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Non-steroidal anti-inflammatory drugs (NSAIDs) are commonly used for the treatment of
peripheral pain and inflammation, with millions of people using over-the-counter and
prescription NSAIDs daily. The principal target of NSAIDs is cyclooxygenase (COX), the
requisite enzyme for synthesis of potent lipid mediators called prostanoids. COX exists in two
isoforms: COX-1 appears to be constitutively expressed in many tissues and is responsible for
homeostatic production of prostanoids. In contrast, COX-2 is often considered an inducible
isoform and a principal contributor to peripheral inflammation via production of prostaglandin
E2 (PGE2) [30]. Since chronic COX-1 inhibition is associated with side effects such as
gastrointestinal bleeding and ulcers [6,38], COX-2 inhibition became a mainstay therapy in
treatment for rheumatoid arthritis, osteoarthritis, and other chronic inflammatory conditions
[33].

The production of COX-2 by neurons and glia is a common characteristic of neuroinflammation
associated with central nervous system injury [19], neurodegenerative disease [12,26,28], and
aging [23,47]. Furthermore, changes in COX-2 expression and activity are associated with
pathology-associated cognitive decline [2,7,27]. However, in the absence of inflammation,
COX-2 appears to contribute to constitutive neural function as it is expressed in neurons [5,
48], regulated by synaptic activity [8,22,32], and integral in hippocampal long-term
potentiation (LTP) and depression (LTD) [9,29,32].

Surprisingly, only a handful of studies have investigated the role of COX-2 in normal learning
and memory. Collectively, the results show that COX-2 inhibition via intracerebral or
peripheral NSAID administration corresponds to diminished retention in hippocampal-
dependent spatial memory tasks in adult male rats [36,40,43]. Considering the anticipation of
cognitive assessment in transgenic mouse models of inflammation that incorporate NSAID
treatment, the aim of the present study was to examine the role COX-2 in the spatial memory
in mice to determine if systemic administration of the COX-2 selective inhibitor NS-398
influences hippocampus-dependent learning as demonstrated in rats. Our investigation
included female mice to address reported sex differences in normal mnemonic processes [3,
14,45] and the potential for sex to influence constitutive COX-2 activity.

All protocols complied with the National Institute of Health’s Guide for the Care and Use of
Laboratory Animals and were approved by the Santa Clara Univerisity Institutional Animal
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Care & Use Committee. Male (n =15) and female (n= 16) C57BL/6J mice (12 weeks-old) from
Jackson Laboratory (Bar Harbor, ME) were utilized in the study. All mice were handled
approximately five minutes per day for one week prior to behavioral assessment. Mice were
grouped by sex (four per cage) in a 12-hour light/dark cycle room.

Mice were administered intraperitoneal injections (0.1 mL) of vehicle (10% dimethyl sulfoxide
(DMSO) in 0.15 M phosphate buffer) or NS-398 (10 mg/kg in vehicle solution; Cayman
Chemical, Ann Arbor, MI) six hours prior to behavioral assessment on each day. The testing
apparatus was constructed using a black, plastic circular tub (80 cm diameter, 12 cm deep)
filled with water (25±2°C) made opaque using non-toxic white tempera paint. A removable
plexiglass 10 cm2 platform was placed in the water approximately one centimeter below the
surface of the water. Visual cues were placed in various locations of the testing room (8′ × 8′).
For two days preceding spatial training, mice were introduced to the water and allowed four
45-second swimming periods.

The spatial learning protocol was adapted from previous rodent studies [18,43] and consisted
of one day of acquisition containing 8 trials separated into 2 sets of 4 trials. Inter-trial and inter-
set intervals were 10 and 120 minutes. Retention of spatial learning was tested twenty-four
hours following the onset of acquisition using the same trial schedule. For each trial, mice were
placed in the maze at one of four designated drop points in a pseudo-random order that allowed
each drop point to be represented within each set. A maximum of 45 seconds was allowed for
discovery of the hidden platform. If the platform was not found within the allotted time, mice
were guided to the platform. For all trials, latency (time to find the platform; seconds), path
length (distance traveled; meters), swim speed (meters/second) and perimeter distance (percent
of distance traveled in outer 50% of tank) were recorded using commercial tracking software
(ANY-Maze®, Stoelting Co., Chicago, IL). In addition, total distance traveled on each testing
day was calculated by summing path length measurements across the eight trials. Two-way
ANOVAs with repeated measures (trials) were performed to assess the effects of sex and
treatment on acquisition and retention days for each task (SPSS, Inc; Chicago, IL ). One-way
ANOVAS were utilized to compare summed path length and perimeter travel indices. Post-
hoc comparisons between the four experimental groups (Female Vehicle, Female NS-398,
Male Vehicle, Male NS-398) were made using Tukey’s HSD multi-comparison test. An alpha
level of 0.05 was necessary to reject the null hypothesis and to consider the data statistically
significant.

