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Prostaglandin E, is one of several eicosanoid products
of the cyclooxygenase isozymes and is a key regulator
of innate immune responses; it also possesses para-
crine effects on mature neurons. The prostaglandin
E, receptor family consists of four subtypes of which
EP1 and EP2 are known to be expressed by microglia.
Lipopolysaccharide (LPS)-induced innate immune ac-
tivation leads to the degeneration of intermediate pro-
genitor cells (IPCs) that are destined for neuronal
maturation in the hippocampal subgranular zone
(SGZ); these cells can be identified by the expression
of the transcription factor T-box brain gene 2 (Tbr2).
Importantly, depletion of LPS-induced IPCs from the
SGZ is suppressed by cyclooxygenase inhibitors. We
therefore tested the hypothesis that either EP1 or EP2
is critical to LPS-induced depletion of Tbr2+ IPCs
from the SGZ. Expression of either EP1 or EP2 was
necessary for Toll-like receptor 4-dependent innate
immune-mediated depletion of these Tbr2+ IPCs in
mice. Moreover, EP1 activation was directly toxic to
murine adult hippocampal progenitor cells; EP2 was
not expressed by these cells. Finally, EP1 modulated
the response of murine primary microglia cultures to
LPS but in a manner distinct from EP2. These results
indicate that prostaglandin E, signaling via either EP1
or EP2 is largely to completely necessary for Toll-like
receptor 4-dependent depletion of IPCs from the SGZ
and suggest further pharmacological strategies to pro-
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tect this important neurogenic niche. (4m J Pathol
2009, 174:2300-2309; DOI: 10.2353/ajpath.2009.081153)

Activation of innate immune response in diseased re-
gions of the central nervous system has been associated
with aging as well as several degenerative diseases in-
cluding Alzheimer’s disease, Parkinson’s disease, amyo-
trophic lateral sclerosis, traumatic brain injury, and HIV
encephalitis.” Central to this response are microglia that
can have both beneficial and deleterious effects on ma-
ture neurons?: beneficial actions include elaboration of
neurotrophic factors and phagocytosis of neurotoxic
peptides; deleterious actions, such as secretion of free
radicals, culminate in paracrine damage to neurons. An
important regulator of the microglial innate immune re-
sponse is prostaglandin (PG) E,, which derives from the
combined actions of cyclooxygenases (COXs) and spe-
cific PG synthases; for PGE, these are the constitutive
cytosolic (cPGES) and the inducible membranous
(mMPGES-1) forms. PGE, is different from other eico-
sanoids in having a family of four G-protein-coupled re-
ceptors that are linked to functionally antagonistic sec-
ond messenger systems; these receptors are called
EP1-4.2 All four EP receptors are expressed in rodent
brain where their cellular and regional distribution varies
widely.* We and others have investigated EP2 receptor
subtypes in mechanisms of microglia-mediated para-
crine injury to mature primary culture neurons from innate
immune activation by lipopolysaccharide (LPS) or amy-
loid (A) B,5,°> injury to mature neurons in vivo following
intracerebroventricular (ICV) injection of low dose LPS,®°
and injury to mature neurons in transgenic mouse models
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of cerebral AB deposition or amyotrophic lateral sclero-
sis. ' " EP receptor subtypes also have been investi-
gated in the context of rodent models of cerebral isch-
emia. For example, EP1—/— mice or pharmacological
inhibition of EP1 signaling rescues cerebrum in a model
of transient focal ischemia.'®™'* A broad interpretation of
these many studies is that microglial EP2 is necessary for
microglial activation and paracrine damage to neurons
following innate immune activation from a variety of stim-
uli, while neuronal EP1 renders mature neurons more
vulnerable to ischemic injury.

An emerging concept in brain pathophysiology is that
intermediate-stage progenitor cells (IPCs) may be espe-
cially vulnerable to pathological stressors, and that de-
pletion of this critical reservoir of cells may contribute
significantly to dysfunction and degeneration.'® Indeed,
we have shown that IPCs in the oligodendroglial lineage
are especially vulnerable to hypoxic/ischemic injury of
newborns.'® A similar situation may exist for IPCs in the
neuronal lineage that reside within specialized brain re-
gions, known as neurogenic niches, that include the sub-
granular zone (SGZ) and the subventricular zone.’”'°
Expression of transcription factors is now being used to
identify the different proliferating cell populations in adult
mouse SGZ neurogenesis; indeed the sequential expres-
sion of these transcription factors precisely recapitulates
that observed in embryonic neocortical neurogen-
esis.?°~2* Among this cascade of transcription factors,
Tbr2+ IPCs have been shown to play a major role in adult
hippocampal neurogenesis®?>24 Unlike the data re-
viewed above for mature neurons, we are unaware of any
data investigating contributions of EP receptor subtypes
to cellular functioning in the neurogenic niche.

