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Inducible cyclooxygenase-2 (COX-2) has received much attention because of itsrole in neuro-inflammation and synaptic plasticity. Even
though COX-2 levelsarehighin hedthy animas, thefunction of thisfactor in adult neurogenesishas not been clearly demonstrated. Therefore,
we performed the present study to compare the effects of pharmacol ogica and geneticinhibition of COX-2 on adult hippocampa neurogenesis.
Physiological saline or the same volume containing celecoxib was administered perorally every day for 5 weeks using a feeding needle.
Compared to the control, pharmacologica and genetic inhibition of COX-2 reduced the appearance of nestin-immunoreactive neural stem
cdls, Ki67-positive nuclel, and doublecortin-immunoreactive neuroblasts in the dentate gyrus. In addition, a decrease in phosphorylated
cAMP response element binding protein (pCREB) at Ser133 was observed. Compared to pharmacological inhibition, genetic inhibition of
COX-2resulted in significant reduction of neura stemcells, cell proliferation, and neuroblast differentiation aswell aspCREB levels. These
results suggest that COX-2ispart of the molecular machinery that regulatesneural stemcells, cell proliferation, and neuroblast differentiation
during adult hippocampa neurogenesisviapCREB. Additiondly, geneticinhibition of COX-2 strongly reduced neura stem cell populations,

cell proliferation, and neuroblast differentiation in the dentate gyrus compared to pharmacol ogica inhibition.

Keywords: cell proliferation, cyclooxygenase-2, hippocampus, neural stem cells, neuroblast differentiation

Introduction

Cyclooxygenase (COX) exists as two subtypes: COX-1 and
COX-2. The participation of congtitutive COX-1 in neuro-
inflammation has been studied, and the inhibitory role of this
factor in adult neurogenesis has been recently demonstrated
[33]. COX-2, which is induced in response to inflammatory
stimuli, plays an essentia role in the pathological process of
neurodegeneration [5,11] and tumor formation [14]. In the
centra nervous system, inhibition of COX-2 gpecificaly
attenuates the deleterious effects of amyotrophic latera
sclerosis[5], Alzheimer’sdisease[11], infarction [4], radiation
injury [17], and epilepsy [35]. Physiologically, COX-2 is
expressed at lower levels under norma conditions compared to
inflammeatory states. Additionally, the expression of thisprotein

in the brain and kidneys is higher than that in other organs
[2,37]. Research on the physiological role of COX-2 has been
conducted, especially in relation to synaptic plasticity, using
eectrophysiologica techniques [3,40]. Furthermore, COX-2
was found to be involved in memory acquisition [29],
consolidation [38], and retrieva [36] in the hippocampus.
During the process of memory formation, new neurons
generated by adult hippocampa neurogenesis are primarily
responsible for long-term potentiation (LTP) [20,21]. It has
been reported that the two forms of synaptic plasticity, LTP
[20,21] and long-term depression (LTD) [1], areinvolved inthe
underlying mechanism of memory.

Celecoxib specificaly inhibits COX-2[10] by binding to the
upper portion of the active site, thereby preventing its substrate
arachidonic acid from entering the active site [7]. In COX-2

Received 7 May 2014, Revised 6 Oct. 2014, Accepted 6 Nov. 2014

*Corresponding author: Tel: +82-2-880-1264; Fax: + 82-2-871-1752; E-mail: ysyoon@snu.ac.kr

pISSN 1229-845X
elSSN 1976-555X

Journal of Veterinary Science - (©) 2015 The Korean Society of Veterinary Science. All Rights Reserved.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



246 Sung Min Nam et al.

knockout (COX-2-KO) mice, the prostaglandin-endoperoxide
synthase 2 (Ptgs2) gene, which encodes arate-limiting enzyme
that transforms arachidonic acid into prostaglandin H, (PGH>)
via progtaglandin G, (PGGy), is disrupted [18]. Studies have
shown that celecoxib inhibits the growth and proliferation of
human neural stem cells[13] and cellsin the rat dentate gyrus
[12]. Genetic inhibition of COX-2 significantly decreases cell
proliferationin theischemic dentate gyrus|[34]. In addition, we
recently demonstrated that the genetic inhibition of COX-2
significantly reduces neurogenesis [26]. However, few studies
have compared the effects of pharmacological and genetic
inhibition of COX-2 on hippocampa neurogenesis. Wetherefore
conducted the present study to compare the effects of COX-2
inhibition and deletion on adult hippocampa neurogenesis
using immunohistochemistry to detect marker proteins for
neura stemcdls, cdl proliferation, and neurona differentiation.

