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Age-associated alterations in constitutively
expressed cyclooxygenase-2 immunoreactivity
and protein levels in the hippocampus
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Abstract. Cyclooxygenase-2 (COX-2) is a known inducible
inflammatory mediator. COX-2 is constitutively expressed in
the hippocampus and may regulate synaptic plasticity. The
present study investigated the age-associated alterations in
white blood cell counts and hippocampal COX-2 expression
in healthy mice using immunohistochemical and western blot
analyses at 1 month postnatal (PM1), PM3, PM6, PM12 and
PM24. White blood cell counts were significantly decreased in
the PM24 group when compared with the PM1 group. In addi-
tion, lymphocyte counts were decreased in the PM24 group
when compared with all other groups. By contrast, monocyte,
neutrophil and eosinophil counts were increased in the PM24
group; however, this did not reach statistical significance.
COX-2 expression was identified in the granule cells of the
dentate gyrus and in the pyramidal cells of the hippocampal
CA2/3 region. COX-2 immunoreactivity was maintained until
PM18, however, the levels significantly decreased by PM24.
These results suggest that, despite alterations in the differential
white blood cell counts, the significant decrease in constitutive
COX-2 expression in the hippocampus may be associated with
degenerative age-associated alterations in synaptic plasticity
in the hippocampus.
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Introduction

Cyclooxygenases (COXs) are major inflammatory mediators
that catalyze the production of thromboxane and prostaglan-
dins from arachidonic acid. COXs consist of COX-1 and
COX-2, and they possess 65% amino acid sequence homology
and virtually identical catalytic sites (1). Among these, COX-2
has attracted the majority of attention, as it is induced by
inflammation. COX-2 is constitutively expressed in specific
organs, including the brain, thymus, gut and kidneys (2), and
constitutive expression of COX-2 in the brain is considered to
serve a major role in synaptic plasticity, with prostaglandins
generated by COX-2 modulating local cerebral blood flow and
learning (3-6). Previous studies have demonstrated that tread-
mill exercise significantly increases neurogenesis and COX-2
immunoreactivity in the rat hippocampus (7,8). In addition, the
pharmacological or genetic inhibition of COX-2 significantly
reduces constitutive COX-2 immunoreactivity, as well as the
number of differentiated neuroblasts in the hippocampus (7,9).

As life expectancy continues to increase, ~20-30% of the
population are likely to be >65 years of age by the year 2030
in the USA (10-12). Therefore, it is important to understand the
alterations in physiological parameters and synaptic plasticity
that occur during normal healthy aging, not just in neuro-
degenerative conditions. A number of previous studies have
demonstrated that synaptic plasticity significantly decreases
with increasing age in healthy animals (13-15).

Accumulating evidence has demonstrated that COX-2
is significantly upregulated in the brain of patients
with Alzheimer's disease (16,17). The administration of
non-steroidal anti-inflammatory drugs reduces the risk of
Alzheimer's disease (18-20). However, there are a limited
number of studies investigating constitutive COX-2 immuno-
reactivity and protein levels in the hippocampus during aging
of healthy individuals. Therefore, the aim of the present study
was to investigate age-associated alterations in COX-2 immu-
noreactivity and protein levels in the hippocampus in naive
healthy mice.
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Materials and methods

Experimental animals. A total of 50 male mice [postnatal
month (PM)1; 14-17 g, PM3; 25-28 g, PM6; 28-32 g, PM12;
31-36 g, PM24; 30-34 g] were purchased from Japan SLC Inc.
(Shizuoka, Japan). They were housed under standard conditions
with adequate temperature (22°C) and humidity (60%) control,
12-h light/12-h dark cycles and access to food and water ad
libitum. The handling and care of the animals conformed to the
guidelines established to comply with current international laws
and policies (National Institutes of Health Guide for the Care
and Use of Laboratory Animals, NIH Publication No. 85-23,
1985, revised 1996) and were approved by the Institutional
Animal Care and Use Committee of Seoul National University
(Seoul, Republic of Korea). Animals were equally divided into
the following 5 groups (n=10 in each group): PM1, PM3, PM6,
PM12 and PM24 groups. All experiments were conducted in
an effort to minimize the number of animals used and the
suffering caused by the procedures employed.