The cellular and extracellular elements that comprise
neurogenic niches not only support progenitor cells
structurally but also regulate their activity and develop-
ment.2572° Until recently, microglial cells have been ig-
nored as part of the environment that could affect the
proliferation and differentiation of neuron progenitor
cells.®® However, recent studies using LPS to specifically
activate microglial innate immune response, presumably
via CD14 and Toll-like receptor 4 (TLR4) coreceptors,
have shown up to 85% reduction in newly born adult
neurons without suppression of their proliferation or
alteration of their maturation, but with increased deoxy-
nucleotidyl transferase-mediated dUTP nick end-label-
ing staining; these findings have been interpreted as
degeneration of SGZ IPCs following innate immune acti-
vation with LPS, and some of these studies identified
specific cytokines that have pro- or anti-neurogenic ef-
fects.®973% Interestingly, SGZ IPCs that survive the inflam-
matory stress induced by LPS can differentiate and inte-
grate as granule neurons, although with a heightened
degree of synaptic plasticity.>® Importantly, LPS-induced
microglial activation and subsequent depletion of SGZ
IPCs can be blocked by indomethacin,®*® an inhibitor of
COX-1 and COX-2, as well as NS398,%° a relatively COX-
2-selective inhibitor, strongly suggesting involvement of
the PG pathway, although other pharmacological activi-
ties have been ascribed to these drugs in addition to
COX isozyme inhibition.>” The studies presented here
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tested the hypothesis that paracrine depletion of SGZ
IPCs by innate immune activation is critically regulated by
EP1 or EP2 expression.

Materials and Methods
Mice

All experiments were done with approval of the University
of Washington Institutional Review Board. Mice homozy-
gous-deficient (—/—) for EP1 or EP2 were produced by us
and have been maintained for over 15 generations on the
C578BI/6 strain. TLR4—/— mice were a generous gift from
Dr. Francis Kim (University of Washington) and also were
maintained on the C57BI/6 background. Polymerase
chain reaction determination of mouse genotype followed
published protocols.® Mice were housed in a vivarium
with 12 hours:12 hours light:dark cycle and ad libitum
access to food and water. All experiments were initi-
ated with 12-week-old mice except the experiment with
TLR4—/— mice and their controls, which was per-
formed on 6-week-old mice.

Cell Cultures

Primary microglia were derived from the cerebral cortex
of postnatal (P1-3) C57BI/6 mice as previously de-
scribed.>® Briefly, blood vessels and meninges were
removed while in ice-cold Dulbecco’s modified Eagle’s
medium, the cortical tissue incubated for 30 minutes at
37°C in Dulbecco’s modified Eagle’s medium, 0.2 mg/ml
L-cysteine, 0.5 mmol/L EDTA, 15U/ml papain (Worthington
Biochemical, Lakewood, NJ), and 200 pg/ml DNase |
(Worthington Biochemical), washed with warm Dulbec-
co’s modified Eagle’s medium, triturated with culture me-
dium (Dulbecco’s modified Eagle’s medium-F12, 10% fetal
bovine serum, 100 U/ml penicillin, and 100 g/ml streptomy-
cin), and plated on a polyornithine (Sigma-Aldrich, St. Louis,
MQO) bottom-coated T-175 flask (Sarstedt, Newton, NC).
Cell cultures were kept in a 37°C incubator with 5% CO,
and 95% air. The culture medium was changed the day
following harvest and again 6 to 7 days later. At 14 to 17
days in vitro, microglia were separated from the underly-
ing astrocytic monolayer by gentle agitation and dis-
persed as needed. Purity of microglia was checked by
cytochemistry for CD11b and was greater than 98%.
Primary hippocampal neuronal progenitor cells were
isolated according to established protocols.®® Briefly, 8-
to 12-week-old C57BI6 wild-type, EP1—/—, and EP2—/—
mice were anesthetized with Avertin and transcardially
perfused with ice cold saline. The brains were removed
and the hippocampus dissected away from overlying
cortex. The tissue was enzymatically digested with colla-
genase and DNase, dissociated by gentle trituration, and
the cells separated using a Percoll gradient. Progenitors
were grown in Dulbecco’s modified Eagle’s medium-F12
(1:1) media supplemented with 2 mmol/L L-glutamine,
N-2 supplement (Invitrogen, Carlsbad, CA), 50 ug/ml
heparin (Invitrogen), and 20 ng/ml epidermal growth fac-
tor (Peprotech, Rocky Hill, NJ) and basic fibroblast
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growth factor (Peprotech). Neuronal differentiation was
achieved by plating cells on laminin-coated glass cham-
ber slides (LabTek, Rochester, NY) in neurobasal media
with B27 and 50 ng/ml brain-derived neurotrophic factor
(Peprotech) for 1 week. Neuronal differentiation was con-
firmed by morphology and immunofluorescence (mono-
clonal anti-Tuj-1, 1:400; Sigma).