As reported in Table 1, we found no significant main or interaction effects of sex or treatment
on the latency, path length, and swim speed on initial day of spatial training. Acquisition rate
was similar in all groups as reflected in a significant trial effect for latency [F(7, 189)=10.883
P<0.001] and path length [F(7, 189)=16.389, P<0.001] with no interaction effects of sex or
treatment (Figure 1). During the retention trials, an effect of sex on swim speed approached
significance [F(1, 27)=3.967, P=0.057], with females demonstrating faster swim rates (Figure
1C). Therefore, path length was considered a more appropriate measure of retention as it was
minimally affected by swimming speed. Although no main sex or treatment effect of sex was
found on the retention day of spatial training (Table 1), we did find a significant sex × treatment
interaction [F(1,27)=5.510, P=0.026] on retention trial path length with post-hoc Tukey
analysis indicating that NS-398-treated female mice traveled greater path lengths across the 8
retention trials (34.8 ± 10.6 m) relative to vehicle-treated female mice (23.72±7.2 m; p=0.046)
(Figure 2). Further analysis of spatial retention strategy revealed a significant sex × treatment
interaction on proportion of path length traveled in the perimeter of the tank during the retention
trials [F(1,27)=14.4, P=0.001] with NS-398 treatment associated with greater perimeter travel
in female mice. Specifically, this distinction between female treatment groups was apparent
on the initial retention trial (Vehicle: 20.8±10% vs. NS-398: 46.1±11%; p=0.012; Figure 3],
suggesting an NS-398-related deficit in overnight memory retention and/or retrieval that

Guzmán et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2010 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



persisted throughout the remaining trials. Our results suggest that administration of NS-398,
a COX-2 inhibitor, prior to spatial training and retention performance impairs memory on a
spatial task in female C57BL/6 mice without influencing male performance. To our knowledge,
this is the first report of a sexual dimorphism of COX-2 influence in spatial memory in normal
mice.

Given the identified roles of PGE2 in hippocampal long-term potentiation [8,9,11], it is not
surprising that inhibition of its production may influence hippocampal-dependent tasks such
as spatial memory. Previous reports assessing rodent behavior have demonstrated the role of
COX-2 in spatial memory performance in male rodents. Similar to data collected following
bilateral intrahippocampal infusion of the COX-2-inhibiting celecoxib in male rats[40],
Teather and colleagues [43] reported that intraperitoneal administration of a COX non-selective
inhibitor (indomethacin) or a COX-2-selective inhibitor (NS-398) immediately following one
day of training on the hidden platform task was associated with increased escape latencies on
retention trials 24 hours later. Interestingly, no difference in retention rates were observed when
inhibitors were given 2 hours following spatial training, suggesting a time-dependent role of
COX-2 in memory consolidation [25]. Although we observed similar performance deficits in
female C57BL/6 mice at 24 hours post-training, we did not see any effect of COX-2 inhibition
in male mice. This sex-dependent effect of NS-398 may be due to a difference in drug
metabolism with consideration to the critical window of its influence on memory processes.
Pharmacokinetic studies in male rats estimate the terminal half-life of nimesulide, a methane
sulfonanilide COX-2 inhibitor with similar chemical structure to NS-398, to be 4.5 hours and
6.1 hours following intravenous and oral administration, respectively [35]. This metabolic time
frame is similar to that of the COX-2-specific inhibitor celecoxib in male rats; however, female
rats have shown an extended celecoxib half-life of 12 hours [31]. Although no influence of
gender on pharmacokinetic indices of nimesulide was found in humans [4], if NS-398 is
sensitive to sex steroid-influenced metabolic enzymes as suggested by celecoxib, its levels at
completion of acquisition training may have decreased below the criterion concentration
necessary to impair memory consolidation in male mice [40,43]. Future investigation of
NS-398 dose and dosing schedules is required to determine at what systemic dose, if any, male
C57BL/6 mice exhibit COX-2-dependent memory dysfunction. Furthermore, inclusion of
treatment groups that are only administered NS-398 to mice immediately following acquisition
or prior to retention trials will distinguish the role of COX-2 in memory consolidation versus
retrieval of spatial learning, respectively.