Blood sampling. The blood from mice in each group was used
for immunohistochemical and western blot analyses, and was
retrieved from the retro-orbital sinus for collection in blood
collection tubes containing 3.8% sodium citrate. Total blood
cell counts were measured using the HEMAVET® 950 (Drew
Scientific Inc., Miami Lakes, FL, USA) within 5 h after collec-
tion. The analyzer required a volume of 20 yul of whole blood
for a successful measurement; therefore, 50-60 ul of blood was
collected. Blood sample was maintained at 25°C for at least
5 min prior to measurement in order to stabilize the cells.

Tissue processing. For histological analysis, the animals (n=5
in each group) at PM1, 3, 6, 12 and 24 were anesthetized with
intraperitoneal injection of 1.5 g/kg urethane (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) and the blood was
retrieved from the retro-orbital sinus and collected in tubes
containing 3.8% sodium citrate. The animals were perfused
transcardially with 0.1 M phosphate-buffered saline (PBS,
pH 7.4) followed by 4% paraformaldehyde in 0.1 M PBS
(pH 7.4). The brains were removed and postfixed in the same
fixative at 25°C for 12 h prior to undergoing cryoprotection via
overnight storage in 30% sucrose. Serial coronal brain sections
(30-um in thickness) were generated using a cryostat (Leica
Microsystems GmbH, Wetzlar, Germany) and transferred to
6-well plates containing PBS for further processing.

Immunohistochemistry. In order to ensure that the immuno-
histochemical data were comparable between groups, sections
were carefully processed under parallel conditions. Tissue
sections located at a distance of 90 ym from each other were
selected from an area between 1.46 and 2.46 mm posterior
to the bregma, as defined by a mouse atlas (21). A total of 10
samples of tissue sections located at a distance of 90 gm from
each other were sequentially incubated with 0.3% hydrogen
peroxide in PBS for 30 min and 10% normal goat serum (S-1000,
Vector Laboratories, Inc., Burlingame, CA, USA) in 0.05 M
PBS for 30 min at 25°C. Sections were then incubated with a
rabbit anti-COX-2 antibody (dilution, 1:200; cat. no. 160126;
Cayman Chemical Company, Ann Arbor, MI, USA) overnight
at room temperature. Sections were then incubated with
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biotinylated goat anti-rabbit IgG secondary antibody (dilution,
1:200; cat. no. BA-1000; Vector Laboratories, Inc.) for 2 h at
25°C, followed by a streptavidin-peroxidase complex (dilution,
1:200; cat. no. SA-5004; Vector Laboratories, Inc.) for 1 h at
room temperature. Immunostaining was visualized by reac-
tion with 3,3'-diaminobenzidine (1 mg/ml in 0.1 M Tris-HCl
buffer; pH 7.2). Sections were dehydrated and mounted on
gelatin-coated slides in Canada balsam (Kanto Chemical, Co.,
Inc. Tokyo, Japan).

Analysis of the hippocampal CA2/3 region and dentate
gyrus was performed using an image analysis system and
Imagel] software (version 1.50; National Institutes of Health,
Bethesda, MD, USA). Digital images of the mid-point of each
region were captured using an Olympus BX51 light micro-
scope (Olympus Corporation, Tokyo, Japan) equipped with
a digital camera (DP72; Olympus Corporation) connected to
a computer monitor. Images were calibrated into an array of
512x512 pixels corresponding to a tissue area of 1,200x900 ym
(primary magnification, x100). Each pixel resolution was 256
gray levels and the intensity of COX-2 immunoreactivity was
evaluated by the relative optical density (ROD), which was
obtained following transformation of the mean gray level
using the following formula: ROD=log,, (256/mean gray level).
The ROD of background staining was determined using the
unlabeled portions of the sections using Photoshop CC 2015
software (Adobe Systems Inc., San Jose, CA, USA), and this
value was subtracted to correct for nonspecific staining using
Imagel] software (version, 1.50; National Institutes of Health).
Data are expressed as a percentage of the PM1 group values
(set to 100%).