Cell Survival and Proliferation Assays

Wild-type, EP1—/—, and EP2—/— neuronal progenitor
cells (NPCs) between passage 8 and 12 were used for
proliferation and survival assays. Fifty thousand NPCs
were plated per well in 96-well plates in the presence of
variable concentrations of LPS, 16-phenyl-tetranor-PGE,
(16-PT-PGE,. Caymen, Ann Arbor, MI), interleukin (IL)-6,
IL-1B, and tumor necrosis factor-a (Peprotech). Exposure
to vehicle only or cytosine arabinoside (Ara-C; Sigma)
was used as a negative or positive control. Cells were
incubated at 37°C for 24 hours and then analyzed for cell
survival and proliferation using an in vitro toxicology lac-
tate dehydrogenase-based assay kit (Sigma) and Cell
Titer96 aqueous non-radioactive cell proliferation assay
protocol (Promega, Madison, WI) according to supplied
protocols and absorbance measured with a SpectraMax
96-well plate reader.

Innate Immune Activation

LPS from Escherichia coli O55:B5 (Calbiochem, San
Diego, CA) was prepared in phosphate-buffered saline
(PBS), pH 7.4, at a final concentration of 1.0 mg/ml as
previously described.®® Anesthesia was induced and
maintained with isoflurane. Mice were placed in a stereo-
tactic frame and a sterile 1-cm scalp incision was made.
A burr hole was drilled at the following coordinates in
relation to bregma (caudal 0.6 mm, right 1.5 mm, ventral
2.0 mm), with the tooth bar set to —3 mm. After cannula
placement, 1 ul of LPS solution was injected per minute.
The cannula was slowly withdrawn at a rate of 1 mm per
minute. A total of 2 ug of LPS was injected into the
ventricle according to our well-established methods.?3°

Protein Determinations

Protein concentrations in cell lysates were determined by
Bio-Rad protein assay (Bio-Rad, Hercules, CA) using a
cellular lysis buffer (50 mmol/L Tris, 150 mmol/L NaCl,
0.02% NaNg, 0.5% Nonidet P-40, 0.5% Triton X-100, and
protease inhibitor mixture). Standardized amounts of pro-
tein from cell lysates were separated by Tris-HCI sodium
dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to membrane, blocked, and probed with an-
tibodies. Enhanced chemiluminescence was used for de-
tection. Corresponding bands were quantified with Im-
age J (National Institutes of Health imaging software).
Primary antibodies included goat polyclonal antibodies
against COX-1, COX-2, and iNOS (Santa Cruz Biotech-
nology, Santa Cruz, CA), and monoclonal antibody

against mMPGES-1 as well as rabbit polyclonal antibodies
against cPGES (Cayman).

Immunofluorescence Microscopy

BrdU injections (5 ng/g body weight) following LPS de-
livery were given IP 2 hours and every additional 12 hours
before sacrifice for a total of two or six injections for mice
sacrificed at 24 or 72 hours, respectively. Mice were
anesthetized with Avertin (0.02 ml/g body weight intra-
peritoneally) and perfused with cold buffered 4% para-
formaldehyde, as described.?>4%4! Brains were re-
moved, postfixed in the same fixative overnight at 4°C,
cryoprotected with sucrose (10%, 20%, 30%), and em-
bedded in OCT. Brains were cryosectioned in the coronal
plane on a freezing sliding microtome at 40 um thick-
ness, and free-floating sections were processed for im-
munofluorescence microscopy. Primary antibodies were
mouse monoclonal anti-BrdU (1:400; Chemicon, Bel-
lerica, MA), rabbit-anti Iba-1 (1:400; Wako, Richmond,
VA), and anti-Tbr2 (1:2000; Hevner Laboratory®?). Sec-
ondary antibodies (fluorescent conjugates of Alexa 488
or Alexa 594) were purchased from Invitrogen and used
at 1:200 dilution. Double-label immunofluorescence fol-
lowed methods from previous work in our laborato-
ry.2240:47 Cells were counted using the modified optical
dissector method as previously described by us.®*
Briefly, counts were obtained using an Axiolmager epi-
fluorescence microscope and Axiovision 4.6 software
(Zeiss, Thornwood, NY) with a modified stereological pro-
cedure, where cells were excluded from counts if they
intersected the top focal plane of the section, as de-
scribed previously.** ** Cells were counted on every
sixth 40-um coronal section through the dentate gyrus,
and the sum of these counts was multiplied by 6 to
generate estimates of absolute numbers.

Real-Time Polymerase Chain Reaction

Total RNA was collected using the Qiagen RNeasy Pro-
tect Cell Mini Kit and quality checked by gel electro-
phoresis. cDNA was generated in an Eppendorf Master-
cycler using a high-capacity cDNA archive kit (Applied
Biosystems, Foster City, CA). FAM dye-labeled TagMan
gene expression assays (Applied Biosystems) for murine
transcripts were used for quadruplicate runs of triplicate
cultures with an ABI 7500 real-time polymerase chain
reaction instrument (SDS v1.3.1). The comparative
threshold cycle method was used to determine relative
message abundance.