Although we did not find a treatment effect on acquisition of the spatial learning task, we must
acknowledge that NS-398 was in circulation and may have had a subtle impact on learning that
was not detected by our measurements. A previous report presented increased latency and path
length for acquisition trials following intrahippocampal infusion of celecoxib in rats [36],
suggesting that COX-2 is necessary for spatial learning. In addition to an assumed difference
in dose given the variation in drug administration (systemic vs. intrahippocampal), our lack of
NS-398 influence may be due to a species difference, as rate of spatial acquisition and
acquisition strategy differ between mouse and rat [15,46]. In addition, our water maze apparatus
had a search ratio (tank diameter: platform) smaller than comparable studies in rats, a factor
that has been associated with steeper learning curves and greater difficulty in assessing learning
[46].

The role of estrous stage on spatial memory in C57BL/6 mice has been addressed by other
researchers [13]. Vaginal smears were collected twice during this experiment to assess estrous
stage in a subset of the female mice (n=12). Cytological analysis of vaginal smears identified
females as estrus (cornified epithelial cells) or metestrus/diestrus (presence of leukocytes with
few nucleated epithelial cells ) on day of acquisition training. When considering estrous stage
and drug as between-subjects factors, we found a notable interaction effect on path length of
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acquisition trials [p=0.07]. However, estrous stage did not have a significant impact on overall
path length or perimeter swimming across the retention trials. Given the small sample sizes for
each estrous stage and treatment group in this experiment, a larger scale study is necessary to
accurately examine the factor of estrous stage in COX-2-mediated memory.

Sex differences in memory performance have been observed in young naïve rats and mice,
however other groups, including this report, have reported no differences (for review, see
[21]). Several mechanisms have been described as mediating the variations in performance,
including circulating sex steroid hormones [17,20,39], estrogen receptors[16,37], and/or the
cholinergic system [3,24,44]. These factors may intersect with prostaglandin production as
COX-2 activity in brain is increased with estradiol administration [1] and mediates nAChR
signaling in spatial memory [41]. Therefore, our results may represent an interaction between
COX-2-dependent PGE2 production and sex hormone-influenced synaptic plasticity.

In conclusion, our data suggest that COX-2 activity influences mnemonic processes in C57BL/
6 mice in a sex-dependent manner. Previous studies report sex as a factor in response to
inflammatory-related conditions with particular attention given to estrogen [34,42] and COX-2
[10,27], encouraging research to consider female subjects in rodent models of inflammatory
disorders. By suggesting that normal female mice, in absence of inflammation, exhibit memory
impairment following NS-398 treatment, our results may be critical in designing and
interpreting future experiments that examine the cognitive effects of NSAID treatment during
inflammation in both sexes.
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Figure 1.
Mean latency (A), path length (B), and swim speed (C) of each trial during acquisition (Day
1) and retention (Day 2) of the spatial task. Each data point represents the mean (± SEM) for
each experimental group.
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Figure 2.
NS-398 treatment prior to spatial task performance increases path length across retention trials.
Path lengths across eight trials were summed for each animal on each day. Each column
represents the mean (± SEM) of total distance traveled on acquisition (grey) and retention
(black) days. * indicates p<0.05 between the indicated experimental groups as determined by
post-hoc analysis.
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Figure 3.
NS-398 treatment increases perimeter travel in female C57/BL6J mice. A) Selected traces
(ANY-maze, Stoelting Co. Chicago, IL) representing mean perimeter path lengths of first
retention trial for each experimental group. B) Percent of retention trial distance traveled in
perimeter of tank. Each column represents the retention trial mean (+ SEM) for each
experimental group. * indicates p<0.05 between the indicated experimental groups as
determined by post-hoc analysis.
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