Materials and Methods

Experimental animals

Eight-week-old male COX-2-KO and wild-type mice were
purchased from Taconic (USA). The COX-2-KO miceused in
this study were developed at the University of North Carolina
[24] and produced by Taconic. on a C57BL/6 and 129P2/Ola
mixed background. The animalswere from different littersand
housed under specific pathogen-free conditions with adequate
temperature (22°C) and humidity (60%) control as well as a
12-h light/dark cycle. All mice had free access to food and tap
water. The handling and care of the mice were conduced
according to guidelines that comply with current international
lawsand policies (National Institutes of Health [NIH] Guidefor
the Care and Use of Laboratory Animals, NIH publication no.
85-23, 1985, revised 1996), and were gpproved by the Indtitutiond
Animal Care and Use Committee of Seoul National University
(approval no. SNU-120210-1), Korea. All experiments were
conducted to minimize both the number of animals used and
suffering due to the procedures performed.

Drug treatment

The 9-week-old animals were divided into two groups:
wild-type (n = 10), and COX-2-KO (n = 5). To compare the
effects of pharmacological and genetic inhibition of COX-2 on
adult neurogenesis, the wild-type animals were further divided
into two subgroups (n =5 in each group) that were treated with
vehicle (physiological saline; V) or celecoxib (prescription
formulation, Pfizer; COX-I). The animalswere randomized for
peroral administration of vehicle (1 mL/100 g body weight) or
the same volume contai ning celecoxib (30 mg/kg body weight)
in physiologica sdine using a feeding needle every day for 5
weeks before sacrifice. The dose of celecoxib was selected
according to aprevious study on the effect of COX-2inhihition
inthe brain [39].
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Measurement of body weight and food intake

Body weight was measured on Monday of every week and at
the end of the experiment. Food intake was measured and
corrected for spillage by weighing the jars containing food
every week between 9.00 to 10.00 h. Data are expressed as
gram/day/body weight (g).

Tissue processing

For histology, V, COX-l and COX-2-KO animas were
anesthetized with 30 mg/kg Zoletil 50 (Virbac, France) with 0.1
M phosphate-buffered saline (PBS; pH 7.4) ddivered via
transcardia perfusion followed by 4% paraformaldehydein 0.1
M phosphate buffer (pH 7.4). The brains were removed and
post-fixed in the same fixative for 12 h. The brain tissues were
then dehydrated with graded concentrations of acohol before
embedding in paraffin. Serial sections (3-um thick) were cut
using amicrotome (LeicaBiosystems, Germany) and mounted
onto silane-coated dlides (Muto Pure Chemicals, Japan).

Immunohistochemistry

To stain for COX-2, nestin, Ki67, doublecortin (DCX), and
CAMP response element binding protein phosphorylated at
Ser133 (pCREB), the sections were carefully processed
simultaneoudly under identical conditions. Brain tissue sections
between —1.46 and —2.46 mmto the bregmain referencetoa
mouse atlas[ 8] were selected for each animal. Antigen retrieval
and immunostaining were performed as described in our
previous study [26]. The sections were incubated overnight
with primary antibodies specific for COX-2 (1 : 200; Cayman
Chemical, USA), nestin (1 : 250; Novus Biologicals, USA),
Ki67 (1 : 1,000; Abcam, UK), DCX (1 : 50; Santa Cruz
Biotechnology, USA) or pCREB (1 : 1,000; Millipore, USA).
Subsequently, the sections were incubated with biotinylated
secondary antibodies and streptavidin peroxidase complex
(Vector Labs, USA). Antibody binding was detected with
3,3 -diaminobenzidine tetrahydrochloride (Sigma, USA). The
numbers of cells positive for Ki67, DCX, or pCREB in al the
groups were measured. Additional, the relative optical density
(ROD) of aregion of interest in the dentate gyruswas measured
using an image analysis system described in a previous study
[2€].

