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The COX-2 inhibitors, meloxicam and nimesulide,
suppress neurogenesis in the adult mouse brain
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Background and purpose: In adults, neurogenesis persists in the hippocampus and the subventricular zone (SVZ), and this
is important for learning and memory. Inhibitors of COX-2 suppress ischaemia-induced neurogenesis in the hippocampus.
Here, we have determined the effects of COX-2 inhibitors on neurogenesis throughout the normal adult mouse brain.
Experimental approach: Young adult mice were treated with COX-2 inhibitors, and the proliferation of neural progenitor cells
was measured in the SVZ and hippocampus. In addition, the local uptake of lentiviral vectors in the rostral migratory stream
enabled the formation of new neurons in the olfactory bulb (OB) to be assessed.

Key results: The COX-2 inhibitor meloxicam suppressed progenitor cell proliferation in the SVZ and hippocampus. A
significant decrease in the appearance of new neurons in the OB was also observed. Similar effects on progenitor proliferation
in the SVZ were seen with nimesulide. The absence of COX-2 expression in the proliferating progenitors in vivo, and the lack
of effect of the COX-2 inhibitors on the growth rate of a cultured progenitor cell line, suggest that the effect is indirect. The
specific expression of COX-2 in resting microglia that closely associate with the proliferating progenitor cells provides for a
possible site of action.

Conclusions and implications: Treatment with a COX-2 inhibitor results in a substantial inhibition of adult neurogenesis.
Studies on human tissues are warranted in order to determine if this effect extends to humans, and whether inhibition of
neurogenesis should be considered as an adverse effect of these drugs.
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Introduction

Until recently, it was believed that the adult mammalian
brain did not have the ability to generate new functional
neurons (Scharfman and Hen, 2007). This notion has now
been dispelled with the observations that stem cell niches
exist within the subventricular zone (SVZ) of the lateral ven-
tricles, and in the subgranular zone (SGZ) of the dentate gyrus
(DG) in the hippocampus (Zhao et al., 2008). Neural stem
cells within that lateral wall of the SVZ generate transient
amplifying cells that generally differentiate into neuroblasts
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that migrate through the rostral migratory stream (RMS) and
become granule neurons and periglomerular neurons in the
olfactory bulb (OB) (Zhao et al., 2008). However, in some
circumstances, these cells can be diverted from their normal
path and migrate to sites of injury (Arvidsson et al., 2002;
Parent et al., 2002). Neurons born in the adult SGZ migrate
into the granule cell layer of the DG and become dentate
granule cells (Zhao et al., 2008). Adult neurogenesis is a highly
adaptive process that declines dramatically with age (Kemper-
mann, 2006), with both increases and decreases being associ-
ated with various disease states (Scharfman and Hen, 2007).

Recent studies have established that neural progenitor cell
(NPC) proliferation and differentiation are dependent on the
cellular composition and molecular characteristics of the
niche in which they reside (van et al., 2002; Alvarez-Buylla
and Lim, 2004). Within the niche, a wide range of molecular



cues have been implicated in neurogenesis including neu-
rotransmitters (Santarelli efal., 2003; Jiang etal., 2005),
growth factors (Kuhn et al.,, 1997; Doetsch et al., 2002; Jin
et al., 2003; Ghashghaei ef al., 2007; Zhao et al., 2007) and
cytokines (Ekdahl et al., 2003; Butovsky et al., 2006).

Neurogenesis is under the control of both autocrine and
paracrine signalling pathways. Previous studies have identi-
fied mechanisms for non-neural cell contribution to the regu-
lation of neurogenesis (Shen etal., 2004; Wurmser etal.,
2004). For example, resident brain microglia influence neuro-
genesis based on their ability to transform into an activated
state during injury. In this context, Battista etal. (2006)
studied the levels of microglia activation in adrenalectomized
rats, and correlated stages of activation with an increase in
progenitor cell number in the hippocampus. They further
characterized the profile of cytokine expression, and found a
positive correlation between microglia activation, expression
of TGF-f and neurogenesis (Battista ef al., 2006). Similarly,
activation of microglia contributed to the maintenance of
neurogenesis and spatial learning abilities in adult mice,
possibly via the release of insulin growth factor-1 and
brain-derived neurotrophic factor (Ziv et al., 2006). Microglia-
conditioned medium can promote neurogenesis in cell cul-
tures derived from the SVZ (Walton et al., 2006). Activated
microglia can also direct the migration of NPCs and influence
their differentiation via a variety of pro-inflammatory media-
tors (Aarum et al., 2003).