Western blot analysis. To quantify alterations in COX-2
expression levels in the hippocampus, animals were eutha-
nized with intraperitoneal injection using 1.5 g/kg urethane
(Sigma-Aldrich; Merck KGaA) at PM1, 3, 6, 12 and 24 (n=5
from each group) and their brains were removed. Tissues
were dissected for use in western blot analysis. Briefly, brain
tissue sections (500-ym in thickness) were produced using a
vibratome (Leica Microsystems GmbH) and the hippocampal
region was dissected out using a surgical blade. Hippocampal
tissues were homogenized in 50 mM PBS (pH 7.4), containing
0.1 mM ethylene glycol-bis (2-aminoethylether)-N,N,N',
N'-tetraacetic acid (pH 8.0), 0.2% Nonidet P-40, 10 mM
ethylenediaminetetraacetic acid (pH 8.0), 15 mM sodium pyro-
phosphate, 100 mM (-glycerophosphate, 50 mM NaF, 150 mM
NaCl, 2 mM sodium orthovanadate, | mM phenylmethyl-
sulfonyl fluoride and 1 mM dithiothreitol (DTT). Following
centrifugation for 5 min at 16,000 x g at 4°C, the protein
levels in the supernatants were determined using a Micro
BCA Protein assay kit (Pierce; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) according to the manufacturer's proto-
cols. Aliquots containing 20 ug total protein were denatured
by boiling in loading buffer containing 150 mM Tris (pH 6.8),
3 mM DTT, 6% sodium dodecyl sulfate, 0.3% bromophenol
blue and 30% glycerol. Each aliquot was loaded onto a 12%
polyacrylamide gel. Following electrophoresis, proteins were
transferred to nitrocellulose membranes (Pall Corporation,
Port Washington, NY, USA), which were then blocked in
5% non-fat dry milk in PBS containing 0.1% Tween 20 for
45 min at 25°C. Membranes were subsequently incubated with
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Table I. Age-associated alterations in white blood cell counts in C57BL/6 mice.

Cell count (cells/ul) PM1 PM3 PM6 PM12 PM24
White blood cells 3,282+296 3,101+263 3,158+285 2,869+259 2.471+301°
Lymphocytes 2,820+275 2,571+284 2,683+280 2,410+273 1,629+225%¢
Monocytes 52.3+74 46.9+6.9 58.4+8.2 62.1+8.5 99.7£19.4
Neutrophils 385.6+48.2 401.3x41.7 418.7+49.8 488.1+63.8 720.8+115.2
Eosinophils 13.6+1.79 14.5+2.02 12.7£1.75 13.3+2.08 14.2+2.38
Basophils 3.1x1.3 37+1.1 3.5+1.6 43x1.3 5.6x1.5

“P<0.05 vs. PM1 group; "P<0.05 vs. PM3 group; ‘P<0.05 vs. PM6 group; ‘P<0.05 vs. PM12 group. PM, postnatal month.
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Figure 1. Immunohistochemical staining for COX-2 in the mouse hippocampus in the (A) PM1, (B) PM3, (C) PM6, (D) PM12 and (E) PM24 groups (scale
bar, 200 ym). COX-2 immunoreactivity was constitutively observed in the granule cell layer of the DG and the SP of the hippocampal CA2/3 region. Of note,
COX-2 immunoreactivity was significantly decreased in these regions in the PM24 group. (F) ROD values for each section are expressed as a percentage of the
COX-2 immunoreactivity detected in the dentate gyrus and hippocampal CA2/3 region of mice in the PM1 group (n=5/group; "P<0.05 vs. PM1 group; *P<0.05
vs. PM3 group; ¥P<0.05 vs. PM6 group; “P<0.05 vs. PM12 group). Data are presented as the mean + standard error. COX-2, cyclooxygenase-2; ROD, relative
optical density; PM, postnatal month; DG, dentate gyrus; SP, stratum pyramidale.