Statistical analysis

Datarepresent the mean valuesfor the experiments performed.
Differences between the mean values of groupswere evaluated
with a one-way analysis of variance followed by a Bonferroni
post-test.

Results

Body weight and food intake
Body weight was not significantly different among the
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groups. However, the body weight and food intake of the COX-I
group wasincreased compared to the other groups (Fig. 1).

Confirmation of reduced COX-2 immunoreactivity

In the V group, COX-2 immunoreactivity was detected
predominantly in the cytoplasm of granule cellsaswell asafew
interneurons in the polymorphic layer of the dentate gyrus
(pandl A in Fig. 2). In contrast, the COX-l and COX-2-KO
groups had significantly reduced levels of COX-2
immunoreactivity in the dentate gyrus (panels B-D in Fig. 2).

Nestin immunoreactivity

For the V group, nestin-expressing neura stem cells were
observed primarily inthe subgranular zone of the dentate gyrus
and their fibers extended to the granule cell layer (panel A in
Fig. 3). In the COX-I group, nestin immunoreactivity was
80.03% of that foundintheV group (panelsB and D in Fig. 3).
Additionally, nestin immunoreactivity observed for the
COX-2-KO mice was 57.83% of that observed inthe V group
(panelsC and D in Fig. 3).

Cell proliferation

IntheV mice, Ki67-immunoreactive nuclel were clustered in
the subgranular zone of the dentate gyrus (pandl A in Fig. 4).
The average number of Ki67-positive nuclei was 8.57. For the
COX-I group, the average number of Ki67-positive nuclei was
moderately reduced (6.00) compared to that in the V group
(panels B and D in Fig. 4). The average number of
Ki67-positive nuclei in the COX-2-KO mice (4.14) was the
lowest among all groups (panels C and D in Fig. 4).

Neuroblast differentiation
In the V group, DCX-immunoreactive neuroblasts in the
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subgranular zone of the dentate gyrus had a round cytoplasm,
and some of the cells had well-developed dendrites (panels A
and B in Fig. 5). The average number of DCX-positive
neuroblasts was 24.43 per section (pand G in Fig. 5). For the
COX-I group, the average number of DCX-positive neuroblasts
inthe dentate gyrus decreased to 16.01 per section (panels C and
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Fig. 2. COX-2 immunoreactivity in the dentate gyrus of the V (A),
COX-I (B), and COX-2-KO (C) groups. In the V animals, COX-2
immunoreactivity (arrows) was observed in the granule cell layer
(GCL) and polymorphic layer (PL) of the dentate gyrus. In the
COX-l and COX-2-KO groups, COX-2 immunoreactivity was
weak compared to that in the V group. (D) The relative optical
density (ROD) of the V, COX-l, and COX-2-KO groups (n = 5 per
group) expressed as a percentage of the value for COX-2
immunoreactivity in the dentate gyrus of the V group per section;
*p < 0.05, indicating a significant difference relative to the V
group. All data are presented as the mean values + standard
error of the mean (SEM). ML: molecular layer, GCL: granule cell
layer, PoL: polymorphic layer. Scale bar = 25 pm.
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Fig. 1. Changes in body weight (A) and food intake (B) of vehicle (V), celecoxib-treated (COX-l), and cyclooxygenase-2 (COX-2)

knockout (COX-2-KO) mice (n = 5 per group).
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Fig. 3. Immunohistochemical staining for nestin expression in
the dentate gyrus of the V (A), COX-l (B), and COX-2-KO ()
groups. Nestin-positive cells and fibers were observed in the
granular cell layer (GCL) and subgranular zone of the dentate
gyrus. Note that nestin-expressing cells and fibers were weakly
detected in the COX-I and COX-2-KO groups compared to the V
group. The degree of nestin reduction was prominent in the
COX-2-KO mice compared to the COX-I group. (D) The ROD
expressed as a percentage of the value for nestin
immunoreactivity in the dentate gyrus per section of the V,
COX-l, and COX-2-KO groups (n = 5 per group; *p < 0.05,
indicating a significant difference relative to V group). All data
are presented as the mean + SEM. Scale bar = 50 um.