Some commonly prescribed drugs have robust effects on
neurogenesis. These include antidepressants, mood stabilizers,
cognitive enhancers, anesthetics, steroids and statins (Scharf-
man and Hen, 2007). In many cases, the positive effects on
neurogenesis might play a direct role in the therapeutic value
of the drug. However, this is a difficult link to establish. On the
other hand, inhibition of adult neurogenesis might be consid-
ered as an adverse effect of the drug, yet there might be some
circumstances in which this could be beneficial.

The prostaglandin-synthesizing enzyme, COX-2, has
largely been studied in the context of inflammation and pain,
with selective inhibitors developed primarily as non-steroidal
anti-inflammatory drugs (NSAIDs). Low levels of COX-2
expression might limit the adverse effects of these drugs.
However, this enzyme is expressed at high levels in discrete
populations of neurons within cortical and limbic regions
(Yamagata et al., 1993). Recent studies have found COX-2 to
be a multifunctional neural modulator affecting synaptic plas-
ticity (Kaufmann et al., 1996; Bazan, 2001) and glutamate-
mediated cytotoxicity (Nogawa etal., 1997). Additionally,
COX-2 is important in cell proliferation and has been impli-
cated in growth and progression of a variety of tumour types
(Shono et al., 2001; Thun et al., 2002). COX-2 inhibitors can
also suppress the increases in neurogenesis in the hippocam-
pus that follows acute global ischaemia (Kumihashi et al.,
2001) and status epilepticus (Jung et al., 2006). However, the
effects of COX-2 inhibitors on basal neurogenesis, particularly
in the SVZ, have not been fully explored. In this study, we
investigate the effects of meloxicam and nimesulide, two
clinically licensed COX-2 inhibitors (Davis and Brogden,
1994; Turck et al., 1996) on neurogenesis in the normal adult
mouse brain, in particular the SVZ region. Our results show
that COX-2 inhibitors can substantially (>90%) inhibit neu-
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rogenesis in the brain of adult mice by an indirect mechanism
of action, possibly involving COX-2 function in microglia.

Methods

Animals

All procedures were performed in accordance with UK Home
Office regulations (Animals Scientific Procedures Act 1986). In
general, studies were carried out on young adult female
C57BL/6 mice (Harlan UK Ltd, 6 weeks). At the end of each
experiment, the animals were deeply anaesthetized with pen-
tobarbitone (80 mg-kg™! i.p.; Sigma, St Louis, MO, USA), and
transcardially perfused with 10 mL saline followed by 50 mL
paraformaldehyde (PFA) (4% in 0.1 M phosphate buffer).
Brains were removed and post-fixed in 4% PFA at 4°C for 2 h.

Treatment regimen

Meloxicam was purchased from Sigma, while nimesulide
from Tocris (Ellisville, MO, USA). All drugs were dissolved in
80% dimethylsulphoxide. Meloxicam was administered at 10
or 20 mg-kg' (i.p.), once per day for 5, 7 or 10 days (see text
for details). Nimesulide was administered daily at 10 mg-kg™
(i.p.) for S days. 5-Bromo-2’-deoxyuridine (BrdU; Sigma) was
administered three times a day for 2 consecutive days at
50 mg-kg™" (i.p.) at 2 h intervals. In parallel studies, we have
found that a number of drugs dissolved in the same vehicle
and delivered by the same route have no effect on cell prolif-
eration in the SVZ (see Goncalves et al., 2008). We conclude
that neither the vehicle nor the injection protocol affects cell
proliferation in the SVZ.

Lentiviral vector injections

We used the vector pRRL.SIN.PPT.CMV.GFPpre in which the
CMV promoter drives expression of enhanced green fluores-
cent protein (GFP) as previously described (Goncalves et al.,
2008). For the labelling of dividing progenitors and their
progeny, 1 mL of virus stock (2-5 x 10®* TU-mL™) was injected
at a rate of 0.2 uL-min™ using a micro-infusion pump into the
start of the RMS (AP +0.75 mm from bregma; ML +1.2 mm;
DV -1.7 mm) as previously described (Goncalves et al., 2008).
The animals were prepared for histology 2 weeks after virus
injection.