a rabbit anti-COX-2 antibody (dilution, 1:500; cat. no. 160126;
Cayman Chemical Company) overnight at 4°C. Detection was
performed using peroxidase-conjugated anti-rabbit IgG (dilu-
tion 1:200; cat. no. PI-1000; Vector Laboratories, Inc.) for 2 h
at 25°C and an enhanced luminol-based chemiluminescent kit
(Pierce; Thermo Fisher Scientific, Inc.) for 1 min. The blots
were scanned, and densitometry analysis was performed
using Scion Image software (version 4.0.3; Scion Corporation,
Walkersville, MD, USA). Blots were stripped and reprobed
with an antibody against (-actin (dilution 1:2,000; cat.
no. ab8227; Abcam, Cambridge, UK) overnight at 4°C as an
internal loading control. Data were normalized to the [3-actin
level in each lane.

Statistical analysis. Data are presented as the mean + standard
error. Differences among the means of each group were analyzed
by one-way analysis of variance followed by a Bonferroni's post
hoc test using GraphPad Prism software (version 5.01; GraphPad
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Age-associated alterations in white blood cell counts. The
total white blood cell count began to decrease from PM12,
and was significantly decreased in the PM24 group when
compared with the PM1 group (Table I). Similarly, the
lymphocyte count was significantly decreased in the PM24
group when compared with that of the PM1, PM3, PM6 and
PM12 groups. By contrast, monocyte, neutrophil, eosinophil
and basophil counts demonstrated a tendency to increase in
the PM24 group, however, this did not reach statistical signifi-
cance when compared with the other groups (Table I).

COX-2 immunoreactivity. In the PM1 group, COX-2 immu-
noreactivity was identified in particular granule cells of the
dentate gyrus in addition to the pyramidal cells of the hippo-
campal CA2/3 region (Fig. 1A). In the PM3 to PM12 groups,
the pattern of COX-2 immunoreactivity distribution was
similar to that observed in the PM1 group. However, COX-2
immunoreactivity in the dentate gyrus was significantly
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Figure 2. Western blot analysis of COX-2 expression, which is expressed
relative to COX-2 expression in the PM1 group and normalized to -actin
(n=5/group; “P<0.05 vs. PM1 group; *P<0.05 vs. PM3 group; P<0.05 vs. PM6
group; “P<0.05 vs. PM12 group). Data are presented as the mean + standard
error. COX-2, cyclooxygenase-2; ROD, relative optical density; PM, postnatal
month.

decreased in the PM3 group when compared with the PM1
group (Fig. 1). COX-2 immunoreactivity was increased in the
dentate gyrus of the PM6 group when compared with the PM3
group; however, COX-2 immunoreactivity was lower in the
dentate gyrus of the PM6 group when compared with the PM1
group (Fig. 1). In the PM12 group, COX-2 immunoreactivity in
the dentate gyrus was similar to that of the PM6 group (Fig. 1).
However, COX-2 immunoreactivity in the CA2/3 region was
not significantly altered in the PM1 to PM12 group. In the
PM24 group, COX-2 immunoreactivity was significantly
decreased in the dentate gyrus and the hippocampal CA2/3
region when compared to the other groups (Fig. 1). In this
group, weak COX-2 immunoreactivity was identified in the
hippocampal CA1 region.

COX-2 protein levels. Western blot analysis of brain tissue
sections from mice in the PM1, PM3, PM6, PM12 and PM24
groups demonstrated results similar to the immunohistochem-
ical analysis of COX-2 expression in the hippocampus. COX-2
protein levels were significantly decreased in the hippocampal
homogenates of the PM24 group when compared with the
other groups (Fig. 2).