G in Fig. 5). However, DCX-immunoreactive dendrites were
alsowell developed in the COX-I group compared to theV mice
(panel D in Fig. 5). DCX immunoreactivity decreased to
75.06% of that found intheV group (panel HinFig. 5). Inthe
COX-2-KO animals, the average number of DCX-positive
neuroblasts per section in the subgranular zone was the lowest
(8.86), and the dendrites were poorly developed in the
dentate gyrus (panels E, F, and G in Fig. 5). DCX-specific
immunoreactivity in the COX-2-KO group was aso the
weakest (48.53% of that intheV mice) among al groups (panel
HinFig.5).

Expression of pCREB

IntheV group, pPCREB-positive nuclei were mainly detected
in the subgranular zone of the dentate gyrus. The average
number of pCREB-immunoreactive nuclei was 13.6 per section
(panels A and D in Fig. 6). For the COX-I animals, the average
number of pCREB-positive nuclei decreased to 10.2 per section
(panelsB and D in Fig. 6). Inthe COX-2-KO group, the number
of pCREB-positive nuclei decreased significantly (5.6 per
section) compared to theV and COX-I groups (panelsC and D
inFig. 6).
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Fig. 4. Immunohistochemical staining for Ki67 in the dentate
gyrus of the V (A), COX-l (B), and COX-2-KO (C) groups.
Ki67-positive nuclei were observed in the subgranular zone
(arrows) of the dentate gyrus. Few Ki67-positive nuclei were
found in the COX-2-KO group compared to the V and COX-I
groups. In particular, the number of Ki67-positive nuclei was
noticeably decreased in the COX-2-KO group compared to the
other groups. (D) The mean number of Ki67-positive nuclei per
section in all groups (n = 5 per group; *p < 0.05, indicating a
significant difference relative to the V group). All data are shown
as the mean + SEM. Scale bar = 50 pm.

Discussion

In our present study, we observed the effects of COX-2
pharmacological and genetic inhibition on neural stem cells,
cedll proliferation, and neuroblast differentiation in the dentate
gyrus. First, the administration of celecoxib or genetic COX-2
inhibition significantly reduced COX-2 immunoreactivity in
the hippocampal dentate gyrus. Decreased COX-2
immunoreactivity was prominent in the COX-2-KO group.
These results suggest that the pharmacologica and genetic
methods efficiently reduce COX-2 expression in the hippocampa
dentate gyrus.

Next, we observed decreased neura stem cell numbers, cell
proliferation, and neuronal differentiation in the dentate gyrus
after pharmacological and genetic inhibition of COX-2. The
reduction wasmore obviousin the COX-2-KO group thanin the
COX-I group. Theseresultsindicate that the physiological role
of COX-2 inthehippocampal dentate gyrusisclosdly reated to
adult neurogenesis. In addition, decreased nestinimmunoresctivity
in the COX-2-KO group suggests that COX-2 knockout
affected the neura stem cell pool whereas celecoxib treatment
did not cause significant reduction of nestin immunoreactivity.
There are several reasons for the varying degree of reduction
between genetic and pharmacological inhibition. First, the
celecoxib metabolite is excreted in urine and feces [27].
Therefore, the inhibition of COX-2 is not consistent like it is
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Fig. 5. Immunohistochemical staining for DCX in the dentate
gyrus of the V (A and B), COX-Il (C and D), and COX-2-KO (E and
F) groups. DCX-immunoreactive neuroblasts were detected in
the subgranular zone (arrows) of the dentate gyrus. Note that the
number of cell bodies and dendrites of DCX-positive neuroblasts
were prominently decreased in the COX-2-KO group compared
to the V and COX-I groups. (G and H) The mean number of
DCX-immunoreactive neuroblasts per section (G) and ROD
expressed as a percentage of DCX immunoreactivity per section
(H) in the dentate gyrus of the V, COX-l, and COX-2-KO groups
relative to the V group (n = 5 per group; °p < 0.05, indicating a
significant difference compared to the V group; °p < 0.05, a
significant difference relative to the COX-I group). All data are
presented as the mean + SEM. Scale bars = 50 um (A, C, and E)
or 25 um (B, D, and F).