Immunohistochemistry

For Ki-67 counts in the SVZ, blocks of brain tissue containing
the SVZ were dissected, post-fixed in 4% PFA (2 h at 4°C) and
transferred to 20% sucrose (overnight at 4°C) then blocked in
OCT embedding compound (BDH, Essex, UK) and snap-frozen
in liquid nitrogen. Tissues were kept at —80°C until ready for
further processing. Coronal sections (20 mm) were cut in
the cryostat. For quantitative analysis in the hippocampus
and at the RMS/OB border, 5 mm paraffin wax sagittal sec-
tions, stained for BrdU and/or Ki-67 (see below), were used. For
GFP staining, the brains were embedded in 10% gelatin
(Sigma) and 40 mm sagittal sections cut on a vibratome.
Immunohistochemistry for cryostat and gelatin-embedded
sections was performed by washing in Tris-buffered saline
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(TBS), 3 x 10 min. After they were blocked with 1% BSA for
15 min, the sections were incubated overnight at 4°C with the
primary antibody. The following day, the sections were
washed with TBS (3 x 10 min) before incubating with second-
ary antibody for 2 h (Alexa Fluor 488 or Alexa Fluor 594,
1:1000, Invitrogen, Paisley, UK) and Hoechst 33342 (Sigma
Aldrich, Dorset, UK, 1:10 000). Following a further three
washes with TBS, the sections were mounted onto glass slides
with Mowiol. Primary antibodies and dilutions used were
Ki-67 (SP6, Laboratory Vision Neomarkers, Thermo Fisher Sci-
entific, Runcom, Cheshire, UK, 1:100) and anti-GFP (Abcam,
Cambridge, UK, 1:1000). Immunohistochemistry for paraffin
sections was performed as follows: Sections were first dewaxed
in xylene, then heated in citric acid (10 mM, pH 6), until
boiling, then washed under running tap water for 5 min.
Sections were then blocked with 1% BSA for 15 min, followed
by overnight incubation at 4°C with the primary antibody,
before incubation with the corresponding fluorescent second-
ary antibody (Alexa Fluor 488 or Alexa Fluor 594, 1:1000,
Invitrogen) and/or Hoechst 33342 (Sigma, 1:10 000). Primary
antibodies used on paraffin wax sections were Ki-67 (SP6,
Laboratory Vision Neomarkers, 1:100), COX-2 (Abcam, 1:400)
and COX-2 (Santa Cruz, Insight Biotechnology Ltd, Wembley,
UK, 1:250). For BrdU staining, sections were treated for 10 min
at 60°C with 1 M HCl in TBS to denature DNA. Tissue was then
washed in running tap water before blocking and subsequent
incubation with anti-BrdU antibody (Dako, Dako UK Limited,
Cambridgeshire, UK, 1:100), at 4°C overnight. For double
staining with BrdU and COX-2, sections were first stained for
COX-2 as described above, then fixed for 30 min in 4% PFA,
after which the BrdU staining protocol was followed as above.

Cell counting

In general, Ki-67- and BrdU-positive cells were counted as
previously described (Goncalves et al., 2008). In brief, for
Ki-67 quantification in the SVZ, 20 um sections were cut
coronally throughout the lateral ventricle from the level of
the optic tract entry into the brain in the rostral direction.
For each animal, at least four sections spaced 300 um apart
taken in the caudal-rostral direction were randomly selected
to undergo immunohistochemistry. Sections of the same
areas sampled throughout the ventricle were selected for
all animals to allow appropriate comparison of results.
Although cell proliferation was generally restricted to the
lateral wall, we counted all the proliferating cells within a
four-cell deep layer around the ventricle. However, for the
key experiment, we also counted Ki-67-positive cells within
a defined area of the lateral wall (300 uM in length and
50 uM in depth) at the juncture between the lateral wall and
the beginning of the RMS. For BrdU quantification, 6 pm
sagittal sections were cut from 0.4 mm laterally from the
midline, and every fifth section taken up for immunohis-
tochemistry. At least four sections per animal were analysed,
all from the same bregma levels between animals. Cells were
counted (without knowledge of treatments) under high
power (x40) using an Apotome Zeiss microscope (Carl Zeiss,
Hertfordshire, UK). The average number of labelled cells per
section was determined for each animal, and results are
expressed as the mean per animal group.
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GFP labelling and number of mature GFP-labelled neurones

in the OB

Sagittal sections (40 um) of the OB from vehicle and drug-
treated animals were stained for GFP to identify cells express-
ing viral vectors as previously described (Goncalves et al.,
2008). To ensure anatomical consistency, the RMS was used as
a reference point, and only sections showing the entry level of
the RMS into the OB were studied. The whole OB was exam-
ined at x20 magnification using an Apotome Zeiss micro-
scope. Total number of mature and immature GFP-labelled
neurones, identified by morphological analysis, within the
OB per section, was counted by an experimenter unaware of
the treatments.