Results

Real-time polymerase chain reaction was performed to
assess relative expression of transcripts important to
PGE, signaling, LPS signaling, and Tbr2 in mouse hip-
pocampus following ICV injection (Table 1). As expected,
all of the assayed transcripts were detected at varying
levels in mouse hippocampus 2 hours after ICV vehicle



Table 1. Real-Time Polymerase Chain Reaction Results for
Mouse Hippocampus and aHPCs

Wild-type mouse
hippocampus 2 hours
after injection

Wild-type
ACt for  ACt(ICV LPS)/ mouse
ICV PBS ACt(ICV PBS) aHPCs (ACt)
mPges-1 10.5 + 0.1 3.0 = 0.6* 16.1 £ 0.2
cPges 7.7 =01 1.1 =01 6.1 = 0.1
ptger! (EP1)  13.8 = 0.1 1.1+03 16.5 0.6
ptger2 (EP2) 149+03 09+03 Not detected
ptgs1 (COX-1) 7.9 =0.1 09=*0.2 19.4 = 0.1
ptgs2 (COX-2) 10.2*=0.2 4.4 *=009* 177 £ 0.2
CD14 10602 49=*11* 14.4 = 01
TLR4 12.4 =01 1.0=0.2 10.5 £ 0.1
Eomes (Tbr2) 13.0+=04 09=*=03 12.4 = 01

Data are means = SEM for quadruplicate experiments measured in
triplicate; ACt, Ct(gene) — Ct(GAPDH) in the same sample.
*P < 0.05 compared with unity.

(PBS) injection. Further, response to ICV LPS produced
the anticipated outcomes of increased expression of
COX-2, mPGES-1, and CD14, but not cPGES or COX-1.
Interestingly, TLR4 expression was not changed by ICV
LPS. Importantly, ICV LPS also did not induce a change
in expression of EP1, EP2, or Tbr2.

Our next series of experiments investigated directly the
outcomes of LPS-activated innate immune activation on
SGZ Tbr2+ IPCs. Untreated wild-type mice that did not
receive any ICV injection had 1540 = 118 (n = 4) sub-
ventricular zone Thr2+ cells at 12 weeks of age. This was
not different from ICV PBS mice of the same age either 1
or 3 days after injection (Figure 1A). An increase in Tbr2+
cells was observed in vehicle-treated mice after 4 weeks,
presumably due to stressors caused by ICV injection.
Indeed, others have shown an even larger delayed re-
bound in the number of SGZ Tbr2+ cells following expo-
sure to antimitotic agents.®® In contrast, Thr2+ cells
showed a significant reduction in number 3 days after
ICV LPS that followed a time course similar to spinoden-
dritic degeneration of mature hippocampal pyramidal
neurons following ICV LPS as previously described® (Fig-
ure 1A). This Tbr2+ IPC depletion was not present 1 day
after ICV LPS and the difference from vehicle-treated was
transient, since the number of SGZ Tbr2+ cells was not
significantly different between the two groups 4 weeks
after ICV injection. With the BrdU labeling protocol used
here, 95% labeling of Tbr2+ cells was achieved; there-
fore, data for Thr2+/BrdU+ double-labeled cells (not
shown) were not significantly different from Thr2+ counts
shown. A merged immunofluorescence photomicrograph
of SGZ Tbr2+ and BrdU+ cells from a wild-type mouse
72 hours after ICV PBS is presented in Figure 2A.

While >95% of SGZ Tbhr2+ IPCs were also BrdU+,
there was a population of SGZ BrdU+ cells that were not
immunoreactive for Tbr2 (Tbr2—) (Figure 1B). In contrast
to depletion of SGZ Tbr2+ cells following ICV LPS, a
proliferative response in SGZ BrdU+/Tbr2— cells was
observed 1 day after ICV LPS that increased dramatically
by 3 days and that then returned to baseline by 4 weeks
after injection. Figure 2B shows a merged Tbr2+ and
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Figure 1. Mice received ICV LPS or vehicle (PBS) followed by BrdU injec-
tions (5 ug/g body weight intraperitoneally) at 2 hours and every additional
12 hours before sacrifice. Brains were fixed, stained, and counted as de-
scribed in Materials and Methods. Data are number of SGZ cells at 24 hours,
72 hours, and 28 days after ICV injection of wild-type mice with PBS or LPS.
A: Two-way analysis of variance for number of SGZ Tbhr2+ cells had P < 0.01
for ICV PBS versus ICV LPS, P < 0.0001 for time, and P < 0.05 for interaction.
Bonferroni-corrected post-tests comparing ICV PBS versus ICV LPS had P <
0.01 for 72 hours but P > 0.5 for 24 hours and 28 days after injection. B:
Two-way analysis of variance for number of SGZ BrdU+/Tbr2— cells had
P < 0.01 for ICV PBS versus ICV LPS, P < 0.0001 for time, and P < 0.05 for
interaction. Bonferroni-corrected post-tests comparing ICV PBS versus ICV
LPS had P < 0.01 for 72 hours but P > 0.5 for 24 hours and 28 days after
injection.