Discussion

COX-2 is an inducible inflammatory mediator, which is consti-
tutively expressed in the brain, kidney, gut and thymus (2). In
particular, the constitutive expression of COX-2 is enriched
in the hippocampus and cortex (3). In the brain, basal
expression of COX-2 is regulated by N-methyl-D-aspartate
receptor-dependent synaptic activity. In addition, induction
of long-term potentiation by high-frequency stimulation
increases COX-2 expression (22).
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Previous studies have demonstrated that constitutive COX-2
expression is closely associated with neuroblast differentiation
in the dentate gyrus (7,9). The present study observed
age-associated alterations in constitutive COX-2 expression in
the hippocampus. COX-2 immunoreactivity was identified in
the granule cells of the dentate gyrus, and the pyramidal cells
of the hippocampal CA2/3 region. This result is consistent
with previous studies involving mice and rats (7,9). In humans,
significant neuronal COX-2 immunoreactivity has been
identified in the CA3 region, subiculum, entorhinal cortex and
transentorhinal cortex (17). The present study demonstrated
that COX-2 immunoreactivity was significantly decreased in
the dentate gyrus and hippocampal CA2/3 region of PM24 mice
when compared with younger mice. This result was supported
by those of a previous study, which demonstrated that COX
protein levels are reduced in the aged (18 months of age) cortex
of male and female rats when compared with sex-matched
young (3 months of age) rats (23). In addition, COX-2 mRNA
levels were observed to be significantly decreased at PM30,
and not at PM24, in hippocampal homogenates, with a 2-fold
increase in brain thromboxane B, levels in PM24 and PM30
groups (24). However, in the female rhesus monkey, COX-2
protein levels in the hippocampus were maintained at a
constant level with increasing age, while COX-2 protein levels
were significantly decreased in the frontal pole of middle-aged
(8-11 years of age) rhesus monkeys when compared with
younger (2-5 years of age) monkeys (25).

A previous study revealed a significant increase in COX-2
immunoreactivity in the gerbil hippocampal CAl region in
PM18 and PM24 groups when compared with PM1, PM3,
PM6 or PM12 groups (26). However, this increase in COX-2
immunoreactivity was not observed in additional brain
regions. These results contrast those of the present study, and
may be associated with the inflammatory status of the animals.
The present study confirmed that mice were not in a state of
inflammation using white blood cell analysis. All white blood
cell parameters were within the normal range in the PM24
group, although the lymphocyte counts were at baseline
levels (27,28). The parameters were similar to those identified
in a previous study (29), which demonstrated that total white
blood cell and lymphocyte counts decrease with age, while
neutrophil, monocyte and eosinophil counts increase in mice.
However, in humans, lymphocyte counts are significantly
decreased in the first two decades and remain constant for the
following three decades, and demonstrate a more prominent
decrease thereafter (30).

In the present study, the observed decrease in COX-2
immunoreactivity in the hippocampus of aged mice may have
been associated with decreased synaptic plasticity. Previous
studies have identified that adult neurogenesis decreases with
age (31-34). In addition, it was demonstrated that treadmill
exercise increased neural plasticity and COX-2 expression in
the dentate gyrus (7). Furthermore, the concentration of arachi-
donic acid in the cell membrane was significantly decreased in
the hippocampus of aged (22 months of age) rats compared
with that of younger adults (4 months of age) (35). Treatment
with arachidonic acid ameliorated the age-associated impair-
ments of long-term potentiation (35).

In conclusion, constitutive COX-2 expression was identified
in the granule cells of the dentate gyrus and pyramidal cells
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of the hippocampal CA2/3 region in PM1, PM3, PM6, PM12
and PM24 mice. COX-2 expression was significantly reduced
in these regions in PM24 mice in the absence of any significant
increases in the white blood cell count, when compared with
younger mice. These results suggest that a reduction in constitu-
tive COX-2 expression may be correlated with an age-associated
decrease in synaptic plasticity in the hippocampus.
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