Cell culture and cell proliferation assay

The Cor-1 neural stem cell line and methods for culture have
been described in detail elsewhere (Conti et al., 2005). Briefly,
cells were expanded as adherent cultures on gelatin-coated
flasks (Iwaki, Jencons, Leicestershire, UK) in Euromed-N
media (Euroclone, Milan, Italy) supplemented with N2 (in-
house preparation) and 10 ng-mL™" each of epithelial growth
factor (EGF) and fibroblast growth factor-2 (FGF-2) (Pepro-
Tech EC Limited, London, UK). For cell proliferation assays,
10* cells were seeded in 100 pL full growth media into indi-
vidual wells of a 96-well microtitre place. Drugs were added
after approximately 24 h culture, and the plates were trans-
ferred to an IncuCyte live cell imaging station (for details,
see http://www.essen-instruments.com/index.php). High-
definition phase images were captured from two fields of each
well every 2 h. Cell proliferation rates were indexed by mea-
suring the degree of cell confluence as a percentage of the field
area. Control experiments showed a linear relationship
between cell number and confluence over the initial phase of
growth, and that this held until 80% confluence.

Statistical analysis

Student’s two-sided t-test was used for all statistical analysis.
P < 0.05 was taken to show a significant difference between
means.

Results

Meloxicam and nimesulide inhibit cell proliferation in the SVZ

The effects of the COX-2 inhibitors on basal neurogenesis in
the SVZ of young adult (6-week-old) mice were assessed after
treatment with meloxicam (20 mg-kg™!, i.p.) or nimesulide
(10 mg-kg™) for S days. Cell proliferation rates in the SVZ were
then determined using Ki-67 as the proliferation marker (Rose
et al., 1994). Remarkably, treatment with meloxicam was asso-
ciated with a ~90% reduction in the number of Ki-67-positive
cells counted around the whole ventricular wall in the SVZ
(Figure 1). Most of the proliferating cells were in the lateral
wall, with greatest density close to the junction with the RMS.
A similar substantial reduction in cell proliferation (down to
6.6 *+ 0.88 from 27+/ to 1.7, mean * SEM, n =4, P = 0.0004)
was seen when cells were counted in a defined area of the
lateral wall (see Methods for details). A substantial reduction
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Figure 1 Effect of meloxicam and nimesulide on cell proliferation in
the SVZ. Six-week-old mice were treated with meloxicam

(20 mg-kg™) or nimesulide (10 mg-kg™) for 5 days as described in
Methods. Sagittal sections were cut throughout the SVZ and stained
for Ki-67. Examples of Ki-67-positive cells in the lateral wall of the SVZ
in control and treated animals are shown in A and B respectively.
Quantification of Ki-67-positive cells is shown in C. The results are
expressed as the mean determined from groups of four animals. Bars
show SEM. Scale bar is 75 um.

of cell proliferation was also seen following treatment with
another COX-2 inhibitor, nimesulide (Figure 1). The SVZ-
derived neuroblasts continue to proliferate as they migrate
along the RMS before entering the OB (Luskin, 1993; Bonfanti
and Theodosis, 1994; Menezes et al., 1995). Whereas the
meloxicam treatment (in this instance 10 mg-kg™ for 7 days)
again substantially suppressed the number of proliferating
cells in the SVZ (data not shown), it had no effect on the
number of proliferating neuroblasts at the RMS/OB boundary
(control group 153 * 5.0, treated group 145 =+ 5.2 both values
mean * SEM, n = 4 animals). These data suggest that in
contrast to cells within the SVZ, migrating neuroblasts do not
require COX-2 activity for proliferation.