BrdU+ immunofluorescence photomicrograph 72 hours
after ICV LPS in a wild-type mouse. The majority (83 =
6%) of these BrdU+/Tbr2— cells were Ibai-immunoreac-
tive. Others already have shown microglial proliferation in
the SGZ accompanies LPS exposure.32:235 Finally, the
data from ICV PBS mice support the proposal that this
control experiment did induce a low level response to
injection. In summary, these results showed that, in con-
trast to mature hippocampal pyramidal neurons, the num-
ber of SGZ Tbr2+ IPCs was reduced following innate
immune activation with ICV LPS. Moreover, SGZ Tbr2+
IPC depletion is roughly coincident with proliferation of
other cell types in the SGZ, which are mostly microglia.

LPS is natural product purified from bacteria with vary-
ing degrees of purity among commercial preparations.
This is significant because the impurities can be inflam-
mogens that activate pathways other than those de-
scribed for LPS. Moreover, LPS can activate cells via
TLR4-dependent and -independent pathways.*® We are
unaware of any previous investigation of in vivo neurogen-
esis using the LPS model that has controlled for this
potentially important variable. Therefore, the number of
SGZ Tbr2+ cells in 6-week-old TLR4—/— mice or wild-
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Figure 2. Photomicrographs of mouse hippocampus 72 hours after ICV
injection with vehicle (PBS) or LPS. Images are merged from immunofluo-
rescence detection of Tbr2 (red) and BrdU (green). Yellow (colocalization,
see inset) indicates a proliferative Thr2+ cell while green indicates a pro-
liferative Trb2— cell. The dark band is the dentata fascia. A: Wild-type mouse
following ICV PBS. Tbr2 and BrdU are primarily colocalized as yellow SGZ
nuclei with few Tbr2— proliferative cells. B: Wild-type mouse following ICV
LPS. In contrast to A, note depletion of Thr2+ cells and increase in Thr2—
BrdU+ (green) cells in SGZ and elsewhere, indicating a proliferative re-
sponse among Tbr2— cells. C: EP1—/— mouse following ICV LPS. Tbr2+
cells were protected and appeared similar to A, accompanied by only partial
increase in proliferative response among Thr2— cells. D: EP2—/— mouse
following ICV LPS. Thr2+ cells were in between A and B, suggesting partial
protection, with no apparent increase in Thr2— cell proliferative response.
Magnifications, X20; inset, X400.

type controls 72 hours after ICV injection was deter-
mined. As expected, untreated 6-week-old C57BI/6 mice
had more SGZ Tbr2+ cells (2045 = 175) than the 12-
week-old mice described above. Relative to ICV PBS
wild-type mice, the percentages of SGZ Tbr2+ cells
were: 86 = 9% for TLR4—/— ICV PBS (P > 0.05), 105 =
8% for TLR4—/— ICV LPS (P > 0.05), and 26 * 4% for
wild-type ICV LPS (P < 0.001). These results show that
expression of TLR4 was necessary for ICV LPS-induced
reduction in SGZ Tbr2+ cells.

Our next series of experiments determined the contri-
bution of EP receptor subtypes to the ICV LPS-induced
changes in the SGZ described above in 12-week-old
mice. It was observed that lack of EP1 expression com-
pletely protected SGZ Tbr2+ IPCs 3 days postactivation
of innate immunity with ICV LPS (Figures 2C and 3A).
Mice lacking EP2 also had SGZ Tbr2+ cell numbers
following ICV LPS that were not significantly different from
ICV PBS:; however the number of Tbr2+ cells in EP2—/—
72 hours after ICV LPS was in between control values and
wild-type mice exposed to ICV LPS, suggesting only
partial protection of Tbr2+ cells in EP2—/— mice (Figure
2D). The sensitive but nonspecific assessment of glial
reaction to ICV injection showed that EP1—/— mice had
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Figure 3. Data are SGZ cell counts from wild-type (wt), EP1—/—, and
EP2—/— mice 72 hours after ICV injection presented as percentage of
wild-type ICV PBS values (corresponding absolute numbers are in Figure 1).
A: Two-way analysis of variance for SGZ Tbr2+ cells had P < 0.05 for ICV
PBS versus ICV LPS, genotype, and interaction between these two terms.
Bonferroni-corrected post-tests comparing ICV PBS versus ICV LPS had P <
0.01 for wild type but P > 0.05 for EP1—/— and EP2—/—. B: Two-way
analysis of variance for SGZ BrdU+/Tbr2— cells at 72 hours after ICV
injection had P < 0.001 for LPS versus PBS, P < 0.01 for genotype, and P >
0.05 for interaction. Bonferroni-corrected post-tests comparing ICV PBS ver-
sus ICV LPS had P < 0.001 for wild type, P < 0.05 for EP1—/—, and P> 0.05
for EP2—/— mice.
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partially reduced SGZ Thr2— cell proliferative reaction to
ICV LPS, while EP2—/— mice had no Thr2— cell prolifer-
ative reaction to ICV LPS (Figures 2C, 2D, and 3B). We
interpret these data as suggesting complete suppression
of response to LPS by microglia, and perhaps other cell
types as well, in EP2—/— mice and partial suppression in
EP1—/— mice.

