, and swimming speed during the
test trials

We performed the spatial memory retention test 48 h
after the drug infusions. Post-training bilateral infusion of
indomethacin (0.01, 0.1, or 1 M) into the CAl of the
hippocampus did not produce any statistically significant
changes (P>0.05) in escape latency and traveled distance
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Fig. 3. The indomethacin-infused rats did not show spatial deficit during the
testing trials. The escape latency (A) and traveled distance (B) were not
significantly increased by indomethacin infusions ( £>0.05) compared with
control group. The swimming speed in the indomethacin-infused animals
(C) did not show any significant changes. Each bar graph shows
Mean+S.E.M. for 8 animals.
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compared to the control group (Fig. 3A and B). Also, the
swimming speed was very similar in control and
indomethacin-infused groups, reflecting no motor distur-
bances (Fig. 3C). We also examined the effects of
intrahippocampal infusion of celecoxib (0.02, 0.06, or
0.1 M) on spatial memory retention. Bilateral infusion of
celecoxib (0.06 or 0.1 M) into the CAl of the hippo-
campus caused spatial memory deficits as shown in Fig.
4A and B. Compared to the control group, significant
differences (*¥**P<0.05) in escape latency and traveled
distance were observed only with 0.1 M celecoxib.
However, the swimming speed was very similar in
control and celecoxib-infused groups (Fig. 4C). An
increase in travel path following infusion of celecoxib
(0.1 M) was also shown in Fig. 5A and B. Compared to
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Fig. 4. The celecoxib-infused rats showed spatial memory deficit during the
testing trials. The escape latency (A) and traveled distance (B) were
significantly increased by celecoxib (0.1 M) infusions (**P<0.01)
compared with the control group. The swimming speed in the celecoxib-
infused animals did not show any significant changes (C). Each bar graph
shows Mean+S.E.M. for 8 animals.
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Fig. 5. Infusion of celecoxib increased travel path in the test day. Diagrams
A-B show representative traces of travel path following infusion of DMSO
(A) and 0.1 M celecoxib (B). The arrowheads designate swim starting
points and the solid circles designate the position of the hidden platforms.
Compared to DMSO, the travel path substantially increased with the
celecoxib infusion.

control group (A), the travel path substantially increased
by celecoxib infusion (B).

4. Discussion

In our present work, we employed the Morris water
maze to study spatial memory since performing the
related tasks in this maze depends on the hippocampus
(Brandeis et al., 1989). We found that a post-training
intrahippocampal infusion of the COX-2-specific inhibitor
celecoxib, but not the non-selective COX inhibitor
indomethacin (Gierse et al., 1999), significantly impaired
spatial memory in the Morris water maze with a hidden
platform when tested 48 h after training. Previous
findings from a somewhat similar study indicated that
peripheral injection of both the COX-2-specific inhibitor
NS-398 and the non-selective COX inhibitor indometha-
cin, but not the COX-1-specific inhibitor piroxicam,
impaired memory consolidation in a hidden platform
water maze task when tested 24 h after completion of
training trials (Teather et al., 2002). Their results
suggested that COX-2, but not COX-1, was important
in memory consolidation. In comparison, Teather et al.
obtained their findings by an intraperitoneal injection of
the COX inhibitors administered after training trials,
whereas in our study, we investigated the effects of
COX-2 inhibition by testing a selective COX-2 inhibitor
(celecoxib) compared to a non-selective COX inhibitor
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(indomethacin) infused directly into the CAl of the
hippocampus. Interestingly, our results with indomethacin
contradict findings of Teather et al. This could be in part
due to the fact that in our study, we used approximately
one-tenth the amount of indomethacin. It may also be
important to note that our test trials were performed 48 h
after training. Results from a separate study also indicated
that intrahippocampal infusion of celecoxib attenuated
memory acquisition in rats (Rall et al., 2003), suggesting
that COX-2 has a dual role in memory acquisition and
consolidation.

In our work, indomethacin and celecoxib were dis-
solved in DMSO (100%) for all infusions. We found that
DMSO was a suitable and effective solvent for these
drugs. In fact, DMSO-infused animals showed no signifi-
cant differences in escape latencies, traveled distance and
swimming speed when compared with intact or saline-
infused rats during testing trials. Therefore, it appeared that
DMSO infusions did not cause motor disturbances or have
significant effects on spatial memory parameters. The
effective use of DMSO as a vehicle has also been reported
by others (Naghdi et al., 2001; Packard et al., 1996).