Meloxicam inhibits cell proliferation in the hippocampus

The above data might point to regional differences in the
sensitivity of proliferating cells to meloxicam treatment.
Based on this, it was of interest to determine if cell prolifera-
tion in the DG in the hippocampus was also sensitive to
meloxicam treatment. To this end, 6-week-old mice treated
with vehicle or meloxicam (10 mg-kg™, i.p., for 7 days) were
additionally pulsed with BrdU (50 mg-kg', i.p., for 2 days) to
label proliferating cells. Quantification of BrdU-stained cells
in the DG showed that treatment with meloxicam caused a
significant decrease in cell proliferation (~40%) (Figure 2A-C).
Therefore, it would appear that COX-2 inhibitors can inhibit
NPC proliferation within two stem cell niches, but have little
if any effect on proliferation of neuroblasts that migrate from
the niche.

-
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Figure 2 Effect of meloxicam on cell proliferation in the DG. Six-
week-old mice were treated with meloxicam (20 mg-kg™) for 10
days. On the final 2 days, BrdU (50 mg-kg™) was injected to label
proliferating cells. Sagittal sections were cut throughout the DG and
stained for BrdU to assess proliferation. Examples of BrdU-positive
cells in the DG of the hippocampus in control (A) and treated (B)
animals are shown. Quantification of BrdU-positive cell numbers is
shown in C. Values are the means from groups of four animals. Bars
are SEM. Scale bar is 150 um.

Meloxicam inhibits the appearance of new neurons in the OB
The majority of cells generated in the SVZ are destined to
migrate and populate the OB with new neurons, a process
that takes around 2 weeks (Bernier and Parent, 1998). The
local uptake of lentiviral vectors at injection sites close to
the SVZ allows for the fate mapping of neuroblasts and their
progeny in the OB (Mizrahi, 2007; Goncalves et al., 2008).
In order to determine to what extent meloxicam might
reduce the number of new neurons that appear in the OB,
we injected a GFP-expressing lentiviral vector into the RMS
in close proximity to the lateral ventricle 1 day after the
cessation of drug treatment (meloxicam, 20 mg-kg', i.p.,
daily for 10 days). It has previously been established by
others (Mizrahi, 2007), and confirmed by us (unpublished
data) that all such GFP-expressing cells migrating in the
RMS and arriving in the OB express PSA-NCAM and/or
NeuN confirming their identity as neuroblasts. The animals
were Killed 2 weeks later, and sections of the OB cut at the
level of entry of the RMS and stained for viral vector
encoded GFP. Visual inspection indicated a marked reduc-
tion in the number of undifferentiated and differentiated
neurons within the OB in the meloxicam-treated group
(Figure 3A, B). Cell counting confirmed the very clear reduc-
tion (~94%) in neuronal numbers between the drug-treated
and control groups, and showed this to be statistically sig-
nificant (Figure 3C).
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Figure 3 Effect of meloxicam on the appearance of new neurons in
the OB. Six-week-old mice were treated with meloxicam
(20 mg-kg™) for 10 days. Then, 24 h after cessation of drug treat-
ment, viral vectors encoding GFP were injected directly into the exit
point of the SVZ adjacent to the origin of the RMS to label migratory
neuroblasts. Two weeks later, animals were killed, and 40 pm sagittal
sections obtained from the OB. The micrographs show GFP labelling
at the level of entry of the RMS into the OB for a control animal (A)
and a treated one (B). (C) Neuron counts in the OB, with each value
being the mean determined from at least four animals. Bars show
SEM.

Meloxicam and nimesulide do not inhibit proliferation of
cultured progenitors

In order to determine if COX-2 inhibitors have direct effects
on proliferating progenitor cells, we tested the effects of the
two drugs on the recently characterized Cor-1 neural stem cell
line (Conti et al., 2005; Goncalves et al., 2008). When grown
on a gelatin-coated substrate in the presence of EGF and FGF,
these cells can be expanded essentially indefinitely without
loss of their ability to differentiate into neurons, astrocytes or
oligodendrocytes (Pollard et al., 2006). Using high-definition
phase contrast live cell imaging, the growth of the cells was
monitored over a 48 h period of exposure to meloxicam or
nimesulide (at up to 5 uM). The results from a typical and
representative experiment are shown in Figure 4A. Neither
drug affected the growth rates of the cells. In addition, there
were no detectable changes in cell morphology or viability at
any time point (Figure 4B,C). These data suggest that the
effects of the COX-2 inhibitors on progenitor proliferation in
vivo might be indirect.