Since EP1 and EP2 are both expressed on mature
neurons and microglia, the next step was to determine
which cell type might be responsible for the IPC protec-
tive effects observed in vivo. To achieve this goal, primary
murine cultures of adult hippocampal progenitor cells
(aHPCs) were prepared. It was determined by real-time
polymerase chain reaction that wild-type aHPCs ex-
pressed comparable relative levels of the assayed tran-
scripts as murine adult hippocampus, except for EP2 that
was not detected in wild-type aHPCs (Table 1). Although
Tbr2 was expressed by aHPCs, it is important to stress
that these cultures are not composed exclusively of
Tbr2+ progenitor cells and so cannot be compared di-
rectly to the in vivo results shown above. Others already
have shown that TLR4 is expressed by murine neural
stem/progenitor cells in culture.*®

aHPCs from wild-type, EP1—/—, or EP2—/— mice were
exposed to varying concentrations of a metabolically sta-
ble PGE, analog, 16-phenyl-tetranor-PGE, (16-PT-
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Figure 4. Adult hippocampal progenitor cells (aHPCs) were prepared from
wild-type (wt), EP1—/—, and EP2—/— mice and then exposed to a metabol-
ically stable analog of PGE,, 16-PT-PGE,, or cytosine arabinoside (AraC) for
24 hours before estimating cell death by LDH release (A) or proliferation by
MTT assay (B). Data are presented as percentage of vehicle-exposed con-
trols. A: AraC caused a significant increase in LDH release at 1 umol/L (P <
0.0001) that was not further changed (P < 0.05 compared with 1 umol/L) at 10
and 100 umol/L. Exposure to 16-PT-PGE, yielded concentration-dependent
increase in LDH release from 1 to 100 wmol/L that was not significantly different
between wild-type and EP2—/— aHPCs. Exposure of EP1—/— aHPCs to 16-PT-
PGE, up to 100 wmol/L did not significantly change LDH release at any con-
centration compared with 0.1 uwmol/L (P > 0.05). B: AraC caused a concentra-
tion-dependent decrease in MTT conversion from 0.1 to 10 wmol/L that was not
further significantly changed at 100 wmol/L. Exposure to 100 wmol/L 16-PT-
PGE, (but not lower concentrations) decreased MTT conversion in wild-type
and EP2—/— aHPCs (P < 0.001) but not EP1—/— aHPCs.

PGE,), or LPS. Cell death was estimated by LDH release
(Figure 4A) and proliferation by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium (MTT) assay (Figure 4B). Cul-
tures of all three genotypes were exposed to AraC as a
positive control; all three types of cultures gave similar
results with AraC, so only the data for wild-type mice are
shown. EP2—/— aHPCs behaved as wild-type aHPCs in
response to 16-PT-PGE, in both the cell death and pro-
liferation assays; this is not surprising since EP2 expres-
sion was not detected in wild-type aHPCs. In contrast,
EP1—/— aHPCs were unresponsive to 16-PT-PGE, in
both assays. We interpret these data as showing that
expression of EP1 on aHPCs is responsible for direct
cytotoxic effects of increasing concentrations of PGE, in
cell culture. Despite expression of CD14 and TLR4, LPS
(0.001 to 1 wg/ml) exposure for 24 hours did not signifi-
cantly alter LDH release or MTT conversion relative to
PBS-treated controls in aHPCs from wild-type, EP1—/—,
or EP2—/— mice (not shown).
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While aHPCs were not responsive to LPS, the in vivo
data for BrdU+/Tbr2— cells confirmed that microglia re-
sponded to ICV LPS. We already have published that
primary mouse microglia that lack EP2 have completely
suppressed paracrine neurotoxicity following activation
by LPS, and that primary microglia from EP2—/— mice do
not induce COX-2 or iNOS in response to LPS exposure.®
The in vivo results with BrdU+/Tbr2— cells presented in
Figure 2 are consistent with these previous findings. Oth-
ers have published limited data suggesting that primary
mouse microglia that lack EP1 are activated by LPS in
culture similar to wild-type microglia.’® However, the in
vivo data from BrdU+/Tbr2— cells in EP1—/— mice sug-
gested partial suppression of microglial response to LPS
in these mice. Therefore, the role of EP1 in microglial
activation by LPS was explored more extensively by de-
termining cellular levels of enzymes involved in PGE,
synthesis and iINOS at 8 and 24 hours after incubation
with LPS. As expected, COX-1 and cPGES protein levels
were unchanged, while levels of COX-2, mPGE-1, and
iNOS were induced by LPS exposure of primary wild-type
mouse microglia (Figure 5A). Of these five enzymes, only
mPGES-1 was altered in EP1—/— microglia where its
induction was significantly suppressed compared with
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Figure 5. A: Time course for induction of enzymes involved in PGE, pro-
duction and iNOS in primary wild-type (wt) mouse microglia following
incubation with LPS. Data are expressed as percent change in Western blot
band density for LPS exposure versus PBS exposure. Results showed ex-
pected increase in expression of COX-2, iNOS, and mPGES-1 and expected
lack of change in expression of COX-1 or cPGES in wild-type microglia
exposed to LPS. B: Primary wild-type and EP1—/— microglia were exposed
to LPS as in A; data are presented as Western blot band density. Among the
five proteins investigated in A, only changes in mPGES-1 were significantly
different between wild-type and EP1—/— microglia. Two-way analysis of
variance for mPGES-1 at 24 hours had P < 0.0001 for exposure, P < 0.0001
for genotype, and P < 0.01 for interaction. Bonferroni-corrected post-tests
had *P < 0.001 for LPS exposed wild type versus EP1—/— at 24 hours.
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Figure 6. Data are medium concentrations of secreted IL-6 (A) or MCP-1 (B)
by primary wild-type (wt) or EP1—/— microglia determined 8 and 24 hours
of incubation with LPS or PBS. LPS-stimulated secretion of both cytokines
was suppressed by ablation of EP1. A: Two-way analysis of variance for
medium IL-6 at 8 hours had P < 0.0001 for exposure, P < 0.0001 for
genotype, and P < 0.0001 for interaction; similar results were obtained at 24
hours (not shown). Bonferroni-corrected post-tests had *P < 0.001 for LPS
exposed wild type versus EP1—/—. B: Two-way analysis of variance for
medium MCP-1 at 24 hours had P < 0.0001 for exposure, P < 0.001 for
genotype, and P < 0.01 for interaction; MCP-1 was undetectable at 8 hours
(not shown). Bonferroni-corrected post-tests had *P < 0.001 for LPS exposed
wild type versus EP1—/—.