We also observed no significant differences for swim-
ming speed among the first, second and third day of
training. In addition, the animals receiving indomethacin or
celecoxib infusions did not show any significant differ-
ences in swimming speed compared with the speed of
animals receiving saline or DMSO infusions (control
groups). These observations demonstrate that the infusions
caused no undesirable motor disturbances and give
credence to our conclusion that celecoxib infusions
impaired spatial memory retention in rats. Although swim
speeds were not affected, our results cannot rule out the
possibility, given that the hippocampus is probably not
mediating the swim behavior very much.

Understanding the cellular and molecular mecha-
nism(s) by which COX-2 inhibition impairs memory
retention 1is rather significant. Recent investigations
showed a role for prostaglandin E, (an arachidonic
metabolite) in neural plasticity (Andreasson et al., 2001;
Chen et al., 2002; Li et al., 2003; Teather et al., 2002).
For instance, it has been shown that administration of
exogenous prostaglandin E, overcomes the negative
effects of the COX-2 inhibitor NS-398 on spatial
memory retention in a water maze task (Chen et al.,
2002; Teather et al., 2002). It is worthwhile to mention
that prostaglandins have modulatory effects on adrener-
gic, noradrenergic, and glutaminergic transmission (Part-
ington et al., 1980; Kimura et al., 1985; Robinson et al.,
1989; Packard and Teather, 1997; Bezzi and Volterra,
2001; Amateau and McCarthy, 2002). These observations,
our data, and those of others (Rall et al., 2003; Teather et al.,
2002) point to a neuromodulatory role for COX-2-mediated
prostaglandin production in neural plasticity. It is conceiv-
able that our observed COX-2 inhibition and memory
retention deficit may be due to a reduction in prostaglandin

E, production, also suggested by previous findings in a
memory acquisition study (Rall et al., 2003).

In addition to modulating neurotransmission, prostaglan-
dins are involved in the regulation of acetylcholine receptor
sensitivity (Buccafusco et al., 1993). It is of interest to note
that acetylcholine has a regulatory effect on COX-2 activity
(Reichman et al., 1987), indicating a possible interaction
between the cholinergic system and prostaglandin pathways
in memory. Moreover, previously published reports suggest
an interactive role for the COX-2-mediated prostaglandin
pathway and the cholinergic system in neuronal plasticity
(Bugajski et al., 2002). Therefore, it is reasonable to assume
that the observed deficit in spatial memory retention
(induced by COX-2 inhibition) found in this and other
selected studies may be in part due to a reduction in
expression of cholinergic markers, such as choline acetyl-
transferase and vesicular acetylcholine transporter. To test
this possibility in the future, expression of choline acetyl-
transferase and vesicular acetylcholine transporter proteins
in the hippocampus should be determined by immunohis-
tochemistry and/or by Western blot analysis, and should be
quantified following the infusion of celecoxib.

In contrast to our findings, some investigators recently
showed that COX-2 up-regulation during stressful condi-
tions such as cerebral ischemia caused learning deficits (Li
et al., 2003). Their findings indicated that intermittent
hypoxia-induced COX-2 up-regulation was associated with
increased prostaglandin E, tissue levels, neuronal apoptosis
and neurobehavioral deficit. Furthermore, NS-398 treatment
attenuated intermittent hypoxia-induced deficit in the
acquisition and retention of a spatial task in the Morris
water maze (Li et al., 2003). This controversy could be
related to different physiological functions of COX-2 in the
mammalian central nervous system, particularly in patho-
logical conditions.

In our study, the effects of indomethacin as a non-
selective COX inhibitor on escape latency and traveled
distance were not significant. Different behavioral results
obtained by various COX inhibitors indicate that COX-1
and COX-2 enzymes may not act similarly (Breder et al.,
1995), and it is possible that the function of COX-1 in
spatial memory retention in the brain is different from that
of COX-2 or that COX-1 has a role in spatial memory
retention at the early steps of memory formation. Also, it is
possible that the concentrations of indomethacin we chose
in our study were not high enough to impair memory
retention.

It is worth mentioning that, in our study, the main
objective was to evaluate the effects of drug infusion on
memory retention. Drug infusions were performed only
after all training trials were completed. It is possible that a
lower dose of the drug, infused after each day of training
would have been more effective in impairing spatial
memory retention, but this would complicate the inves-
tigation by introducing possible effects on memory acquis-
ition. It is also worth reiterating that, in our work, spatial
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memory retention was tested 48 h after the infusion of COX
inhibitors. However, the duration of training, number of
trials, type of learning tasks, and testing time may all be
important in the assessment of physiological function of
COX isozymes in memory formation processes. Effects of
changing these parameters will be addressed in our future
studies.

In conclusion, our data demonstrate that endogenous
COX-2 activity in the dorsal hippocampus is necessary for
spatial memory retention. Further research is needed to
reveal the cellular and molecular mechanism(s) mediating
the role of COX-2 in spatial memory retention.
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