COX-2 expression in the adult SVZ and DG

Failure to detect a direct effect of the COX-2 inhibitors on
progenitor cell proliferation in vitro prompted us to examine
the expression pattern of COX-2 within the neural stem cell
niches. We were unable to detect COX-2 expression in any
Ki-67-positive cells in either the SVZ or hippocampus (shown
for the SVZ in Figure 5A,B). However, COX-2 was highly
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Figure 4 Effects of meloxicam and nimesulide on proliferation of
cultured progenitor cells. Meloxicam and nimesulide were added to
cultures of the Cor-1 progenitor cell line that had been established for
24 h in individual wells of a 96-well microtitre plate (see Methods for
details). Growth curves were monitored by live cell imaging over the
next 48 h. Results in (A) show a representative example of an experi-
ment, with each value representing the mean + SEM obtained from
six replicate wells. Results in (B) and (C) show representative micro-
graphs of control and meloxicam-treated cells obtained approxi-
mately 24 h after addition of the drug.

expressed in a distinct population of cells that were not only
intimately associated with Ki-67-positive cells in the lateral
wall of the ventricle (Figure 5C), but could also be found
scattered throughout the SVZ. The morphology of the COX-
2-positive cells largely resembled resting microglia, character-
ized by spindle-shaped cell bodies and numerous long, thin,
branched processes (Kadowaki et al., 2007). Double labelling
with an established microglial marker (Ibal) confirmed that
the COX-2-positive cells were microglia.
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Figure 5 Expression of COX-2 in the SVZ of the adult mouse brain. (A) and (B) Representative micrographs from coronal sections of the SVZ
double stained for COX-2 (green) and Ki-67 (red). Box in (A) highlights a microglial cell. A higher magnification image of the cell is shown in
(B). COX-2 was not seen in Ki-67-positive cells, but was found to be expressed in cells that closely associate with the proliferating cells. (C) and
(D) Similar sections stained for COX-2 (green) and Iba1l (red), demonstrating that COX-2 is present in microglia around the ventricle. Scale

bar in A is 40 um, and 20 um for (C) and (D).

Discussion and conclusions

In the present study, we have investigated the effects of
COX-2 inhibitors on adult neurogenesis, with a particular
focus on the SVZ. Under normal circumstances, neurogenesis
in this region continues throughout adulthood, but declines
dramatically with age (Kempermann, 2006). The main
purpose of SVZ neurogenesis is to supply the OB with new
neurons, and this is correlated with memorization of odours
in animals (Rochefort et al., 2002). In humans, there is con-
siderable interest in the contribution of neurogenesis to the
pathology of neurodegenerative diseases. Interestingly, odour
discrimination appears to be an early symptom in both Par-
kinson’s disease (Berendse etal., 2001) and Alzheimer’s
disease (Doty et al., 1987; Koss et al., 1987; Serby et al., 1991;
Mesholam et al., 1998). In both disease states, reduced SVZ
neurogenesis has been correlated with the severity of the
disease (Mesholam et al., 1998). We also examined cell prolif-
eration in the hippocampus where neurogenesis has also been
described in humans (Eriksson et al., 1998).

Our results have shown dramatic reductions (of ~90%) in
cell proliferation in the SVZ following as little as 5 days of
treatment with meloxicam. Similar, albeit less pronounced,
reductions are seen following treatments with nimesulide. As
might be expected, the dramatic effects of meloxicam treat-
ment on cell proliferation within the SVZ were reflected in a
very substantial (~95%) decline in the number of new
neurons that appear in the OB 2 weeks after cessation of drug
treatment. The drug treatments had no clear effects on the
tissue integrity and/or morphology of the SVZ and OB. These