with systemic knockout. Yamamoto et al. [39] reported that
administrating celecoxib twice per day ismore effective than a
single treatment. Thus, the inhibition of COX-2 can taper off
until the next round of drug administration. Second, the point of
initiation for the knockout condition and pharmacological
inhibition condition was different. Reduction of COX-2 by
knockout begins during development whereas suppression of
COX-2 begins on the first day of drug administration. COX-2
KO affectstheneura stem cell pool because COX-2 playsarole

inpostnatal brain development. COX-2 expression pesks3to 4
weeks following birth, after which the levels decrease [16].
Third, reduced neural stem cell poolsresulted in decreased cell
proliferation and neuronal differentiation in the knockout group
whereasreduction of neural stem cell populations by celecoxib
was not significant. Knockout effects are first observed during
the devel opment stage. Neura stem cdlls popul ate the subgranular
zone during the postnatal period and persist throughout the
lifetime[32]. Celecoxib may suppress COX-2 action during the
conversion of neural stem cells into early post-mitotic
neuroblasts. Based on these findings, we suggest that the
genetic inhibition of COX-2 is more effective than treatment
with inhibitors to observe the role of this factor.

Other studiesincluding our previouswork have demonstrated
a correlation between COX-2 and adult hippocampal
neurogenesis [9,12,26,34]. However, neurogenesis was
consistently observed in the COX-2-KO group athough we
observed that COX-2 knockout affected neura stem cell
numbers, cell proliferation, and neuronal differentiation. Based
on these results, we suggest that the expression of COX-2 is
important for adult neurogenesis. The molecules involved in
maintaining neurogenesis are presently unknown, and further
studies are required to reved their identities.

Unlike the specific COX-2 inhibitor used in our study,
treatment with a non-selective COX inhibitor does not affect
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hippocampal neurogenesis compared to the control groups[22].
We believe that these inconsistent results can be explained by
the use of female rats and lower doses of the inhibitor in the
previous study compared to the current investigation. Moreover,
a non-selective COX inhibitor can suppress both neurogenic-
inhibitory COX-1 and neurogenic-required COX-2 pathways
[12,33,34]. On the other hand, studies using COX-2 selective
inhibitors, which exclusively suppressed COX-2 expression,
produced results similar to ours[9]. In addition, celecoxib can
negatively affect adult hippocampal neurogenesisby inhibiting
angiogenesis and thereby cause a subsequent decrease in
endothelial angiogenic stimulation [6,15].

We a so hypothesized that pCREB, the activeform of CREB,
may be animportant factor for COX-2-mediated neurogenesis.
CREB phosphorylation isdependent on neuronal activity andis
functionally linked to memory formation [ 14,23]. Inthe COX-I
group, therewerefewer pCREB-positive nuclel, and thedegree
of reduced CREB phosphorylation was significant in the
COX-2-KO group. These results suggest that the pattern of
CREB phosphorylation is related to COX-2 expression. In
addition, our present study and other studies have demonstrated
the association of COX-2 and pCREB with adult neurogenesis
[12,25,28,34]. Even though the interrelation between COX-2
and pCREB is unclear, the COX-2 gene has been reported asa
target of pCREB [19]. Reduced levels of pCREB inthe COX-I
and COX-2-KO groups suggest that COX-2 may function asan
upstream factor or regulator of pCREB. A possible pathway
could involve increased levels of cCAMP mediated by the
COX-2 end product prostaglandin E2 (PGEz) [30] and
subsequent activation of CREB by phosphorylation in a
CcAMP-dependent manner [31].

In conclusion, our study demonstrated that disruption of
COX-2 expression affects neural stem cell numbers, cell
proliferation, and neuroblast differentiation via the
phosphorylation of CREB. In addition, the genetic inhibition of
COX-2ismoreé€fficient than its pharmacol ogical inhibition and
it is associated with an accumulating effect from devel opment
stage.
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