wild-type microglia (Figure 5B); this is distinct from
EP2—/— primary microglia that do not induce COX-2 or
iNOS in response to LPS.® Finally, medium concentra-
tions of selected cytokines (IL-1B, tumor necrosis fac-
tor-a, IL-6, and MCP-1) secreted by primary microglia
following activation by LPS were determined. Medium
concentrations of IL-6 were lower in EP1—/— primary
microglia cultures at 8 (Figure 6A) and 24 (not shown)
hours after LPS compared with wild type. Medium con-
centrations of MCP-1, which were undetectable at 8
hours, also were significantly lower in EP1—/— primary
microglia compared with wild type after 24 hours of
incubation with LPS (Figure 6B). Medium concentra-
tions of IL-18 and tumor necrosis factor-a were not
different between wild-type and EP1—/— cultures at 8
and 24 hours (not shown), similar to EP2—/— primary
microglia.® We conclude that EP1 does play an innate
immune-modulatory role in murine microglia but that it
is different from EP2.

Discussion

Adult neurogenesis has generated excitement by intro-
ducing potentially new therapeutic targets for regenera-

tion and repair of neural pathways in a number of neuro-
logical diseases including neurodegenerative diseases,
stroke, epilepsy, traumatic brain injury, and cognitive
impairment after radiation therapy.3®47-5% All of these
conditions share activation of innate immunity, and others
have shown that innate immune activation with LPS leads
to NS398- or indomethacin-dependent depletion of newly
born neurons in the SGZ.3%°° Moreover, indomethacin
also enhances neurogenesis following focal cerebral
ischemia.*® Since COX isozymes initiate a cascade that
generates multiple PGs and eicosanoids, and since
these nonsteroidal anti-inflammatory drugs have actions
in addition to COX isozyme inhibition, our studies tested
the hypothesis that activation of specific PGE, receptors
were responsible for innate immunity-mediated suppres-
sion of hippocampal neurogenesis. The results demon-
strated that EP1 or EP2 expression is necessary for innate
immunity-mediated depletion of SGZ Tbr2+ IPCs in vivo.
Ablation of either EP receptor subtype provided protec-
tion to IPCs from innate immune activation. Results from
primary cultures suggest a two-step model in which mi-
croglial EP2 (and perhaps EP1) expression is necessary
for innate immune activation and IPC EP1 expression is
necessary for paracrine toxicity.

Several laboratories have used LPS-activated innate
immunity in the investigation of microglial contribution to
neurogenic niches and have reported that survival of
newly born neurons in the SGZ is reduced following
exposure to this stressor.3>°° Classically, LPS activates a
receptor complex that necessarily includes CD14 and
TLR4 coreceptors.*® Indeed, we have shown previously
that paracrine damage to mature hippocampal pyramidal
neurons from innate immune activation with our ICV LPS
protocol is completely CD14- and TLR4-dependent,® and
we now show here that depletion of SGZ Thr2+ IPCs by
ICV LPS also is TLR4-dependent. Other endogenous
molecules that activate innate immunity, at least in part,
via CD14- or TLR4-dependent mechanisms have been
indentified recently. Indeed, with respect to models of
brain disease, neuronal apoptosis induced by AB pep-
tides or lipid peroxidation products,®*°° microglial ac-
tivation by heat shock protein 60 released by degen-
erating neurons,®® enhanced cytokine secretion in a
transgenic model of cerebral AB deposition,®”°® neuro-
nal damage from ischemic stroke,®*®' and progression
of prion disease® all have been shown to be, at least in
part, CD14- or TLR4-dependent. Thus, results that derive
from our ICV LPS model may be relevant to these other
diseases of brain that share TLR4-dependent activation.
As with mature neurons, the deleterious effects observed
following a single exposure to ICV LPS are reversible
because the inflammogen is cleared from tissue.3® Many
of the diseases with CD14- and TLR4-dependent pro-
cesses present a chronic inflammatory stress and likely a
more sustained depletion of SGZ IPCs, which can cause
impaired cognition.®36%