differences in neurogenesis were detected using two different
methodologies (proliferation in SVZ and appearance of new
neurons in the OB). This unequivocally demonstrates that
COX-2 inhibitors can reduce the number of new neurons that
appear in the brains of young adult animals. Within the SVZ,
slowly proliferating stem cells give rise to a population of
rapidly proliferating transient amplifying cells that differen-
tiate into migratory neuroblasts (Doetsch et al., 1997). Inter-
estingly, we found that meloxicam did not affect the
proliferation of neuroblasts at the distal end of the RMS. This
implies that the effects are restricted to proliferation within
the SVZ, suggesting that COX-2 function is required for the
proliferation of stem cell and/or transient amplifying cell
populations. The effects of meloxicam on each specific NPC
type were not assessed, but rather on the whole population of
NPCs taken together. Further studies are required to deter-
mine if there are distinct effects on the various subtypes
and/or regional effects within the SVZ. The effects of meloxi-
cam are not restricted to the SVZ as similar effects on cell
proliferation can be seen in the DG of the hippocampus.
Other studies also support a role for COX-2 in neurogenesis in
the adult hippocampus. For example, COX-2 knockout mice
have been shown to have impaired neurogenesis in the hip-
pocampus, and treatment with COX-2 inhibitors suppresses
the increased progenitor cell proliferation induced by
ischaemia (Sasaki et al., 2003).

In principle, the COX-2 inhibitors could block neurogenesis
by acting directly on the proliferating cells, or indirectly via
effects on other cell types. In order to determine if COX-2
activity is required in a cell autonomous manner, we tested
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the effects of the two COX-2 inhibitors on the recently char-
acterized Cor-1 neural stem cell line (Conti etal., 2005).
When grown on a gelatin-coated substrate in the presence of
EGF and FGF, these cells can be expanded essentially indefi-
nitely without loss of their ability to differentiate into
neurons, astrocytes or oligodendrocytes (Pollard et al., 2006).
Previously, we have shown that drugs that inhibit neurogen-
esis in the SVZ have their effects mirrored on cultured Cor-1
cells (Goncalves et al., 2008). Surprisingly, we did not find any
effect of meloxicam or nimesulide on the growth rates of
Cor-1 cells, suggesting that the effects of the drugs seen in vivo
might not reflect a direct effect on these proliferating cells. In
support of this, we have not been able to detect COX-2
expression in the rapidly proliferating cells in the SVZ or
hippocampus. However, we can readily detect expression in
resting microglia, cells that we have shown to be intimately
associated with proliferating progenitors. This was apparent
both in the SVZ and DG. Thus, one possibility is that meloxi-
cam and nimesulide are inhibiting a COX-2-related function
in resting microglia.

Microglia have been proposed as important players in neu-
rogenesis both in the absence and presence of tissue damage.
In pathological conditions, microglial cells become activated
after changes in the milieu by altering their morphology and
the pattern of secreted factors such as immune cytokines
(Perry etal.,, 2003). The unique profile of inflammatory
factors, which depends on the mode of activation and/or the
severity of inflammation, can affect neurogenesis in different
ways. For example, microglial activation by endotoxins gen-
erated during uncontrolled inflammation creates an environ-
ment that is detrimental to neurogenesis (Butovsky etal.,
2006). On the contrary, mild acute inflammation induces an
adaptive immunity response mediated by IL-4 and IFN-y that
stimulates neurogenesis (Butovsky et al., 2006). Indeed, the
release of TGF- by activated microglia increases neurogenesis
in the adult DG (Battista et al., 2006). Our results suggest that
resting microglia might have a major impact on basal rates of
neurogenesis, with other evidence in the literature also sup-
porting this hypothesis (Aarum et al., 2003; Morgan et al.,
2004; Walton et al., 2006).

The fact that COX-2 is expressed in resting microglia in the
human brain (Tomimoto et al., 2000) and that COX-2 inhibi-
tors reduce adult neurogenesis in mice, is of some concern
given that COX-2 inhibitors are used clinically. The rationale
behind the pharmacological use of selective COX-2 inhibitors
is that they cause fewer severe side effects in the gastrointes-
tinal tract than traditional NSAIDs (Hinz etal., 2007).
However, COX-2 is not only involved in pathological pro-
cesses, such as acute and chronic inflammatory states, but it is
also involved in many adaptive processes including regula-
tion of blood pressure, kidney function, ulcer and wound
healing. Hence, its suppressive properties may cause adverse
cardiovascular and kidney effects (Hinz efal., 2007). As a
result, the prescription of COX-2 inhibitors is limited for the
relief of signs and symptoms of osteoarthritis and rheumatoid
arthritis in patients at high risk of developing serious gas-
trointestinal disorders (Lipsky, 2001). Further studies are war-
ranted in order to determine if the results of this study extend
to humans treated with COX-2 inhibitors. If inhibition of
adult neurogenesis is found in humans, it might be wise to
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further restrict the prescription of COX-2 inhibitors, espe-
cially in children and adolescents.
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