Another group has reported TLR4 expression by mu-
rine neural stem/progenitor cells in culture and showed
that exposure of these cultures to LPS reduces expres-
sion of the neuronal marker B-11l tubulin.*® We confirmed
expression of TLR4 in aHPCs and showed that exposure



to LPS did not alter Tbr2 expression in mouse hippocam-
pus or induce cell death or proliferation of aHPCs in
culture. Moreover, although a control experiment and not
a focus of this study, ICV PBS-exposed TLR4—/— mice
had SGZ Tbr2+ cell counts similar to wild-type mice.
Importantly, TLR4 is not expressed on mature neurons in
cerebrum.®® Together with the results of others, these
data suggest that SGZ TLR4 expression may be devel-
opmentally regulated and influence neurogenesis at
some step distal to Thr2 expression.

EP receptor subtypes are linked to different second
messenger systems, so it is not surprising that our results
indicated that ablation of EP1 or EP2 protected IPCs to
varying extents or through different mechanisms. Indeed,
the in vivo data showed that Tbr2+ IPCs were completely
protected in EP1—/— mice and suggested that Tbr2+
IPCs were partially protected in EP2—/— mice following
ICV LPS. Moreover, data with aHPCs supports a direct
protective effect by EP1, but not EP2, ablation. Activation
of EP1 leads to increased intracellular calcium that pre-
sents a direct stress to mature neurons.’® The data
showed that EP1 was functionally expressed by aHPCs in
culture since its ablation suppressed toxicity from a met-
abolically stable analog of PGE,. In combination with the
in vivo data, these findings support blockade of EP1 as a
means to provide direct protection to IPCs from pro-
cesses unleashed by TLR4-dependent innate immune
activation. Colocalization of EP1 with Tbr2+ cells was not
pursued, since the available antibodies for EP receptor
subtypes are not specific; we have reviewed this topic
recently.®” In contrast to EP1, EP2 expression or activity
was not detected in aHPC cultures. Since EP2 is ex-
pressed by mature neurons and appears to be localized
to synapses,®® these results raise the possibility EP2
expression is developmentally regulated in neurons.

In an abbreviated series of experiments, others re-
ported that primary EP1—/— mouse microglial respond to
LPS exposure as wild-type microglia.'® The studies pre-
sented here undertook to validate these findings. Indeed,
they confirmed that COX-2 and iNOS induction are no
different between EP1—/— and wild-type microglia. How-
ever, suppression of mPGES-1 induction and reduced
secretion of some cytokines with microglia from EP1—/—
mice compared with wild type was observed. We have
proposed a reinforcing cycle between EP2 and PGE,
synthesis, since AB,,- or LPS-induced expression of
COX-2 is EP2-dependent in primary murine microglia.>™”
The current results indicate that microglial EP1 might also
participate in this cycle by regulating mPGES-1 induction
while not altering induction of COX-2. Together, these
results support the proposal that a component of Tbr2+
cytoprotection in EP1—/— mice was indirect from sup-
pression of microglial activation, while all of the protective
effect from EP2 ablation appears to be indirect. It is not
possible to use these current mouse models to distin-
guish the relative importance of direct from indirect toxic
actions of EP1 activation on IPCs following innate immune
activation.

In summary, LPS-induced depletion of SGZ IPCs was
confirmed using immunohistochemistry for Tbr2. Further-
more, LPS-induced depletion of SGZ IPCs was shown to
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be largely (EP2) to completely (EP1) dependent on ex-
pression of EP receptor subtypes. In addition to validat-
ing the results of others who showed that ibuprofen pro-
tects SGZ IPCs from innate immune activation, these
findings critically extend our knowledge of the mecha-
nism behind nonsteroidal anti-inflammatory drug-medi-
ated protection, since these drugs suppress production
of all COX products, including multiple PGs and other
eicosanoids, as well as inhibit other pathways. Moreover,
our cell culture data provide new insight into the cellular
aspects of protection. Lack of EP1 appeared to protect
progenitor cells directly from PGE,-mediated toxicity as
well as indirectly by partially suppressing microglial ac-
tivation. In contrast, EP2 was not detectably expressed
by aHPCs and lack of EP2 expression did not protect
from direct toxic effects of PGE,, consistent with our
previous studies of mature neurons.® These results show
that suppression of PGE, signaling protects IPCs through
direct and indirect mechanisms and suggest additional
therapeutic targets to protect this important pool of pre-
cursor cells from the damaging effects of TLR4-depen-
dent innate immune activation.
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